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SUMMARY

The world’s oceans sustain the life for an estimated total of 1029 microbial cells. Marine bacteria are re-
sponsible for most part of the ocean respiration and are key in most biogeochemical cycles of the Earth.
Accordingly, the study of the bacterial diversity present in different marine ecosystems is essential, and
having access to their genomes through isolation or genomic centric studies is important to decipher
their metabolic potential.

Isolation of marine microorganisms is fundamental to gather information about their physiology, ecol-
ogy and genomic content. To date, most of the bacterial isolation efforts have focused on the photic
ocean leaving the deep ocean less explored. In this thesis, standard plating techniques allowed to cre-
ate a marine culture collection of heterotrophic bacteria (MARINHET). More than 2000 isolates were re-
trieved from samples collected from a variety of oceanographic regions, from different depths including
surface, mesopelagic and bathypelagic waters, and also covering different seasons and years. Chapter
1 describes the taxonomy, the phylogenetic diversity and the biogeography of culturable heterotrophic
marine bacteria, and reveals that an important percentage of the strains (37 %) are 100 % identical in
their partial 16S rRNA gene between photic and aphotic layers. In addition, we identified Alteromonas
and Erythrobacter genera as the most frequently retrieved heterotrophic bacteria from the ocean in
standard marine agar medium.

It is a long-standing observation that traditional culture techniques only retrieve a small fraction of the
microbial diversity found in natural environments including marine ecosystems, what is known as “the
great plate count anomaly”. In addition, most of the retrieved isolates belong to the so-called rare
biosphere. However, we do not know if these patterns, usually described for bacteria living in the sur-
face/photic ocean, also apply for the deep ocean bacteria. InChapter 2 of this thesis, I combined results
from culture-dependent and -independent techniques by comparing the 16S rRNA partial sequences
of the MARINHET isolates with 16S rRNA amplicon Illumina TAGs (16S iTAGs) and metagenomic TAGs
(miTAGs) from surface, mesopelagic and bathypelagic samples globally distributed. A high proportion
of bacteria inhabiting the deep ocean could be retrieved by pure culture techniques and a significant
fraction of the isolates preferred a lifestyle attached to particles. Additionally, I revised the axiom that
“less than 1% of bacteria can be cultured”, finding variability between mesopelagic and bathypelagic
samples, where up to 3% of the cells could be cultured.

Bacterial isolates also represent a valuable genetic reservoir for biotechnology applications, such as
bioremediation strategies of marine polluted environments. Mercury is one of the most toxic heavy
metals in the planet and its most dangerous form, methylmercury (MeHg), is being bioaccumulated
in the marine food web. However, little is known about the tolerance capacity and phenotypic char-
acterization of marine bacteria codifying the mercury resistance operon (mer operon). Chapter 3 de-
scribes the functional screening of merA and merB genes, which are key in the mercury detoxification
process, in well know marine genera with described genetic potential for mercury detoxification, such
as Alteromonas and Marinobacter. I reported that the merAB genes from these two genera are widely
distributed in different oceanographic regions and depths. In addition, I selected a promising candi-
date, phylogenetically affiliated to Alteromonas mediterranea, for future bioremediation studies due to
its high tolerance and degradation ability of different mercury forms.
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Overall, this thesis provides a significant advance in the knowledge of the diversity of culturable hetero-
trophic bacteria from the less explored deep ocean, pointing out that heterotrophic cultured bacteria
represents a significant fraction of the total bacterial diversity in deeper waters, while identifying some
key marine bacteria with interesting potential for mercury bioremediation.



RESUMEN

Los océanos contienen aproximadamente un total de 1029 células microbianas. Las bacterias marinas
son responsables de la mayor parte de la respiración que se produce en el océano y son esenciales
en los ciclos biogeoquímicos de la Tierra. Estudiar la diversidad bacteriana de los ecosistemas mari-
nos y tener acceso a los genomas mediante estudios dependientes e independientes de cultivo es
importante para descifrar el potencial metabólico de las bacterias marinas.

Los cultivos nos aportan información sobre la fisiología bacteriana, ecología y contenido genómico, pero
la mayoría de los esfuerzos en aislar bacteria marinas provienen de la zona fótica del océano, dejando
las profundidadesmarinasmenos exploradas. En esta tesis, técnicas estándar de cultivo han permitido
crear una colección marina de bacterias heterótrofas (MARINHET), compuesta por más de 2000 aisla-
dos, recuperados de varias regiones oceanográficas, de varias profundidades (superficie, mesopelágico
y batipelágico), y cubriendo varias estaciones y años. El Capítulo 1 describe su taxonomía, diversidad
filogenética y biogeografía y revela que un 37% de las cepas son 100% idénticas en la secuencia parcial
del gen ribosomal 16S (16S rRNA) entre la zona fótica (superficie) y afótica (mesopelágico y batipelágico).
Además, hemos identificado Alteromonas y Erythrobacter entre los géneros marinos heterótrofos más
comunes que recuperamos en cultivo usando un medio marino estándar.

Las técnicas tradicionales de cultivo generalmente solo recuperan una fracción pequeña de las co-
munidades bacterianas naturales, fenómeno conocido como “la gran anomalía de recuento en placa”
y muchas de las cepas que se aíslan pertenecen a la biosfera rara. Sin embargo, no conocemos si
estos patrones, normalmente descritos para las bacterias de superficie, también se aplican en las pro-
fundidades. En el Capítulo 2 he combinado resultados obtenidos mediante técnicas dependientes e
independientes de cultivo comparando las secuencias del 16S rRNA de la colección MARINHET con-
tra los fragmentos de secuenciación masiva del 16S rRNA (de amplicones y metagenomas), obtenidos
de muestras globalmente distribuidas y de diferentes profundidades. Una mayor proporción de las
bacterias del océano profundo son cultivables y una fracción importante de los aislados tiene prefer-
encia a un estilo de vida adherido a partículas. Además, confirmamos que el dogma “menos del 1% de
las bacterias son cultivables” deber ser revisado ya que encontramos variabilidad en las muestras de
profundidad, donde hasta un 3% de las células se han podido aislar.

Los aislados bacterianos son un excelente material para aplicaciones biotecnológicas, como la biorre-
mediación de zonas marinas contaminadas. El mercurio es un metal pesado tóxico y su forma más
peligrosa, el metilmercurio (MeHg), se bioacumula en la cadena trófica marina. No obstante, se conoce
muy poco la tolerancia de bacterias marinas frente al mercurio o la fisiológia de aquellas cepas que
codifican los genes de resistencia (operón mer). El Capítulo 3 describe los resultados del mapeo fun-
cional de los genes merA y merB, clave en la detoxificación, en una fracción de la colección MARINHET.
Nos centramos en dos géneros marinos, con un potencial genético para la degradación del mercu-
rio previamente descrito en la literatura, como son Alteromonas y Marinobacter. Desvelamos que los
genes merAB están ampliamente distribuidos en diferentes regiones oceanográficas y en varias pro-
fundidades. Adicionalmente, hemos seleccionado una cepa de Alteromonas mediterranea para futuros
estudios de biorremediación debido a su alta tolerancia y capacidad de degradación de diferentes for-
mas de mercurio.
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En conjunto, esta tesis proporciona avances significativos en el área de conocimiento de la diversidad
bacteriana heterótrofa cultivable en zonas menos exploradas como es el océano profundo. Describi-
mos ciertos patrones ecológicos, señalamos que las bacterias heterótrofas marinas son un compo-
nente importante en las comunidades bacterianas de las profundidades e identificamos cepas para
futuros estudios de biorremediación del mercurio.



RESUM
Els oceans conten aproximadament un total de 1029 cèl·lules microbianes. Els bacteris marins són re-
sponsables de la major part de la respiració que es produeix en l’oceà i són essencials en els cicles
biogeoquímics de la Terra. Estudiar la diversitat bacteriana dels ecosistemes marins i tenir accés als
genomes mitjançant estudis dependents o independents de cultiu és important per desxifrar el poten-
cial metabòlic dels bacteris marins.

El cultius ens aporten informació sobre la fisiologia bacteriana, ecologia i contingut genòmic, però la
majoria dels esforços en aïllar bacteris marins provenen de la zona fòtica de l’oceà, deixant les profun-
ditats marines menys explorades. En aquesta tesi, tècniques estàndard de cultiu han permès crear
una col·lecció marina de cultius de bacteris heterotròfics (MARINHET), composada per més de 2000 aïl-
lats, recuperats de diverses regions oceanogràfiques, de diverses profunditats (superfície, mesopelàgic
i batipelàgic) i cobrint diverses estacions i anys. El Capítol 1 descriu la seva taxonomia, diversitat filo-
genètica i biogeografia i revela que un 37% de les soques aïllades són 100% idèntiques en el gen ri-
bosomal 16S (16S rRNA) entre la zona fòtica (superfície) i afòtica (mesopelàgic i batipelàgic). A més,
hem identificat Alteromonas i Erythrobacter entre els gèneres marins heterotròfics més comuns que
recuperem en cultiu usant un medi marí estàndard.

Les tècniques tradicionals de cultiu generalment només recuperen una fracció petita de les comunitats
bacterianes naturals, fenomen conegut com “la gran anomalia de recompte en placa” i moltes de les so-
ques que s’aïllen pertanyen a la biosfera rara. Tanmateix, no coneixem si aquests patrons, normalment
descrits per als bacteris de la zona fòtica, també s’apliquen als bacteris de les profunditats. En el Capí-
tol 2 he combinat els resultats obtinguts mitjançant tècniques dependents i independents de cultiu
comparant les seqüències del 16S rRNA de la col·lecció MARINHET contra fragments de seqüenciació
massiva del 16S rRNA, tant d’amplicons com de metagenomes, obtinguts de mostres globalment dis-
tribuïdes i de diferents profunditats. Trobem que una major proporció dels bacteris de l’oceà profund
són cultivables i una fracció important dels aïllats té preferència a un estil de vida adherit a partícules.
A més, confirmem que el dogma “menys de l’1% dels bacteris són cultivables” ha de ser revisat ja que
trobem variabilitat en les mostres de l’oceà profund, on fins a un 3% de les cèl·lules han sigut cultivades.

Els aïllats bacterians són un excel·lent material per a aplicacions biotecnològiques com la bioremediació
de zones marines contaminades. El mercuri és un metall pesat tòxic i la seva forma més perillosa, el
metilmercuri (MeHg), es bioacumula a la cadena tròfica marina. No obstant això, es coneix molt poc
la tolerància de bacteris marins enfront del mercuri o la fisiologia d’aquelles soques que codifiquen
l’operó dels gens de resistència (operó mer). El Capítol 3 descriu els resultats del mapeig funcional
dels gens merA i merB, clau en la detoxificació, en una fracció de la col·lecció MARINHET. Ens centrem
en dos generes marins, amb un potencial genètic per a la degradació del mercuri conegut, com són
Alteromonas i Marinobacter. Revelem que els gens merAB estan àmpliament distribuïts en diferents
regions oceanogràfiques i en diverses profunditats. Addicionalment, hem seleccionat una soca d’ Al-
teromonas mediterranea per a futurs estudis de bioremediació degut a la seva alta tolerància i capacitat
de degradació de diferents formes de mercuri.

En conjunt, aquesta tesi proporciona avanços significatius en l’àrea de coneixement de la diversitat
bacteriana heterotròfica cultivable en zones menys explorades com l’oceà profund. Descrivim certs pa-
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trons ecològics, assenyalem que els bacteris heterotròfics marins són un component important en les
comunitats bacterianes de les profunditats i identifiquem soques per a estudis futurs de bioremediació
del mercuri.



Introduction





INTRODUCTION
The marine environment

The oceans, covering 3.6 x 108 km2 (71% of the Earth’s surface), with an average depth of 4,000 m
and reaching up to 11,000 m in the Marianas Trench, represent the largest habitable ecosystems on
Earth. The seas and oceans around the world are interconnected environments where microorgan-
isms live in a network with other organisms. Microbial life fills almost an unlimited number of ecological
niches across vertical, horizontal and latitudinal gradients, which are linked to different biotic and abiotic
factors determining the interactions between organisms. Vertically, we found the pelagic environment
(ocean water column) and the benthic environment (seafloor). The pelagic realm, where this thesis is fo-
cused, can be divided on the basis of the water column depth into the epipelagic (0-200m), mesopelagic
(200-1000m), bathypelagic (1000-4000m), abyssopelagic (4000-6000m) and hadalpelagic zones (6000-
11000 m) (Tait and Dipper, 1998a; Webb, 2020). The epipelagic zone is the region where enough light
penetrates to support photosynthesis, so it is also called the photic layer. This layer presents diurnal
and seasonal changes of light intensity and temperature. Nutrients values in this layer are highly vari-
able depending on season stratification and primary production levels (Bolhuis and Cretoiu, 2016). On
the other hand, the mesopelagic zone, also called the “twilight” zone, is characterized by an increase
of hydrostatic pressure, diminished light that prevents photosynthesis activity, high inorganic nutrients
concentrations and episodic food supply. It is not a homogeneous layer, but encompasses strong gra-
dients in environmental parameters, particularly at the interface with the epipelagic layer, and in the
regions with oxygen minimum zone (OMZ) areas (Robinson et al., 2010), defined by low concentrations
of oxygen and high concentrations of nitrate and phosphate (Bristow et al., 2017). Finally, the bathy-
pelagic, abyssopelagic and hadalpelagic layers constitute the aphotic ocean and are characterized by
darkness, low temperatures, high pressures and nutrient enriched waters (Tait and Dipper, 1998a; Bol-
huis and Cretoiu, 2016). In this thesis, however, we will use the terms photic ocean to refer to the
epipelagic layer, and aphotic or deep ocean to refer to the mesopelagic and bathypelagic layers, which
were the main regions sampled. Horizontally, the oceans are not uniform neither. The most compre-
hensive and widely accepted classification of the epipelagic or photic zone is the Longhurst’s partitions
of the ocean (Longhurst, 2007) into four major biomes (polar, westerlies, trade winds, coastal) and into
approximately 50 ocean biogeochemical provinces. These partitions are mainly based on the spatial
variability of physical properties, such as temperature, salinity, mixing state, and observations in chloro-
phyll concentration and estimates of primary production. The boundaries between provinces are gen-
erally persistent, but are also spatially and temporally variable seasonally and interannually (Vichi et al.,
2011). On the other hand, these horizontal classifications into different biogeographic areas are cur-
rently not so well defined in the deep ocean (Sutton et al., 2017), which is also composed by different
deep water-masses that hardly mix andmaintain distinctive physical features and organic and inorganic
nutrients (Rahmstorf, 2003; Teira et al., 2006; Agogué et al., 2011).

The connectivity between the different oceanic environments found in the vertical and horizontal axis is
mainly influenced by the combined effect of temperature, pressure and salinity, which determines wa-
ter density. Higher temperatures and lower salinity of the surface layer of the ocean, compared to the
waters underneath, lead to a vertical stratification of the water column (Talley et al., 2011). These tem-
perature and density stratification of the water column generally prevents the nutrient-rich deep water
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from mixing with the surface water. However, under certain conditions this nutrient-rich deep water
may be brought to the surface through the process of convectional mixing or upwelling (Tait and Dipper,
1998b; Wells, 2015). In addition, connectivity along the vertical axis is also promoted by particles that
originate in the surface layers and sink into the deep ocean mobilizing organic and inorganic nutrients
between layers. An example could be the sedimentation of particulate organic matter (POM) exported
from the photic layers, in various forms like detrital matter, fecal pellets or dead cells, which is called the
biological carbon pump (Raven and Falkowski, 1999; Ducklow et al., 2001; Herndl and Reinthaler, 2013;
Bopp et al., 2015). Moreover, connectivity between surface waters is assured due to winds originated
by the differential heating of air masses and the rotation of the Earth (Wells, 2015). In the deep ocean,
differences in salinity and temperature between water masses create density differences that fuel a
relatively slow worldwide circulation of the deep oceanic water, the thermohaline circulation system or
the global conveyor belt (Rahmstorf, 2003). The deep ocean is also influenced by specific geographical
features, such as submarine mountains, that also compartmentalize it into different basins. This may
influence water circulation and connectivity as well as organism dispersal (Schauer et al., 2010; Moalic
et al., 2012; Salazar et al., 2016).

Therefore, even though the sea may seem rather homogeneous from a superficial point of view, the
physical and chemical variations found across oceans determine different biotic areas where diverse
organisms dwell, highly adapted to their environmental conditions defined by light, nutrients, and water
physical properties.

Marine microbial diversity

Microorganisms, referred here as single-celled organisms, are invisible to the naked eye. They are
the closest living descendant of the original forms of life on Earth and all organisms present on the
planet may have evolved from these (Hunter-Cevera et al., 2005). Current marine microbes comprise
organisms that belong to the three domains of life: Archaea, Bacteria and Eukarya (Woese et al., 1990).
However, this thesis is focused in Bacteria, also known, together with Archaea, as prokaryotes due to
the lack of nuclear membrane. In the ocean, it is estimated that one milliliter of seawater contains 106

prokaryotic cells, while the total number of cells in the global ocean is approximated to 1029 cells (Whit-
man et al., 1998). In addition, marine microbes may account for 70-90% of the total ocean’s biomass
(Fuhrman and Azam, 1980; Whitman et al., 1998; Pomeroy et al., 2007; Bar-On et al., 2018).

The number of microbial species on Earth is believed to be on the order of 1012 (Locey and Lennon,
2016) but there is only around 20,214 species validly classified (Accessed in October 2020, List of
Prokaryotic Names with Standing in Nomenclature) (Parte et al., 2020) and from these only 653 dif-
ferent species have been catalogued from marine origin (Mora et al., 2011), a number that may have
increased in the last years since new prokaryotic species are continuously described in the International
Journal of Systematic and Evolutionary Microbiology. The most abundant bacteria in the oceans belong
to phyla Cyanobacteria, Proteobacteria and Bacteroidetes (Amaral-Zettler et al., 2010; Overmann and Lep-
leux, 2016). Photoautotrophic Cyanobacteria as Prochlorococcus and Synechococcus predominate within
photosynthetic bacteria with cell numbers up to 105-106 per milliliter (Heywood et al., 2006; Scanlan
et al., 2009). Among Proteobacteria, Alphaproteobacteria and specifically the SAR11 clade constitute the
dominant heterotrophic bacterial group. The SAR11 clade plays a critical role in carbon cycling, repre-
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senting around 25%of the plankton biomass, and it is found throughout the oceans, although it reaches
largest numbers in stratified oligotrophic gyres (with low levels of nutrients and biotic activity) (Amaral-
Zettler et al., 2010; Giovannoni, 2017). Alteromonas, belonging to the Gammaproteobacteria class also
within the Proteobacteria phylum, is perhaps one the most abundant genus in the global bathypelagic
ocean (Salazar et al., 2016). Furthermore, Alteromonas is among the most common culturable hetero-
trophic bacteria living in openmarine waters all around the world (García-Martínez et al., 2002), and this
genus is also thought to be important in the upper ocean as one of the most significant contributors
of the dissolved organic carbon (DOC) consumption and nutrient mineralization (Pedler et al., 2014).
Finally, the phylum Bacteroidetes (formerly known as Cytophaga-Flavobacterium-Bacteroides, or CFB
group) is mainly composed of three large classes of bacteria found in a wide variety of environments,
but the Flavobacteriaceae family is the most abundant in the oceans (Kirchman, 2002; Bowman, 2006).
The phylum Bacteroidetes may contribute up to 22% of total bacteria in different marine ecosystems
(Cottrell and Kirchman, 2000; Alonso-Sáez and Gasol, 2007; Acinas et al., 2015), having a pivotal role
in the processing of macromolecules, such as polysaccharides and proteins (Kirchman, 2002; McBride,
2014), and displaying a wide array of different ecotypes both in photic and aphotic layers (Díez-Vives
et al., 2019). Additionally, some members of this phylum, together with other phylogenetically distant
bacteria such as SAR11, contain proteorhodopsin, which is a light dependent proton pump that enables
a photoheterotrophic lifestyle by using light to obtain energy (Giovannoni et al., 2005; González et al.,
2008).

Role of marine microbes in biogeochemical cycles

Bacteria are responsible for 95% of the respiration in the oceans (del Giorgio and Duarte, 2002) and are
crucial in most key transformations in the cycles of carbon, nitrogen, phosphorous, sulphur, iron and
other metals (Whitman et al., 1998; Gasol and Kirchman, 2018). Photosynthetic bacteria (e.g. Prochloro-
coccus and Synechococcus) together with eukaryotic microalgae contribute up to 45% of Earth’s primary
production (Field et al., 1998). A considerable proportion of organic carbon from primary producers
can enter the trophic food-webs directly by being consumed by heterotrophicmicrobes or animals such
as copepods, or indirectly through the microbial-loop (Azam, 1998; Fenchel, 2008). The microbial loop
can be defined as the transformation of dissolved organic matter (DOM) into living particulate organic
matter (POM) by heterotrophic bacteria and, therefore, a way to supply organic matter to higher trophic
levels (Azam, 1998; Fenchel, 2008). Between 1 and 40% of primary production can also reach aphotic
layers in the form of sinking POM (Ducklow et al., 2001), which can be gradually degraded by hetero-
trophic microbes (Smith et al., 1992). Nevertheless, sinking POM is not apparently the only source of
carbon in the aphotic ocean due to the evidences of a high respiratory activity, which is difficult to rec-
oncile with the rates of supply of organic carbon produced in the photic layer (Arístegui et al., 2002,
2009; del Giorgio and Duarte, 2002; Baltar et al., 2010a; Herndl and Reinthaler, 2013). Thus, alterna-
tive sources of carbon has been described including non-sinking particulate organic carbon (non-POC),
or in situ production by autochthonous microbial chemolithoautotrophs (Baltar et al., 2010b). Hence,
microbes are at the base of the oceanic food web due to the transformation of inorganic carbon into
organic matter through primary production and the flux of this organic matter through heterotrophic
metabolism.

Marine bacteria are also responsible for mediating some biochemical cycles that other organisms are



4

unable to achieve (Hunter-Cevera et al., 2005). As an example, the nitrogen cycle in the ocean is driven
by complex microbial transformations and the biochemical process of fixing nitrogen is confined to a
diverse but limited number of bacterial and archaeal lineages (Zehr and Ward, 2002; Voss et al., 2013;
Gruber, 2016). Further, some bacteria are involved in the sulphur cycle and in the formation of clouds
by cycling compounds such as dimethylsulfoxide into the atmosphere (Voss et al., 2013) influencing
planet’s climate.

Lastly, marine bacteria are eventually exposed to unfavorable conditions when toxic substances are
released into marine ecosystems. Some marine bacteria have developed a genetic machinery to cope
with these situations and are involved in the decomposition of different pollutants, such as hydrocar-
bons (Hassanshahian et al., 2014), plastics (Andrady, 2011), pharmaceutical compounds (Benotti and
Brownawell, 2009) or heavy metals (Hanan et al., 2011). Therefore, marine microorganisms not only
have a vital role in fueling biogeochemical cycles taking place in the oceans, but also represent a unique
genetic reservoir for medical and biotechnological research areas.

How do we study marine bacteria?

The study of Earth’s biodiversity, including marine bacterial diversity, is today more important than ever
in order to better predict the ecosystems responses to the rapid loss of biodiversity that we are witness-
ing due to human activities and their effects on climate change. Moreover, microbial diversity studies
are the basis to detect and describe those bacteria that could be used as a tool for bioremediation
strategies in human impacted ecosystems. Most marine microbial ecologists that study biodiversity
aim to get answers to crucial questions such as: (i) how many different bacterial species can be found
in a specific environment?, (ii) who are they and how are they distributed?, (iii) which are their func-
tions in the ecosystem? To answer these questions, two main type of methodologies can be applied:
culture-dependent and culture-independent techniques.

Culture-dependent techniques

Marine microbial diversity has been traditionally studied by culture-dependent techniques, i.e. those
methods that rely on growing bacteria under laboratory conditions. One of the firsts scientists to isolate
bacteria in axenic cultures from marine samples was Claude E. Zobell (Zobell, 1941), who is considered
one of the founders ofmodernmarinemicrobiology. Culture-dependent techniques include bothmore
traditional methods as enrichment cultures (Zobell, 1941; Schut et al., 1993; Pinhassi et al., 1997; Kai
et al., 2017) and more recent innovative cultivation techniques using advanced technologies, such as
microencapsulation or cultivation chips (Ingham et al., 2007; Joint et al., 2010; Gutleben et al., 2017)
(Figure 1). Enrichment cultures rely on establishing a certain group of conditions (nutrients, incubation
temperatures or light) that selects for specific microorganisms. The most efficient enrichment cultures
are those that are able to mimic the resources and conditions for a specific habitat. Even though these
enrichment cultures can be a powerful tool, most of the times, we could only retrieve those bacteria that
grow fast, usually copiotrophic bacteria (i.e. bacteria adapted to rapid growth upon encountering high
substrate levels) that are more prone to grow and utilize the high concentrations of nutrients generally
provided in the culture media (Overmann et al., 2017). The complexity to mimic the environmental con-
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ditions at the laboratory arise by different factors, such as: (i) the composition of the growth medium
and incubation conditions, specially the concentration of nutrients available that generally exceed the
ones inherent in the ocean (Giovannoni and Stingl, 2007; Joint et al., 2010), (ii) because other organisms,
or the metabolites produced by them, are needed for the growth of certain species (co-culture) (Wang
et al., 2014; Overmann et al., 2017), (iii) due to the lifestyle of certain prokaryotes living in association on
organic matter aggregates (Azam, 1998) or in symbiosis (Zehr et al., 2008), or (iv) because the physio-
logical status of the cell, as dormancy can limit its availability to be active and grow again (Buerger et al.,
2012).

For these reasons, new culture-dependent techniques have been developed in the last years to expand
the range of bacteria that can be cultured, like microfluidics (Ma et al., 2014; Boitard et al., 2015) culti-
vation chips (Ingham et al., 2007; Hesselman et al., 2012; Gao et al., 2013), manipulation of single cells
(Ben-Dov et al., 2009; Park et al., 2011), and high-throughput cultivation techniques named “culturomics”
(Giovannoni and Stingl, 2007; Lagier et al., 2012). A common feature of all these new techniques is that
they are all based on the same principles of re-creating the nutrient conditions of natural environments
and overcoming the tendency of rapidly growing cells to overwhelm species that divide less often. The
use of these new methodologies allowed the isolation of previously uncultivable groups such as the
Alphaproteobacteria Candidatus Pelagibacter ubique in the SAR11 clade, probably the most abundant
bacteria in the ocean (Morris et al., 2002; Rappé et al., 2002) or Sphingopyxis alaskensis, which is one
of the best studied oligotrophic bacterium isolated from coastal samples off Alaska (Cavicchioli et al.,
2003). Altogether, these culturing depending approaches are still fundamental for microbial ecologists
to fully understand the ecology, function and biotechnological potential of microorganisms in marine
ecosystems.

Culture-independent techniques

Culture-independent techniques include basic microscopy methodologies as 4’,6-diamidino-2-
phenylindole staining (DAPI) or acridine orange which allow the quantification of microorganisms in
natural samples (Francisco et al., 1973; Porter and Feig, 1980). However, these techniques usually do
not infer much about the physiology or phylogeny of bacteria, and it was not until the emergence of
DNA-based techniques, about 30 year ago, that the study of bacterial diversity in marine communities
experienced a revolution. Carl Woese and George Fox used the sequencing of the 16S rRNA gene, a
marker gene reflective of the evolutionary history of the organisms, to organize the life’s diversity within
a phylogenetic framework (Woese and Fox, 1977). They were pioneers in the transformation of our
understanding of marine microbial diversity, previously based mainly on the knowledge acquired from
bacteria that grew in the laboratory. With this new approach the possibility to describe uncultivable bac-
teria was opened andmarine microbial ecologists started to study the taxonomic composition of whole
bacterial communities. First, clone libraries containing few tenths of 16S rDNA sequences from environ-
mental samples were developed (Pace et al., 1986) using universal primers and the polymerase chain
reaction (PCR). These were later followed by samples with increasing numbers of sequences that once
they were analyzed by sequencing the different 16S rRNA genes, revealed the magnitude of the marine
prokaryotic diversity for Bacteria (Giovannoni et al., 1990; Ward et al., 1990; Mullins et al., 1995; Acinas
et al., 1999) and Archaea (DeLong, 1992; Fuhrman et al., 1992; Massana et al., 2000). Contemporary
to clone libraries, fingerprinting molecular techniques existed, including TRFLP (Liu et al., 1997), DGGE
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(Muyzer et al., 1993), or ARISA (Fisher and Triplett, 1999), which allowed the characterization ofmicrobial
communities based on sequence dissimilarities in the targeted gene without the need of sequencing.
Since 2006, high-throughput sequencing (HTS) techniques like 454 or Illumina emerged, and a second
revolution in the description of microbial biodiversity started. These sequencing techniques allow the
analysis of massive amounts of short DNA sequences from a sample or a combination of samples, char-
acterizing the taxonomical diversity of microbial communities with a resolution at an unprecedented
scale (Sogin et al., 2006). With these methods, it also became possible to directly sequence the whole
DNA content of environmental samples (i.e. metagenomics) or RNA (metatranscriptomics) without the
need for targeting (i.e. amplifying by PCR) a specific gene (Venter et al., 2004) and, then, to obtain not
only taxonomic information but also the metabolic potential of microbial communities as well as, for ex-
ample, the interaction between organisms (Lima-Mendez et al., 2015). Lately, different strategies have
been developed in order to link phylogenetic information with metabolism, an essential goal in micro-
bial ecology. These strategies include the use of metagenomic data for building genomes from the DNA
content of the whole community (Metagenome-AssembledGenomes, MAGs) (Parks et al., 2017) and the
direct amplification of DNA from previously sorted individual cells without the need of cultivation (Single
Amplified Genomes, SAGs) (Stepanauskas and Sieracki, 2007). A diagram of the culture-independent
techniques revised here is included in Figure 1.

Insights from culture-dependent and culture-independent studies

The great plate count anomaly

The firsts evidences that not all bacteria from a given environment would grow on laboratory media
came from microscopy counts, where the number of cells observed far outweighed the number of
cells or colonies growing on petri dishes (Hobbie et al., 1977). This phenomenon has been traditionally
known as the “great plate count anomaly” and was coined by Staley and Konopka (1985). The recovered
proportion of cells using selective media and standard plating techniques, when compared to both mi-
croscopy analyses by direct staining and to 16S rRNA sequencing, only represented among 0.001-1% of
the community (Kogure et al., 1979; Staley and Konopka, 1985; Amann et al., 1995). This phenomenon
lead to the known paradigm that “less than 1% of the bacterial community can be cultured”. Different
interpretations of this paradigm can be found through the literature (Martiny, 2019) but the closest
one seems to refer to the original studies of Torsvik and Øvreås (2002) or to Amann et al. (1995), where
comparisons between agar plate and direct-staining counts were presented. Recently, different studies
had revised this paradigm and the “great plate count anomaly” phenomenon. Some claimed that given
the coordinated effort to cultivate abundant microorganisms across different environments, including
marine ecosystems, and the actual methodological improvements, the proportion of microorganisms
similar to culturable relatives should be higher than 1%. In fact, Martiny (2019) compared Sanger 16S
rRNA sequences to known cultured relatives classified in the Ribosomal Data Project (RDP) and con-
cluded, for example, that in ocean communities 50% of the sequences, that corresponded to 35% of
the taxa, had known relatives to cultured organisms at 97% sequence similarity. As similar results were
found across biomes, Martiny (2019) claimed that a high proportion of bacteria is already culturable.
However, Martiny (2019)’s statement has been argued in other studies where metagenomic and meta-
transcriptomic data (less skewed to cultured organisms compared to Sanger sequences that depend
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Figure 1: Range of culture-dependent and culture-independent techniques that can be used for microbial ecology studies. Blue
side of the image and blue rectangles cover culture-dependent techniques, while the green part covers culture-independent
techniques. Note that not all techniques that could be used are included in the diagram, but only those mentioned in the text.
See Ferrera and Sánchez (2016) and Pedrós-Alió et al. (2018) for a more complete version. SAGs: Single amplified genomes;
MDA: multiple displacement amplification; MAGs: metagenome-assembled genomes; HTS: high-throughput analysis; DAPI: 4’,6-
diamidino-2-phenylindole staining.
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on PCR amplifications) had been analyzed and compared to known culturable organisms concluding
that still higher proportions of bacteria remain uncultured across biomes (Lloyd et al., 2018; Steen et al.,
2019). Nevertheless, these studies agree that the repeated axiom that only “1% of microbial cells can
be cultured” should be retired or, at least, revised, because the meaning is often nebulous. In addition,
even though the median of culturable cells from environmental samples is estimated around 0.5%, in-
dividual studies where culture-dependent and culture-independent techniques had been applied to
diverse biomes show variability in the proportion of recovery rates (Staley and Konopka, 1985; Kaeber-
lein et al., 2002; Browne et al., 2016; Lloyd et al., 2018). On top of that, this type of studies combining
cultures with HTS data are scarce (Selje et al., 2005; Zeng et al., 2012; Stefani et al., 2015) and they are
mainly done at local or regional scales. Inmarine ecosystems, there is a lack of global culture depending
studies focusing not only in the photic ocean but also in less explored deeper layers. Hence, part of
this thesis is focused on the combination of culture-dependent and culture-independent techniques
to elucidate the proportions of culturable bacteria at different ocean depths and the possible vertical
connectivity between taxa along layers at a broader scale.

General patterns of microbial communities extracted from global circumnavigation
expeditions

General microbial diversity patterns emerged from 16S rRNA amplicon tags (16S TAGs) (Zinger et al.,
2011) and metagenomic 16S fragments (16S miTAGs) (Logares et al., 2014) thanks to global ocean sur-
veys that stablished coherent sampling, sequencing and data analyses protocols. The pioneering survey
was the Global Ocean Sampling expedition (GOS) launched in 2003 where HTS techniques were applied
to describe the global ocean planktonic diversity (Venter et al., 2004). Afterwards, the International
Census of Marine Microbes (ICoMM, 2005-2010) (Amaral-Zettler et al., 2010) was the first international
effort to study marine microbial diversity through consistent standardized HTS, collecting samples from
a wide variety of marine environments. Nowadays, the two main worldwide surveys conducted after
the ICoMM initiative have been the Tara Oceans Expedition (2009-2013) (Karsenti et al., 2011) and the
Malaspina 2010 Circumnavigation Expedition (2010-2011) (Duarte, 2015). Tara oceans sampled seven
different size fractions of plankton diversity (from marine virus to zooplankton) in the global ocean in-
cluding samples from surface waters to the mesopelagic layer (approximately 1000 m depth) of the
temperate and polar latitudes. On the other hand, the Malaspina Expedition targeted the diversity of
life in the ocean focusing in the deeper layers, mainly the bathypelagic (down to 4000 m depth).

Some of themicrobial patterns that raised collectively from these ocean surveys include the key concept
that microbial communities are formed by a few abundant taxa and a long tail of very low abundant
species (rare biosphere) (Sogin et al., 2006). It has also been detected that temperature is the main
driver for microbial community composition (Sunagawa et al., 2015). Moreover, biogeography stud-
ies describing how microbial communities distribute along space, vertically and horizontally, were also
possible thanks to the above mentioned global samplings. It was found that there is a vertical segre-
gation between photic and aphotic samples (Amaral-Zettler et al., 2010; Sunagawa et al., 2015) but at
the same time there exists a vertical connectivity between surface and deep taxa through sinking par-
ticles (Mestre et al., 2018; Ruiz-González et al., 2020). Patterns of latitudinal gradient of diversity (LGD)
was recently revealed for most marine planktonic organisms showing a decline towards the poles and
maximum diversity at mid latitudes for prokaryotes (Ibarbalz et al., 2019). In addition, with the avail-
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able data it seems that alpha diversity (richness in a sample) is higher in the deeper layers (Pommier
et al., 2010; Sunagawa et al., 2015), and gamma diversity (total diversity in a landscape) is lower in deep
waters compared to surface waters (Zinger et al., 2011; Sul et al., 2013; Sunagawa et al., 2015; Salazar
et al., 2016). Then, marine bacterial communities are more similar among themselves in the bottom
than at the surface of the oceans, despite finding higher richness in deeper layers (Pedrós-Alió et al.,
2018). Horizontally, it was observed that there is a limited dispersion of bacterial communities across
space (Galand et al., 2010; Pommier et al., 2010; Zinger et al., 2014; Salazar et al., 2015; Sunagawa et al.,
2015). Nevertheless, these microbial diversity patterns are mainly based on very short fragments of the
16S rRNA gene and a limited sequencing effort to reach to the total microbial diversity (Duarte et al.,
2020). Our current HTS techniques and sampling strategies are still far from retrieving the full microbial
diversity of the oceans (Curtis et al., 2002; Locey and Lennon, 2016).

The importance of cultures in the “omics age”

Despite the fact that molecular techniques andmore recently HTS techniques have allowed the descrip-
tion of marine microbial diversity from diverse habitats at an unprecedented scale, as we have already
overviewed, isolates are still a valuable resource of knowledge. Usually there is a few overlap between
taxa retrieved by molecular techniques and those retrieved by isolation (Lekunberri et al., 2014; Crespo
et al., 2016). This is mainly caused because molecular techniques usually recover the abundant bacte-
ria present in a given environment, while cultures retrieve those taxa that belong to the rare biosphere
and are present in very low abundances (Sogin et al., 2006; Pedrós-Alió, 2012). Thus, isolation is still a
reliable technique to decipher the full spectra of diversity of an ecosystem. Furthermore, isolates help
us to test ecological hypotheses raised from metagenomic and metatranscriptomic data, to interpret
multi-species interactions, evolutionary principles or population dynamics, and at the same time, im-
prove the available databases needed for the correct annotations of HTS data (Giovannoni and Stingl,
2007; Gutleben et al., 2017) (Figure 2). Moreover, isolation is still key for the official procedures for clas-
sification and characterization of novel bacterial species (Parker et al., 2019), which, at the same time,
allow us to have access to their complete genomes, and the functional characterization of novel genes
(Muller et al., 2013) (Figure 2). Finally, the short generation times and the nearly 4 billion years of evo-
lution of marine microorganisms has resulted in an enormous biodiversity and a plethora of metabolic
pathways which make isolates an excellent material for biotechnology research (Luna, 2015) including
bioremediation of polluted ecosystems.

Marine bacteria are thought to be good candidates for bioremediation studies as they are naturally
exposed to unfavorable conditions and live in a very dynamic environment with fluctuations in light,
temperature, salinity, pH, pressure or nutrients. Moreover, most of the marine bacteria that can be
retrieved currently by culture-dependent techniques are copiotrophs (Overmann et al., 2017), which
usually contain larger genomes (>4 Mb) and diverse metabolisms, so they respond to changes in en-
vironmental conditions by controlling the transcription of many genes (Cottrell and Kirchman, 2016)
and can be potential detoxifiers in bioremediation. Nowadays, the literature shows different examples
of marine bacteria used in bioremediation studies confirming their clear potential (Deppe et al., 2005;
Sekiguchi et al., 2010; Panwichian et al., 2011). Nevertheless, the potential metabolisms of bacteria in-
habiting less explored habitats, such as the mesopelagic or bathypelagic layers of the oceans, is far for
being totally uncovered and the isolation and physiological characterization of such bacteria could be
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Figure 2: Outline of the importance and usefulness of bacterial isolates in microbiology studies. MetaG: metagenomics; MetaT:
metatrasnscriptomics.

very promising for future clean-up strategies of marine contaminated areas. Consequently, part of this
thesis focused on the recovery of marine bacteria from different ocean layers, will also try to address
this challenge.

Marine pollution and bioremediation by marine bacteria

Oceans not only harbor an incredible diversity of life but they also provide food, energy and water, and
are helpful in sustaining the livelihoods of hundreds of millions of people. Besides, as we mentioned
earlier, they produce half of the oxygen that we breath and are the main stabilizers of world’s climate.
Marine pollution, defined as “the introduction by man of substances into the marine environment resulting
in such deleterious effects as harm to living resources, hazards to human health, hindrance tomarine activities
including fishing, impairment of quality for use of seawater and reduction of amenities” (GESAMP, 1969), have
been impacting and reshaping the chemistry of the global ocean. This has occurred at different scales
since late 1700s or early 1800s, that is, at the beginning of the Anthropocene (Crutzen, 2002; Steffen
et al., 2007) when societies became a geological and ecological driving force. However, it has been in the
last century when oceans have suffered an increment of contamination due to the increase of human
populations and the uncontrolled development of multiple human activities in, for example, industry,
transport, agriculture, and urbanization. The activities derived from industrial discharges and the runoff
from agricultural activities and coastal cities are among those of major concern (Wilhelmsson et al.,
2013). Some of the main and common contaminants derived from human activities include persistent
organic pollutants (POPs) (Wenning and Martello, 2014; Lohmann and Dachs, 2019), pesticides (Köck-
Schulmeyer et al., 2019; Tsygankov, 2019), plastics (Auta et al., 2017; Sharma and Chatterjee, 2017),
personal care products and pharmaceuticals (López-Pacheco et al., 2019), hydrocarbons (Mojiri et al.,
2019), radionuclides (Uddin et al., 2020), or toxic heavy metals (Yılmaz et al., 2017; UN Environment,
2019), which are more or less ubiquitous in the global ocean. Moreover, the effects of climate change
in the oceans worsen the accumulation effects of certain substances, affecting their biogeochemical
cycles and their presence in marine food webs (Wilhelmsson et al., 2013; Alava et al., 2017, 2018).

The conservation and sustainable management of the biodiversity and the multiple marine environ-
ments are the foremost priorities in the global environmental agenda of the United Nations Sustainable



INTRODUCTION 11

Development Goals (SDGs) as part of the UN 2030—Agenda for Sustainable Development1. In addi-
tion, specific programs as the Minamata Convention has been created to reduce, in this case, levels of
mercury releases into the environment (Eriksen and Perrez, 2014). In this framework, it is necessary
to pursue new research oriented in finding solutions for the correct management and protection of
marine ecosystems where ecotoxicologists, marine biologists or environmental scientists are involved.
Blue biotechnology approaches like bioremediation using marine bacteria extracted from the natural
ecosystems could be a powerful solution, as this approximation is an attempt to accelerate naturally oc-
curring degradation by using the metabolic potential of bacteria and optimizing the limiting conditions
for growth (Dash et al., 2013).

Mercury pollution in the ocean

Mercury is one of the most toxic heavy metals with little or no biochemical function and, while tolera-
ble inminute quantities, exhibit toxic effects above critical concentrations (Clarkson, 1993; Clarkson and
Magos, 2006). Mercury is emitted to the atmosphere and released to waters and lands as a result of an-
thropogenic activities (discharge of sewage waters from the chlor-alkali plants, incineration of residues,
the combustion of carbon or mining) and natural sources (geological activity, biomass burning or rock
weathering) (Li et al., 2009; Gworek et al., 2016). The mercury volatile form (elemental mercury, Hg0)
can be transported in the atmosphere around the world and eventually be deposited in soils, plants
or water, including marine ecosystems (Mason and Sheu, 2002; Soerensen et al., 2010; Kim and Zoh,
2012; Enrico et al., 2016; Saiz-Lopez et al., 2018). Besides the mercury elemental form, other chemical
species can be found in the oceans including divalent mercury (Hg2+) or the highly toxic organic form,
methylmercury (MeHg) (Figure 3) (Mason et al., 2012). Methylmercury is produced by both aerobic and
anaerobic bacteria (Monperrus et al., 2007; Malcolm et al., 2010; Podar et al., 2015; Gionfriddo et al.,
2016; Munson et al., 2018), and is bioaccumulated in the aquatic food webs (Wiener et al., 2002; Mason
et al., 2012; Harding et al., 2018; UN Environment, 2019) reaching humans through fish consumption.
This last form has received themost attention largely due to notoriousmethylmercury poisoning events
in Japan and Iraq following high exposures (Bakir et al., 1973; Harada, 1995). Methylmercury poisoning
is associated with adverse effects on brain development, especially in fetuses, but it can also affect the
cardiovascular and immune systems after low-level but chronical exposures (UN Environment, 2019).

Mercury levels are different in each particular ocean presenting an average concentration of 1.5 pM
(Lamborg et al., 2002). The Mediterranean sea and the North Atlantic Ocean have recorded the higher
concentrations, around 2.5 and 2.0 pM, respectively (Cossa et al., 1997; Mason et al., 1998). The Arctic
and Antarctic Oceans present the lower concentrations but are neither free of mercury, with levels of
0.8 pM detected (Laurier et al., 2004; Sunderland and Mason, 2007). These measures, when compared
to a pre-industrial era, show an increase of mercury concentrations of 230%, 25% and 12% in surface,
intermediate and deep waters, respectively (Sunderland and Mason, 2007; Lamborg et al., 2014a; UN
Environment, 2019). They usually refer to total mercury levels including the different chemical species
that can be found in the water column. The average levels of MeHg in oceanic waters fell in the range of
2–35% of this total mercury (Sunderland et al., 2009) and it is estimated that its concentration has also
increased since pre-industrial era by a 200-500% (Lamborg et al., 2014a). Also, mercury and its various
forms are variably distributed along the water column. It is assumed that the point of entry of mercury

1https://sustainabledevelopment.un.org/post2015/transformingourworld

https://sustainabledevelopment.un.org/post2015/transformingourworld
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Figure 3: Mercury cycle and global mercury budgets released into the atmosphere and cycled through the oceans and atmo-
sphere. Mercury transformations indicated are focused in those mainly occurring in marine ecosystems including the water
column (blue area) and the sediments (brown area). Values above arrows are registered in tons/year and were extracted from
the UNEP Global mercury assessment (UN Environment, 2019). Hg0: elemental mercury; Hg2+: divalent mercury ion; MeHg:
methylmercury.

into marine ecosystems is the surface mixed layer (up to 100 m depth) (Gworek et al., 2016). From
this layer the reactive mercury is transported mainly with suspended particles to regions of the ocean
where methylation occurs, and MeHg reaches its maximum normally below the thermocline where low
oxygen levels are present (up to 1000m depth) (Cossa et al., 1997; Sunderland et al., 2009; Mason et al.,
2012). This methylated form can be transported back to surface layers where it can be demethylated
and converted to Hg0 which is eventually released into the atmosphere (Mason and Sheu, 2002; Gworek
et al., 2016).

The mercury resistance operon

Due to the elevated distribution of mercury species in the ocean water column, it is not surprising to
find not only the bacteria that methylate mercury, but also those with resistance to its different forms.
These resistant microorganisms harbour the mer operon and about 1–10% of cultured heterotrophic
aerobic microbes from various environments possess this set of genes (Barkay, 1987). The operon en-
codes different genes including: the homodimeric flavin-dependent disulfide oxidoreductase enzyme
mercuric reductase (MerA), an organomercury lyase (MerB) that is not always present, a periplasmic
Hg2+ scavenging protein (MerP), one or more inner membrane spanning proteins (MerT, MerC, MerE,
MerF, MerG) that transport Hg2+ to the cytoplasm where it is reduced by MerA, and one or two regula-
tory proteins (MerR, MerD) (Boyd and Barkay, 2012) (Figure 4).

This operon seems to have evolved from a geothermal environment where exposures to geological
sources of mercury would have driven the origin of MerA (Boyd and Barkay, 2012). After that, other
genes have gradually increased the size, complexion and functionality of the operon and it has be-
come a tightly regulated and efficient mercury detoxification system in diverse environments, including
marine ecosystems (Nakamura et al., 2000; De and Ramaiah, 2007; Møller et al., 2014; Oyetibo et al.,
2015; Ramadan et al., 2019). However, few studies targeting the physiological characteristics of mer-
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Figure 4: Themer system. (A) Representation of the genes included in themer operon. Genes between brackets are not always
present in the operon. (B) The cellular mer-encoded mercury detoxification mechanisms. The outer cell wall is depicted by a
broken line illustrating that not all microbes have an outer membrane. Broken line arrows depict diffusion while solid line arrows
indicate transport or mercury transformations. Illustration modified from Boyd and Barkay (2012).

cury resistance marine bacteria distributed across different oceans and layers can be found through
the literature. Given the beforehand need for finding biological alternatives for the removal of mercury
from contaminated sites, the detection and characterization of marine mercury resistant bacteria, pos-
sibly adapted to different environmental conditions and with diverse metabolisms, seems relevant for
future bioremediation processes.
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AIMS, OUTLINE AND OBJECTIVES OF THE THESIS
The general purpose of this thesis is to explore the distribution of marine heterotrophic culturable
bacteria retrieved from different ocean layers and oceanographic regions, decipher its contri-
bution in the bacterial diversity thanks to global marine microbial diversity surveys, and gain
insights of their genetic capabilities concerning mercury detoxification (Figure 5).

The achievement of this major goal is structured in three chapters. In the first chapter, a marine
culture collection of heterotrophic bacteria (MARINHET) was created with isolates retrieved through
traditional culture-dependent techniques from a wide variety of oceanographic regions and depths,
and its taxonomic diversity and distribution along different layers was studied. This culture collection
led to the work presented in the second and third chapters. In the second chapter, “the great plate
count anomaly” phenomenon was revised in the mesopelagic and bathypelagic waters by comparing
flow cytometry counts with plate colony counts. Additionally, the known axiom that “less than 1% of
microbial cells can be cultured” was tested by comparing the 16S rRNA sequences of the isolates from
the culture collection to the HTS 16S rRNA sequences (Illumina 16S amplicons TAGs (16S iTAGs) and
metagenomic 16S iTAGs) obtained from the same samples and others worldwide distributed from Tara
Oceans and Malaspina expeditions. Finally, in the third chapter the genetic potential of a fraction of
the MARINHET collection was assessed in order to find biological alternatives for future bioremediation
studies in mercury impacted sites. Specifically, the ability of Alteromonas and Marinobacter isolates for
the degradation of mercury toxic species was assessed.

The outline of the different chapters can be further detailed under three general objectives and several
specific tasks as follows:

Objective 1: to create amarine culture collection of heterotrophicmarine bacteria fromavariety
of oceanographic regions and depths using standard culture-dependent techniques to extent
the knowledge of the diversity of marine microbial communities.

This extensive culture-dependent study, which kind is scarce in the literature, targeted a fraction of the
culturable bacterial community at a large scale, including samples from different oceans and layers, as
well as mesopelagic and bathypelagic samples. In Chapter 1, a great isolation effort has been done to:

– Identify the taxonomy of the heterotrophic isolates retrieved and explore their phylogenetic di-
versity and the potential differences between depths.

– Reveal themost common distributed heterotrophic culturable bacteria across oceans and depths.

– Describe the biogeography of the most abundant recovered isolates.

– Unveil some novel isolated bacterial strains.

Objective 2: to explore the contribution of heterotrophicmarine cultured bacteria in global deep
ocean microbial diversity surveys.

Studies comparing the bacterial diversity using both traditional culture-dependent techniques and
culture-independent techniques in the same samples at wide scale are missing. In Chapter 2, the
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diversity of photic and aphotic zones that could be retrieved by culture-dependent techniques was ex-
amined and compared with the HTS data of different bacterial size fractions of the Tara Oceans and
Malaspina Expeditions in order to:

– Enumerate which proportion of the photic and aphotic bacteria from the HTS data could be iso-
lated and classify those among the abundant or the rare biosphere.

– Test if the “great plate count anomaly” applies in the deep ocean by comparing colony counts to
flow cytometry counts from the same samples.

– Analyze if the isolated bacteria are more prone to be associated to free-living or particle-attached
bacterial communities at the different studied depths in order to reveal a vertical connectivity
pattern.

Objective 3: to characterize the genetic and physiological potential of Alteromonas and Mari-
nobacter isolates to detoxify mercury toxic compounds.

There are few culture-dependent studies aiming to detect marine mercury resistant bacteria from dif-
ferent depths and at a large scale. In Chapter 3, 247 Alteromonas and 46 Marinobacter isolates were
examined to:

– Detect marine bacteria from the MARINHET collection codifying mer genes, including mercuric
reductase (merA) and organomercury lyase (merB).

– Assess the tolerance of the strains harboring those genes facing different concentrations of inor-
ganic and organic mercury.

– Describe the potential of the most resistant strains in the removal of mercuric forms, as well as
their biogeographic distribution in the marine environment thanks to HTS data.
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Figure 5: Graphic representation of the overall purpose of this thesis and its three main objectives. World map modified from
“Investigación y Ciencia”.
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Diversity and distribution of marine hetero-
trophic bacteria from a large culture collection
Abstract

Isolation of marine microorganisms is fundamental to gather information about their physiology, ecol-
ogy and genomic content. To date, most of the bacterial isolation efforts have focused on the photic
ocean leaving the deep ocean less explored. We have created a marine culture collection of hetero-
trophic bacteria (MARINHET) using a standard marine medium comprising a total of 1561 bacterial
strains, and covering a variety of oceanographic regions from different seasons and years, from 2009
to 2015. Specifically, our marine collection contains isolates from both photic (817) and aphotic layers
(744), including the mesopelagic (362) and the bathypelagic (382), from the North Western Mediter-
ranean Sea, the North and South Atlantic Ocean, the Indian, the Pacific, and the Arctic Oceans. We
described the taxonomy, the phylogenetic diversity and the biogeography of a fraction of the marine
culturable microorganisms to enhance our knowledge about which heterotrophic marine isolates are
recurrently retrieved across oceans and along different depths.

The partial sequencing of the 16S rRNA gene of all isolates revealed that they mainly affiliate with the
classes Alphaproteobacteria (35.9%), Gammaproteobacteria (38.6%), and phylum Bacteroidetes (16.5%). In
addition, Alteromonas and Erythrobacter genera were found the most common heterotrophic bacteria
in the ocean growing in solid agar medium. When comparing all photic, mesopelagic and bathypelagic
isolates sequences retrieved from different stations, 37% of themwere 100% identical. This percentage
increased up to 59% when mesopelagic and bathypelagic strains were grouped as the aphotic dataset
and compared to the photic dataset of isolates, indicating the ubiquity of some bacterial isolates along
different ocean depths. Finally, we isolated three strains that represent a new species, and the genome
comparison and phenotypic characterization of two of these strains (ISS653 and ISS1889) concluded
that they belong to a new species within the genus Mesonia.

Overall, this study highlights the relevance of culture-dependent studies, with focus on marine isolated
bacteria from different oceanographic regions and depths, to provide a more comprehensive view of
the culturable marine bacteria as part of the total marine microbial diversity.
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Introduction

Traditional culturing methods allow the isolation of microorganisms from natural samples with the pos-
sibility to sequence their genome, perform physiological/experimental assays and, thus, infer their func-
tional and ecological role in detail. Moreover, microbial cultures can retrieve diversity usually not recov-
ered by molecular methodologies, particularly bacteria belonging to the “rare biosphere”, i.e. bacterial
species that are present in very low abundances in the environment (Pedrós-Alió, 2012; Shade et al.,
2012). The overlap between isolated microorganisms and those belonging to the uncultured majority
is relatively low in molecular surveys, and efforts to culture bacteria from the ocean often yield isolates
that do not have their corresponding 16S rRNA gene sequences deposited in sequence databases
(Suzuki et al., 1997; Lekunberri et al., 2014). As a consequence, isolation of microorganisms by culture-
dependent techniques, and their comparison to data obtained from high-throughput sequencing tech-
niques (HTS), remains a fundamental tool to fully understand the whole range of bacterioplankton di-
versity found in the ocean. In addition, isolation is so far a requisite for the description of newmicrobial
species.

Most of the studies targeting the marine heterotrophic culturable bacteria have focused on the upper
ocean (0-200 m depth) or on specific oceanographic regions (Pinhassi et al., 1997; Eilers et al., 2000;
Lekunberri et al., 2014; Yang et al., 2016) while studies covering different depths are less frequent
(Castro Da Silva et al., 2013; Kai et al., 2017; Liu et al., 2018) . Efforts to culture bacteria from the
deep ocean (>200 m) have focused mostly on isolates from hydrothermal vents (Nakagawa and Takai,
2008; Ferrera et al., 2014; Grosche et al., 2015), whale carcasses (Tringe et al., 2005), trenches (Eloe et al.,
2011b), and deep-sea sediments (Zobell andMorita, 1957; Sahm et al., 1999; Castro Da Silva et al., 2013;
Hwang et al., 2015; Chen et al., 2016). Thus, very few studies have analyzed the diversity of isolates from
mesopelagic (in particular from regions with oxygen minimum zone areas) (Finster and Kjeldsen, 2010;
Liu et al., 2018; Menezes et al., 2018; Mulla et al., 2018), the bathypelagic and abyssopelagic waters
(Tabor et al., 1981; Kaye and Baross, 2000; Yuan et al., 2015; Kai et al., 2017), and those available were
mainly done at a local or regional scale. Therefore, a study of the culturable microorganisms covering
different layers including underexplored areas such as the mesopelagic and the bathypelagic areas is
missing.

Here we present an extensive marine heterotrophic bacterial culture collection (MARINHET) with 1561
marine bacteria retrieved from different ocean depths from the Mediterranean Sea, the North and
South Atlantic Oceans, the Indian, the Pacific, and the Arctic Oceans, covering diverse latitudes, from
different seasons and years from 2009 to 2015. We used well established marine solid media (Zobell
agar and Marine Agar 2216) in order to describe the fraction of the bacterioplankton community than
can be commonly isolated under laboratory conditions (nutrient richmedium, standard oxygen concen-
trations and atmospheric pressure). Therefore, to the best of our knowledge, we have created the first
extensivemarine heterotrophic bacterial culture collection, including isolates from different depths and
oceanographic regions, that were retrieved through a standard methodology. Analyses of the partial
16S rRNA gene sequences (average 526 bp, covering V3 to V5 regions), allowed us: (i) to identify the
taxonomy of those isolates distributed along the water column, (ii) to explore the phylogenetic diversity
and the potential differences between depths, (iii) to reveal themost common distributed heterotrophic
culturable bacteria across oceans and depths, (iv) to describe the biogeography of the most abundant
isolates recovered, (v) to compare the isolates 16S rRNA sequences with available HTS 16S rRNA se-
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quences derived from samples of the same oceanographic expeditions, and (vi) to unveil some novel
isolated bacterial strains.

Materials and methods

Study areas and sampling

A total of eight photic-layer, four mesopelagic, and seven bathypelagic samples were taken during dif-
ferent oceanographic cruises in several sampling stations distributed along a wide range of latitudes
(Figure 6). Photic-layer samples (Table 1) were collected in the Atlantic and Indian Oceans during the
Tara Oceans expedition in 2009-2013 (Karsenti et al., 2011), and from the Arctic Ocean during the ATP
cruise in 2009 (Lara et al., 2013). Additionally, surface seawater samples from the Blanes Bay Microbial
Observatory, (BBMO)2 in the NWMediterranean Sea were collected in May 2015. Mesopelagic samples
(Table 1) were taken from the Indian and the Pacific Oceans also during the Tara Oceans expedition
in 2009-2013 (Karsenti et al., 2011). All the mesopelagic samples were collected in regions with oxygen
minimum zone (OMZ) areas, ST39 from the Arabian Sea, ST102 and ST111 from the Eastern Tropical
South Pacific, and ST138 from the Eastern Tropical North Pacific. Bathypelagic samples (Table 1) from
the Atlantic Ocean at approximately 4000 m depth were taken from six different stations during the
Malaspina 2010 Circumnavigation Expedition (Duarte, 2015). One of the stations sampled was located
in the North Atlantic, whereas the other five stations were located in the South Atlantic. ST43 could spe-
cially differ from the rest South Atlantic samples because it was particularly placed in the Agulhas Ring,
where deep waters from the South Atlantic converge and mix with Indian Ocean deep-water masses
(Villar et al., 2015). In addition, one bathypelagic sample was collected at 2000 m depth in the NW
Mediterranean during the MIFASOL cruise in September 2014.

In each of these stations, seawater was collected using Niskin bottles attached to a rosette sampling
system, except at BBMO, where samples were collected with a bucket. Seawater was sequentially fil-
tered through 200 µm and 20 µm meshes to remove large plankton cells and to keep the free-living
bacterial community together with the one attached to particles (< 20 µm). Duplicate 2 ml seawater of
each station were kept in Eppendorf tubes with dimethyl sulfoxide (DMSO) 7% final concentration and
stored at -80ºC until further processing in the laboratory.

Geographical coordinates of stations, sampling date, sampled depth, in situ temperature and total num-
ber of sequenced isolates are listed in Table 1.

Culturing and isolation

Isolates were obtained by plating 100 µl of undiluted and 10x diluted seawater from the photic,
mesopelagic and bathypelagic samples, in triplicates, onto Zobell agar plates (i.e. 5 g peptone, 1 g
yeast extract and 15 g agar in 750 ml of 30 kDa filtered seawater and 250 ml of Milli-Q water) or Ma-
rine Agar 2216 (DifcoTM) plates, which is based also on the Zobell medium formulation (Zobell, 1941).
Our medium culturing strategy was only focused to retrieve heterotrophic marine bacteria that could

2http://www.icm.csic.es/bio/projects/icmicrobis/bbmo

http://www.icm.csic.es/bio/projects/icmicrobis/bbmo
http://www.icm.csic.es/bio/projects/icmicrobis/bbmo
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Table 1: Characteristics of the different samples used for isolation of marine heterotrophic bacteria. Non-redundant isolates
stand for the number of different isolates remaining after removing those that were 100% identical in their partial 16S rRNA gene.

Station Sampling date Oceanic location Latitude Longitude Depth (m)
In situ 

temperature (ºC)
Nº of sequenced 

isolates
Nº of non-

redundant isolates

Tara 
ST 39  March 2010 Indian Ocean 18º 35.2’ N 66º 28.22’ E 5.5 26.2 104 25
ST 39  March 2010 Indian Ocean 18º 35.2’ N 66º 28.22’ E 25 26.8 243 53
ST 39  March 2010 Indian Ocean 18º 43.12’ N 66º 21.3’ E 268.2 15.6 88 18
ST 67  September 2010 South Atlantic 32º 17.31’ S 17º 12.22’ E 5 12.8 115 49
ST 72  October 2010 South Atlantic 8º 46.44’ S 17º 54.36’ W 5 25 71 33
ST 76  October 2010 South Atlantic 20º 56.7’ S 35º 10.49’ W 5 23.3 89 27

ST 151  March 2012 North Atlantic 36º 10.17’ N 29º 1.23’ W 5 17.3 76 33
ST 102  April 2011 Pacific Ocean 5º 16.12’ S 85º 13.12’ O 475.6 9.2 97 15
ST 111  June 2011 Pacific Ocean 16º 57.36’ S 100º 39.36’ O 347.1 10.9 98 35
ST 138  December 2011 Pacific Ocean 6º 22.12’ N 103º 4.12’ O 444.9 8.2 79 34

ATP
AR_1  June 2009 Arctic Ocean 78º 20.00’ N 15º 00.00’ E 2 6.2 13 9
AR_2  June 2009 Arctic Ocean 76º 28.65’ N 28º 00.62’ E 25 -1.2 20 9

Malaspina
ST 10  December 2010 North Atlantic 21º 33.36’ N 23º26’ W 4002 2 20 9
ST 17  February 2011 South Atlantic 3º 1.48’ S 27º 19.48’ W 4002 1.7 93 24
ST 23  August 2011 South Atlantic 15º 49.48’ S 33º 24.36’ W 4003 1.5 94 39
ST 32  January 2011 South Atlantic 26º 56.8’ S 21º 24’ W 3200 2.5 39 16
ST 33  January 2011 South Atlantic 27º 33.2’ S 18º 5.4’ W 3904 1.7 5 5
ST 43  April 2011 South Atlantic 32º 48.8’ S 12º 46.2’ E 4000 1.2 4 4

MIFASOL

ST 8  September 2014 NW Mediterranean 40º 38.41’ N 2º 50’ E 2000 13.2 127 36

BBMO

IBSURF  May 2015 NW Mediterranean 41º 40’ N 2º 48’ E 5 17.7 86 43

grow easily under laboratory conditions (nutrient rich medium, standard oxygen concentrations and
atmospheric pressure) using two similar culturing media. The only difference between Zobell agar and
Marine Agar 2216 plates is the use of natural seawater (Zobell agar), or the addition of the minerals and
salts contained in natural seawater to distilled water (Marine Agar 2216). Indeed, we did not observe
significant differences (Fisher test analyses, data not shown) in the bacterial isolation between both
media.

Photic-layer and mesopelagic samples were incubated at room temperature (RT, 20ºC approx.) while
bathypelagic samples were incubated at their in situ temperature, which ranged from approximately
4ºC (in the Atlantic Ocean at 4000 m depth) to 12ºC (NWMediterranean at 2000 m depth) (Table 1 and
Table S1), but also at RT in order to assure bacterial recovery from all stations. In all cases, triplicates of
each temperature condition and dilution were incubated in the dark until no more colonies appeared
(10-30 days).

A total of 1561 bacterial isolates were randomly selected for DNA amplification and partial sequencing
of their 16S rRNA gene (Table 1 and details below). Similar number of isolates were sequenced from
photic layers (817; average: 102 isolates per station) and from deep oceans (744; average: 67 isolates
per station) with 362 isolates from the mesopelagic and 382 from the bathypelagic. In most of the
bathypelagic samples we collected all colonies appearing in the plates, which ranged from 6 to 129
including all replicates. Colonies were streaked on agar plates in duplicate to ensure their purity and
avoid contamination. The isolates were stored in the broth medium used with glycerol 25% in cryovials
at -80ºC.
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PCR amplification and sequencing of the 16S rRNA gene

Available DNA used for template in Polymerase Chain Reaction (PCR) was extracted from 200 µL of
isolates liquid cultures placed in 96 well plates, diluted 1:4 and heated (95ºC, 15 min) to cause cell lysis.
The partial 16S rRNA gene sequences were PCR amplified using bacterial primers 358F (5’-CCT ACGGGA
GGC AGC AG-3’) (Muyzer et al., 1993) and 907Rmod (5’-CCG TCA ATT CMT TTG AGT TT-3’) (Sánchez et al.,
2007). The complete 16S rRNA gene was amplified forMesonia strain ISS653 after DNA extraction using
the DNeasy Blood |& Tissue kit (Qiagen), following themanufacturer’s recommendations, and using the
modified primers from Page et al. (2004) 27F (5’- AGR GTT TGA TCM TGG CTC AG -3’) and 1492R (5’- TAC
GGY TAC CTT GTT AYG ACT T -3’). Detailed PCR conditions are described in Supplementary Information
Chapter 1. Purification and OneShot Sanger sequencing of 16S rRNA gene products was performed
by Genoscreen (Lille, France) with primer 358F for partial sequences, and with both 27F and 1492R for
complete sequences. ChromasPro 2.1.8 software (Technelysium) was used for manual cleaning and
quality control of the sequences.

Data processing and taxonomic classification

The 16S rRNA sequences of our cultured strains were clustered at 99% sequence similarity (Acinas et al.,
2003) in order to define different operational taxonomic units (iOTUs or isolated OTUs) and construct
iOTU-abundance tables for the different stations and layers studied (Table S2) using UCLUST algorithm
from the USEARCH software (Edgar, 2010). The different iOTUs were taxonomically classified using
the lowest common ancestor (LCA) method in SINA classifier (Pruesse et al., 2012), using both SILVA
(release 132 in 2017) and RDP (Ribosomal Database Project, release 11) databases. Parallelly, isolates
sequences were submitted to BLASTn (Altschul et al., 1990) with two subsets of the RDP database, one
including only the uncultured bacteria (Closest Environmental Match, CEM), and another including only
the cultured bacteria (Closest Cultured Match, CCM) in order to extract the percentages of similarity
with both datasets (Tables S3 and S4), and to assess whether our isolates were similar to effectively
published cultured organisms.

Additionally, a more restrictive clustering at 100% sequence similarity (USEARCH software) was also
used to define iOTUs and to detect how many bathypelagic, mesopelagic and photic-layer bacterial
isolates were identical, and thus, to identify bacterial taxa or strains that could distribute along differ-
ent water depths. Such comparisons were done with: (i) photic and mesopelagic isolates sequences
retrieved from the ST39 vertical profile and (ii) the whole isolates dataset.

Phylogenetic analyses

The phylogeny was inferred for the representative isolates of each iOTU defined at 99% and 100%
sequence similarity. The closest sequence to each isolated iOTU in SILVA v.132 database was found and
collected using BLASTn (Altschul et al., 1990). Alignment of the isolates and reference sequences was
performed with MUSCLE from the Geneious software v.11.0.5 (Kearse et al., 2012). The alignment was
trimmed to the common 16S rRNA gene fragment covered by both sets of sequences. Phylogeny was
constructed usingmaximum-likelihood inference with RAXML-NG 0.9.0 (Kozlov et al., 2019) and the GTR



28

evolutionary model with optimization in the among-site rate heterogeneity model and the proportion
of invariant sites (GTR+G+I), and 100 bootstrap replicates.

Eventually, some isolates among our culture collection presented partial 16S rRNA sequences with a
percentage of similarity below the 97% with public databases. In this case, the complete 16S rRNA gene
was sequenced for ISS653, with which two more strains (ISS1889 and ISS2026) clustered at 100% simi-
larity, and a phylogenetic tree was constructed to support its putative novelty. The tree included their
complete and partial sequences of the 16S rRNA gene, their best hits from uncultured and cultured
microorganisms, extracted from local alignments against RDP 11, SILVA LTP (Living Tree project), and
National Center for Biotechnology Information (NCBI) databases, and the reference 16S rRNA genes
from their related genera. Details on the phylogenetic tree constructions are explained in Supplemen-
tary Information Chapter 1.

Comparisons between layers and statistical analyses

All data treatment and statistical analyses were conducted in the R statistical software version 3.4.3
(R core team, 2017) and packages stats, vegan version 2.5-3 (Oksanen et al., 2018), ape version 5.1
(Paradis et al., 2004), picante version 1.6-2 (Kembel et al., 2010) and EcolUtils (Salazar, 2018a). In general,
analyses were performed using the non-rarefied iOTU-abundance tables, but for specific analyses, such
as the detection of iOTUs present along different depths, the iOTU-abundance table constructed with
the sequences clustering at 99% was sampled down to the lowest sampling effort (362 isolates in the
mesopelagic). In this manner, the rarefied or subsampled iOTU table was obtained using the function
rrarefy.perm with 1000 permutations from the R package EcolUtils (Salazar, 2018a).

Rarefaction curves were performed with the package vegan to estimate the sampling effort in each stud-
ied layer. We also calculated bacterial richness/diversitymetrics from each depth using two approaches:
an OTU-based approach (i.e. considering the iOTUs as unrelated biological entities), and a phylogenetic
approach (i.e. considering the evolutionary relationships among iOTUs with the complete computed
phylogeny). The number of iOTUs, the Chao extrapolative richness estimator (Colwell and Coddington,
1994) and the Shannon entropy index (Shannon, 1948) were computed as OTU-based metric using the
non-rarefied iOTU abundance table, while the Faith’s phylogenetic diversity (PD) (Faith, 1992), the PD
divided by the number of iOTUs (PD/iOTUs), and the mean nearest taxon distance (MNTD) (Webb et al.,
2002) were used as phylogenetic measures for diversity. Differences between photic, mesopelagic and
bathypelagic for richness/diversity measures were tested using an ANOVA test followed by the Tukey’s
post hoc test, as data normality was assured. To assess significance, the statistical analyses were set to
a conservative alpha value of 0.01.

The Good’s coverage (C) for each of the depths was also calculated by the equation C=[1-(n1/N)]*100%,
where N is the number of iOTUs being examined and n1 represents the number of iOTUs occurring
only once or singletons (Giovannoni et al., 1995).
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Comparison to environmental 16S rRNA Illumina sequences

Isolates were compared to denoised zOTUs (zero-radius OTUs, i.e. OTUs defined at 100% sequence
similarity) (Edgar, 2010) from high-throughput sequencing (HTS) of the 16S rRNA sequences (16S iTAGs)
obtained from Tara Oceans and Malaspina Expedition datasets which covered surface, mesopelagic
and bathypelagic layers. Further description of those datasets, sample collection, DNA extraction, se-
quence processing and data treatment are described in Supplementary Information Chapter 1. All
isolates sequences were compared to zOTUs sequences at 100% similarity respectively, by running
global alignment using the -usearch_global option from the USEARCH v10.0.240 (Edgar, 2010). The re-
sults were filtered by coverage of the alignment at 100% and in those cases where isolates had more
than one hit, only the ones with the higher percentage of identity were kept. Primers used to obtain
the 16S rRNA genes of the isolates were different from the ones used to obtain the 16S rRNA iTAGs,
but both amplified the V4 and V5 hypervariable region of the gene, so comparisons could be done by
this method. For each dataset compared we calculated the mean percentage of reads or iTAGs, and
zOTUs of the bacterial community that matched at 100% similarity with the 16S rRNA sequences of the
strains isolated by traditional culture techniques. These percentages were calculated from the rarefied
zOTU-abundance tables.

Genomes of ISS653 and ISS1889 and fragment recruitment analysis in marine metagenomes

Genomes of ISS653 and ISS1889 were sequenced and analysed by the Spanish Culture Collection of
Type Strains (CECT). The accession number of ISS653 16S rRNA gene sequence and draft genome are
MH732189 and CABVMM01, respectively, while the accession number of ISS1889 16S rRNA gene is
MN836382. Detailed description of genome sequencing and analyses can be found in Lucena et al.
(2020b). Metagenomic reads from some selected TaraOceans stations (ST38: SUR (surface), DCM (deep
chlorophyll maximum), MES (mesopelagic); ST39: DCM, MES; ST76: SUR, DCM, MES; ST102: SUR, DCM,
MES; and ST151: SUR, DCM) were recruited competitively against the pool of the assembled contigs
of the two isolates genomes. All metagenomes were subsampled to the shallower sequencing depth
(129,995,612 fragments; mesopelagic from ST38) with bbtools reformat.sh (v38.083). BLASTn v2.7.1+
(Altschul et al., 1990) was used to map the reads with the following alignment parameters: -perc_identity
70, -evalue 0.0001. Only those reads withmore than 90% coverage andmapping at identities equal to or
higher than 95% were considered to be true positives. In order to remove possible false hits mapping
to the conserved regions of rRNA genes, reads aligning to the regions annotated as ribosomal genes
were not considered for the analysis. Reads mapping with the same probability to any of the genomes
were assigned at random.

Nucleotide sequences accession number

The 16S rRNA gene sequences of the bacterial isolates retrieved in this study were deposited in Gen-
Bank under the accession number MH731309-MH732621 and MK658870-MK659428.

3https://sourceforge.net/projects/bbmap/

https://sourceforge.net/projects/bbmap/
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Table 2: Summary of isolates, iOTUs, singletons and coverage per depth. Results derived from isolates 16S rRNA sequences
clustering at 99% similarity to construct the non-rarefied and rarefied iOTU-abundance table (sampled down to the layer with
the lowest number of isolates, i.e. mesopelagic with 362 isolates). Singletons: iOTUs appearing only once.

Photic Mesopelagic Bathypelagic Photic Mesopelagic Bathypelagic
Number of isolates 817 362 382 346 362 368
Number of iOTUs 100 57 59 61 57 59
Number of Singletons 39 25 20 18 25 20
Good’s coverage 61% 56.1% 66.1% 70.5% 56.1 % 66.1%

99% (non-rarefied) 99% (rarefied)

Results

Taxonomic and phylogenetic diversity of the MARINHET culture collection

A total of 1561 bacterial strains were isolated from 19 marine stations, eight photic-layer, four
mesopelagic, and seven bathypelagic samples (Figure 6A). The partial 16S rRNA sequences of the cul-
tured strains were grouped into operational taxonomic units (isolated OTUs, referred hereafter as iO-
TUs) using 99% similarity thresholds. Alphaproteobacteria and Gammaproteobacteria iOTUs dominated
in all stations (Figure 6B). Bacteroidetes isolates were present in all photic stations, but were not re-
trieved in the Indian mesopelagic sample ST39 or in the Atlantic bathypelagic samples ST10, ST33 and
ST43. Actinobacteria isolates were retrieved only from six stations including photic and mesopelagic but
not from bathypelagic samples. Finally, Firmicutes could be only isolated from photic samples of the
Arctic and Indian Ocean during the time of sampling (Figure 6B).

If we group the different stations per depth, Good´s coverage analyses per layer, which is an estimator
of the percentage of total species represented in a sample, ranged from 56.1 to 70.5% (Table 2). These
results indicated that the isolates dataset, even if not saturated, represents a reasonable inventory of
the culturable heterotrophic marine bacteria. The number of iOTUs detected was slightly higher in the
photic layer for the non-rarefied iOTU table, but similar in all depths for the rarefied iOTU table, being
the mesopelagic the layer with the lowest observed values (Table 2). Rarefaction curves showed also
slightly higher richness for the photic samples compared to the mesopelagic and the bathypelagic, but
they did not reach an asymptote (Figure 7A and S1A). On the other hand, rank abundance plots of
the non-rarefied (Figure 7B) and rarefied iOTU tables (Figure S1B) presented, for the three depths
studied, a steep curve, which is indicative of low evenness. Thus, there were a few abundant iOTUs with
a large number of representatives and a large proportion of iOTUs that had few representatives (rare
iOTUs). Therefore, we also calculated the richness and diversity metrics of each depth using OTU-based
and phylogenetic approaches. All three metrics of OTU-based alpha diversity used (Species observed
(S.obs) or nº of iOTUs, Chao1 and Shannon indexes, 7C) decreased with depth but not significative
differences were found between layers (ANOVA test: S.obs: P-value = 0.152; Chao richness estimator:
P-value = 0.191; Shannondiversity index: P-value = 0.183). The threemeasures of phylogenetic diversity,
Faith’s phylogenetic diversity (PD) (Faith, 1992), the PD divided by the number of iOTUs (PD/iOTUs), and
the mean nearest taxon distance (MNTD) (Webb et al., 2002), were not significantly different between
depths (ANOVA test: PD: P-value = 0.093; PD/iOTUs: P-value = 0.159; MNTD: P- value = 0.107), although
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Figure 6: Map showing the sampling stations of the present study. (A) Position of the samples used for isolation. DCM: deep
chlorophyll maximum. (B) Pie charts indicating the proportion of isolates retrieved affiliating with the different phyla, or classes
in the case of Proteobacteria.
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Figure 7: Diversitymeasures per layer studied. (A) Rarefaction curves extracted from the non-rarefied iOTU table (99% clustering).
(B) Rank abundance plots showing the number of isolates per iOTU (at 99% clustering) obtained in the three layers studied
also for the non-rarefied iOTU table. Y axis are in log10 scale. Photic: surface and deep chlorophyll maximum (DCM); Meso:
mesopelagic; and Bathy: bathypelagic ocean. (C) Alpha-diversity measures using OTU-based (left panels) and phylogenetic (right
panels) approaches. MNTD: mean nearest taxon distance.

a higher mean in phylogenetic diversity was observed in the photic layer than in the mesopelagic and
the bathypelagic samples, while the phylogenetic diversity per iOTU and the MNTD was slightly higher
in the bathypelagic layer (Figure 7C).

Shared diversity between photic, mesopelagic, and bathypelagic samples across oceans

We explored the similarity between iOTUs from different layers (photic, mesopelagic and bathypelagic).
First, we started with samples from Indian Ocean ST39 because it was the only station with a vertical pro-
file covering samples of the photic (surface and deep chlorophyll maximum, DCM) and the aphotic layer
(mesopelagic). A total of 34 iOTUs were obtained from the independent clustering at 99% sequence
similarity of all isolates from ST39. This clustering revealed that only 5 iOTUs were shared between
photic and mesopelagic, while the rest could only be recovered from one depth, being the photic layer
with the highest number of different iOTUs (Figure 8A), results that could be biased due to the higher
presence of both surface and DCM isolates in the ST39 photic layer in comparison with themesopelagic
isolates. However, it was surprising that the shared iOTUs comprised the 63.6% of the total isolates (Fig-
ure 8A). At this point, we also examined the connectivity between different layers and across distant
oceans covering large spatial and latitudinal scales. The non-rarefied iOTU table, including all the photic
(817), mesopelagic (362), and bathypelagic (382) isolates, as well as the rarefied iOTU table, sampled
down to the layer with the lowest number of isolates (mesopelagic), were used for the analyses, and
becauseminor differences were observed among them (Tables S5 and S6), the results mentioned here
refer only to those obtained after rarefaction. Fifteen out of 122 iOTUs (Figure 8B) included isolates
from all layers, accounting for 52.7% of the total isolates sequences (Figure 8B), with an average num-
ber of 37.6 isolates per iOTU. Further, eight iOTUs (12.7% of the isolates) were common to photic and
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Figure 8: iOTUs retrieved from photic-layer and deep-sea waters. (A) Venn diagram representing the percentages of the se-
quences shared between photic and mesopelagic layer only from the vertical profile samples of the station 39. Numbers inside
brackets indicate the number of shared iOTUs corresponding to that percentage of sequences. (B) Venn diagram showing the
percentages of the sequences shared between photic, mesopelagic and bathypelagic layers. Numbers inside brackets indicate
the number of shared iOTUs corresponding to that percentage of sequences. Numbers displayed in all Venn diagrams are
extracted from the rarefied iOTU-abundance tables.

bathypelagic isolates, nine (6.6%) to photic and mesopelagic isolates, and eight (7.4%) to mesopelagic
and bathypelagic isolates (Figure 8B). Nevertheless, as observed in ST39, a substantial proportion of
isolates were only retrieved from one of the layers: 29 iOTUs were only found in the photic samples, 25
in the mesopelagic, and 28 in the bathypelagic samples (Table S7), with an average number of 3.2, 1.4,
and 2.9 isolates per iOTU, respectively (Figure 8B).

The taxonomic classification of all these iOTUs, using the lowest common ancestor (LCA) method, des-
ignated a total of 59 different genera and 10 iOTUs that could not be classified at the genus level. From
these 59 genera, 13 were widely distributed along the different depths studied representing 75% of
the total isolates. On the other hand, the photic ocean was again the layer with the highest number of
retrieved genera that were not observed in the other two depths, even though they accounted for only
5.6% of the isolates (Table S8).

If the comparative analysis is repeated with a more restrictive clustering, (instead of 99% at 100% simi-
larity) we found that 37% of the isolates (578 out of 1561) were 100% identical at their partial 16S rRNA
genes regardless the origin or layer. We found Alteromonas, Cobetia, Erythrobacter, Leeuwenhoekiella,
Halomonas, Idiomarina, Marinobacter, and Mesonia between the shared genera, indicating taxa widely
distributed along different depth layers. This shared percentage was even higher, up to 58.9%, when
considering all mesopelagic and bathypelagic samples as aphotic and comparing them to all the photic
isolates.

Biogeography of the commonly isolated heterotrophic bacteria

The most abundant and common culturable genera, i.e. those that occurred in all or most (around
80%) of the 19 stations studied, and the ones only retrieved locally (around 25% of the samples) with a
restricted distribution were identified. Erythrobacter and Alteromonas were the most abundant and re-
current genera retrieved, representing 41.3% of the isolates (338 and 333 isolates respectively), and ap-
pearing in 94% of the samples studied regardless their origin, season and year of sampling (Figure 9A).
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Figure 9: Abundance and biogeography of the isolates retrieved. (A) Abundance versus occurrence of the genera retrieved in
the total culture collection. The most abundant and common genera are indicated in bold, and in regular type those with a more
regional distribution. The color of the dots indicates the taxonomic (phylum or class) affiliation of the iOTUs. (B) Heatmap repre-
senting the mean abundance of reads (%) from zOTUs (zero-radius OTUs) of the top 12 isolated OTUs (rows) along the different
oceanographic regions studied in the Tara and Malaspina expeditions samples (columns). Subsampled zOTU-abundance tables
from the different datasets have been used.

Less abundant genera such asMarinobacter (113 isolates), Halomonas (70 isolates), Pseudoalteromonas
(51 isolates), Idiomarina (42 isolates), Pseudomonas (29 isolates), Sulfitobacter (51 isolates), or Oceani-
caulis (46 isolates) were present in more than 25% of the samples (Figure 9A) and covered almost all
the oceanographic regions (Table S9). These could be considered, thus, regionally distributed. Some
genera such as Psychrobacter, Leeuwenhoekiella or Alcanivorax had lower numbers of isolates, but were
recovered in more than 25% of the samples (Figure 9A). Other genera, in turn, such as Zunongwangia,
were retrieved in less than 25% of the samples but presented 54 isolates (3.5% of the strains). All the
mentioned genera were found in the photic, mesopelagic, and bathypelagic layers, except Oceanicaulis
which could not be isolated in this study from the bathypelagic samples (Table S9). Finally, the remain-
ing genera represented 20% of the cultures. Then, these results revealed which genera are commonly
isolated from distant stations with contrasted environmental conditions, depths and seasons covering
6 years of temporal range.

In a parallel study, we compared the isolates from each station with 16S rRNA sequences obtained
through Illumina HTS of environmental DNA (16S iTAGs, hereafter) from two marine circumnavigations
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(Tara Oceans (Karsenti et al., 2011) and Malaspina Expedition (Duarte, 2015)), to investigate whether
our isolates have identical matches with environmental 16S iTAGs. Despite the global comparison is
out of the scope of this study, and a detailed description of these analyses are explained in Chapter 2,
here we present the biogeographic distribution of the abundant top12 iOTUs, those with more than
20 isolates (Table S2). To do so, we show the relative abundances of the denoised zOTUs (zero-radius
OTUs, i.e. OTUs defined at 100% sequence similarity), obtained from the 16S iTAGs that matched at
100% similarity with these top12 iOTUs. We were aware that different iOTUs couldmatch with the same
zOTUs, and therefore the biogeography results presented here for the different zOTU represent the
sum of the abundances of the top12 abundant iOTUs with other less abundant/rare iOTUs (Table S10).
The top12 iOTUs matching at 100% with zOTUs represented the 48.3% of the total isolates (754 out of
1561), and only one of the zOTUs matched with two iOTUs, a top12 iOTU and a less abundant/rare iO-
TUs, the latter representing 6 out 754 (0.8 %) of the isolates included in the top12 iOTUs. Besides, both
iOTUs matching to the same zOTUs affiliated with the same genus and, thus, the abundance presented
would correspond to different species or ecotypes within a genus. Thereby, in the photic layer, the
abundant top12 iOTUs, or in this case, their respective zOTUs matches, represented an average abun-
dance of 16S iTAGs (at 100% similarity) lower than 1%, regardless of their geographic region (Figure
9B). This percentage increased around 1-2% of the reads in the mesopelagic layer in specific regions
such as the Indian and South Pacific Ocean. However, our isolates exhibited higher abundances in the
bathypelagic layer, in almost all oceanographic regions, especially for iOTU1, iOTU3 and iOTU4 affiliating
with Alteromonas, Erythrobacter and Halomonas spp. (Figure 9B). Overall, these iOTUs accounted a total
average proportion of reads of 0.3 and 1.1% in the photic layer in two independent datasets (Tara and
Malaspina respectively), 2.7% in the mesopelagic layer, and up to 7.8% in the bathypelagic, indicating
that the commonly found isolates are more abundant in the deeper layers of the ocean.

Novelty of the isolates of the MARINHET collection

The percentages of similarity between the strains and their Closest Cultured Match (CCM) and Closest
Environmental Match (CEM) were extracted and compared with the 97% and 99% identity thresholds
to explore the possible novelty of our culture collection. The results showed that most of the isolates
were similar to previously published cultured bacterial species, but also to environmental sequences
obtained using molecular techniques (Figure 10A). Therefore, most of the isolates were previously
known microorganisms. However, we detected three 100% identical strains in their partial 16S rRNA
gene that had a percentage of identity, both for CCM and CEM, below the threshold, at around 94%.
One of the strains was isolated from surface samples of the North Atlantic Ocean (ISS653), whereas
the other two were isolated from two mesopelagic samples of the Pacific Ocean (ISS1889, ISS2026).
Further analyses with the complete 16S rRNA gene of ISS653 indicated that they could be candidates
for a new species or even a new genus according to the thresholds proposed by Yarza et al. (2014). The
three databases consulted (National Center for Biotechnology Information (NCBI), Ribosomal Data Base
Project (RDP) and SILVA) showed different BLASTn results (Table S11). Nevertheless, the Living Tree
Project (LTP) database, which contains the accepted type species of each genus, displayed a 93.5% sim-
ilarity with Mesonia mobilis. The phylogenetic tree constructed (Figure 10B) also supported its novelty
as our isolates had less than 93.8% of similarity with the cultivated reference genomes of the Mesonia
genus.
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Table 3: Origin of the novel Mesonia strains ISS653 and ISS1889 and phenotypic and genetic main differences. Differences
extracted from a total of 158 tests (Supplementary Information Chapter 1). Within protein codifying sequences we included a list
of some interesting proteins that were unique for one of the strains.

ISS653 ISS1889

Origin

Station ST 151 ST 102

Ocean North Atlantic Ocean South Pacific Ocean

Depth (m) 5 475.6

In situ  Temperature (ºC) 17.3 9.2

Phisiological differences

Maximum temperature for 37 30

Tween-80 hydrolysis weak -

Phenylacetate assimilation + -

Acid from (API50CH/E)

arbutin - weak

2-ketoglutarate - weak

Cellular fatty acids

iso-C15:0 2OH 11.2 14.5

iso-C17:0 3OH 9.2 14.6

iso-C17:1 w9c 5.2 10.5

C15:1 w5c 3.6 Traces (<1%)

C18:1 w9c 3.9 -

Genomic differences

Genome size (bp) 4275762 4283636

G+C content (mol%) 34.9 34.9

RNAs 45 45

Protein codifying sequences

Total 4030 4015

Chaperones GroEL, GroES, ClpB -

Cobalt-zinc-cadmium resistance CusA, CzcA, CzcD -

Mercury resistance - MerA, MerT
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Figure 10: Potential novel isolates. (A) Percentages of similarity between the Closest Cultured Match (CCM) and the Closest
Environmental Match (CEM) of all the 16S rRNA gene sequences. Horizontal and vertical lines represent the typical cut-off value
of 97% (black dashed lines) and 99% (grey dashed lines) commonly used for “species” delineation. (B)Neighbour Joining tree of the
putative Mesonia isolates. The numbers in the nodes represent bootstrap percentages > 45%, calculated from 1000 replicates.
Putative new isolates are written in bold letters and color indicates origin of the isolates. (C) Read recruitment of ISS653 and
ISS1889 in 5 Tara Oceans stations. They include the stations where the isolates were retrieved (ST151 and ST102) and some
distant stations for the sake of comparison (ST39, ST38, ST76). ST38 is located near ST39 (Latitude 19º 2.24’ N, Longitude 64º
29.24’ E), but its location in the plot was slightly modified for its correct visualization. Size of the circles are the sum of the
abundance of reads from both genomes recruited in each station and layer (x10k). SRF, surface isolates; DCM, deep chlorophyll
maximum; Meso, mesopelagic isolates.

Genomes of the strains ISS653 and ISS1889 were fully sequenced and characterized to formally de-
scribe a novel species, Mesonia oceanica (Lucena et al., 2020b). As a detailed description of the novel
species is already given in Lucena et al. (2020b), here we only focused in some interesting phenotypic
differences among these two strains and their distribution pattern in marine metagenomes from five
stations, including ST102 and ST151, that were the ones in which ISS1889 and ISS653 were respectively
isolated. Only a few phenotypic differences could be found among both strains (Table 3). The most
important phenotypic trait was the difference in their maximum growth temperatures, being 37ºC for
ISS653, isolated from surface waters in ST151, and 30ºC for ISS1889, isolated from the mesopelagic
layer in ST102. Genomic comparisons of both strains revealed an average nucleotide identity (ANI) of
99.9%, which indicated that the two strains were almost identical genetic clones. The G+C content and
the number of RNAs present were equal in both strains. They slightly differ in the size and the num-
ber of protein codifying sequences (Table 3). However, we identified a pool of unique genes for each
strain, 33 were only found in ISS653, whereas 6 were unique in ISS1889 (Table S12). Among them, we
found interesting some proteins that may confer specific advantages and/or adaptation (Table 3). For
example, ISS653 contains some chaperones, GroEL, GroES and ClpB, that may be related with its wider
range of growth temperatures. In addition, we detected some resistant mechanisms to toxic heavy
metals. Resistance genes to cadmium-zinc-cobalt were detected in ISS653, while mercury resistance
genes were observed in ISS1889. Nevertheless, we found that both isolates presented the same distri-
bution patterns (Figure 10C and Figure S2). Thus, these two new strains displayed higher abundances
in the mesopelagic waters regardless of the station analysed, but especially in ST102 where ISS1889
was retrieved (Figure 10C). Strain ISS653 was isolated from surface waters of the ST151 but it was in
deeper layers where its abundance was also higher (Figure S3).
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Discussion

We have elaborated an extensive marine heterotrophic bacterial culture collection with 1561 isolates
covering different oceanographic regions, depths, seasons and years. We used an standard marine
medium to reach the heterotrophic fraction of the community that could be comparable between lay-
ers (photic and aphotic) and across oceans, rather than using other specific media for increasing the
novelty on isolates in the deep ocean. Even though we could not fully address distribution patterns
along complete latitudinal gradients for all depth layers studied or some seasonal/temporal changes,
we could explore the phylogenetic diversity of the MARINHET culture collection and analyse the poten-
tial differences between depths. The alpha-diversity metrics were slightly higher in the photic layer, but
not significant differences between layers were found. On the other hand, rank abundance curves from
different depths showed that the fraction of the heterotrophic isolates retrieved were composed by a
few abundant iOTUs with a large number of representatives and many rare low abundant iOTUs, which,
in this case, is consistent with many other previous findings based on prokaryotic amplicon 16S iTAGs
from environmental samples (Sogin et al., 2006; Pedrós-Alió, 2012). For instance, the 7 most abundant
iOTUs (99%) accounted for 41% of the total isolates and similar proportions were found in each layer.
Hence, 30% of the bathypelagic isolates, 47% of themesopelagic isolates, and 43% of the photic isolates
affiliated with these seven most abundant iOTUs.

The comparison between those isolates coming from different depths allowed us to detect certain
level of vertical connectivity among the heterotrophic culturable community. The significant overlap
found between photic, mesopelagic and bathypelagic strains suggest that these heterotrophic bacteria
are well adapted to different temperatures, light and pressure. Moreover, they probably have versa-
tile metabolisms to respond to different environments and nutrient availability. These characteristics
may make these bacteria more prone to successfully face such long vertical and horizontal dispersion
(Jones and Lennon, 2010). In addition, genomic comparison between cultured isolates and uncultured
genomes retrieved by single amplified genomes (SAGs) from marine environments revealed that the
genomes of the cultures had larger sizes, suggesting a predominant copiotrophic lifestyle (Swan et al.,
2013). One possible explanation supporting the high proportion of identical 16S rRNA gene sequences
between isolates of photic and aphotic layers, up to 58.9%, would be that these bacteria have the ca-
pacity to attach and grow on particles in the photic layers and after sinking to the deep ocean, they still
retain the capability for further growth. Certainly, a recent study claimed that the particle colonization
process that takes place in the photic layers determines the composition of deeper layers and especially
bathypelagic communities, and thus, photic and deep-ocean prokaryotic communities are strongly con-
nected via sinking particles (Mestre et al., 2018). Moreover, the attachment to particles and its presence
in the deep ocean has been described at least for Alteromonas (Acinas et al., 1999; Crespo et al., 2013;
Salazar et al., 2015; Mestre et al., 2018), Erythrobacter and Halomonas (Mestre et al., 2018).

Thosementioned genera are also themost abundant and commonly isolated in all depths of our dataset
together withMarinobacter. These genera have been detected in other culture-dependent and culture-
independent studies from a wide variety of marine environments, including coastal, shelf, and open
ocean waters (Selje et al., 2005; Zeng et al., 2012; Lekunberri et al., 2014; Tonon et al., 2014; Salazar
et al., 2015, 2016; Crespo et al., 2016) corroborating their ubiquity. Alteromonas and Erythrobacter pre-
sented the highest number of isolates. Alteromonas is among the most common culturable hetero-
trophic bacteria living in open marine waters all around the world, as it has been isolated from a wide
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variety of marine environments (Baumann et al., 1972; Fuhrman and Davis, 1997; García-Martínez et al.,
2002; Gärtner et al., 2011; Kai et al., 2017). In addition, this genus is thought to be one of the most sig-
nificant contributors of the dissolved organic carbon (DOC) consumption and nutrient mineralization
in the upper ocean (Pedler et al., 2014). Erythrobacter strains are aerobic chemoorganotrophs, and
some species contain bacteriochlorophyll a, responsible for the aerobic anoxygenic phototrophic (AAP)
metabolism (Tonon et al., 2014).

Despite these findings, one of the remaining questions, mainly in relation to the commonly isolated bac-
teria, is to what extent these strains match with environmental 16S rRNA genes fromHTS sequencing of
the whole bacterial community. The comparison of the top abundant iOTUs sequences with 16S iTAGs
confirmed that these common iOTUs matched at 100% identity with environmental sequences at dif-
ferent extent, being rare at the surface but with increasing representation in the deep ocean, especially
in the bathypelagic (in detail in Chapter 2 of this thesis).

On the other hand, even though the isolation of novel strains was a secondary objective, thanks to the
large isolation effort done, we managed to isolate three strains, 100% similar among them in their par-
tial 16S rRNA gene, that presented less than 95% of similarity in their 16S sequence to any previously
described bacterial species. There are several well-accepted criteria for the classification of bacteria
into species and one of them is based in the 16S rRNA gene sequence identity threshold at around
98.7-99% (Acinas et al., 2003; Stackebrandt and Ebers, 2006; Yarza et al., 2014). Two of these strains,
ISS653 and ISS1889, had been fully characterized recently and their genomehas been sequencedby the
Spanish Culture Collection of Type Strains (CECT) to formally describe a novel species,Mesonia oceanica
(Lucena et al., 2020b). Members of this taxon are mainly retrieved from a variety of marine environ-
ments, sometimes associated with eukaryotic organisms, such as algae (Nedashkovskaya et al., 2006).
Interestingly, isolate ISS653 was obtained from the surface North Atlantic waters whereas ISS1889 was
retrieved frommesopelagic waters of the Pacific Ocean, and the biogeography analysis in some vertical
profiles suggest that this putative novel species is not locally restricted and it has preference for deeper
layers. Curiously, even though we could not detect any significant difference in the distribution of these
two strains and genetically they seem almost clonal, we cannot discard that their minimal genetic dif-
ferences and phenotypic plasticity may provide adaptation advantages (of growth rate and tolerance
to metals) under particular environmental conditions not observed in our marine samples.

Finally, as we stated at the beginning of this study, cultures are important because they allow to retrieve
novel bacterial taxa and complete genomes, but most importantly, they enable to test hypotheses that
emerge from genomic data. However, the isolation of a great battery of strains from different oceano-
graphic regions and depths by traditional culture techniques, as we presented, does not guarantee the
retrieval of many new bacterial species or taxa detected by HTS techniques, which greatly outnumber
those accessible by cultivation. One of the challenges that marine microbial ecologists still face is the
innovation in the isolation methods for the retrieval of axenic cultures of those uncultured taxa. In the
last years, new isolation approaches had been developed to improve the recovery of bacteria under
laboratory conditions like microfluidics (Ma et al., 2014; Boitard et al., 2015), cultivation chips (Ingham
et al., 2007; Hesselman et al., 2012; Gao et al., 2013), microcolony cultivation techniques (Ferrari et al.,
2005), manipulation of single cells (Ben-Dov et al., 2009; Park et al., 2011), and high-throughput cultiva-
tion techniques named “culturomics” (Giovannoni and Stingl, 2007; Lagier et al., 2012). Nevertheless, all
these strategies are usually expensive and include inherent trial-and-error approaches. In this manner,
metagenomic, metatranscriptomic and metaproteomic data, which had increased our knowledge of
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the microorganisms present in marine ecosystems and allowed to predict their metabolic capabilities,
would provide essential information to design different isolation strategies and allow the retrieval of en-
vironmental bacteria. Accordingly, understanding the microbial complexity of the marine ecosystems
would be possible if combined culture-dependent and culture-independent studies start to be the rule
among marine microbial ecologists.

Conclusions

In summary, culturing remains an important tool in microbial ecology, helping to map the diversity of
marine communities. We are aware that our study is restricted to those heterotrophic marine bacteria
that can grow in standard culture conditions, and that we are missing many other fundamental micro-
bial populations that do not grow easily in standard marine media. Nevertheless, given the important
isolation effort done and the number of oceanic regions and depths covered in different years, we were
able to enhance our knowledge of the taxonomy, phylogenetic diversity and distribution of the targeted
bacteria. Equally to those HTS studies of ribosomal genes targeting the whole marine prokaryotic com-
munity, the culturable marine heterotrophic bacteria isolated presented few abundant taxa and a tail
of rare and low abundant iOTUs. We detected that half of the total isolates were shared in the three
different depth realms, reinforcing the already introduced idea of vertical connectivity between the
photic and the deep ocean probably through sinking particles. In addition, we identified Alteromonas
and Erythrobacter genera to be the most abundant and commonly isolated heterotrophic bacteria from
more than 80% of the studied samples and from all layers. Finally, we found three strains belonging
to a new species of the genus Mesonia. Overall, this study highlights the relevance of complementary
studies with focus on marine isolated bacteria to provide a more comprehensive view of marine micro-
bial diversity. Furthermore, our MARINHET culture collection represents a valuable resource for future
genome sequencing projects and potential physiological experiments involving marine isolates.
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Contribution of marine cultured heterotrophic
bacteria to the dark ocean microbial diversity
Abstract

It is a long-standing observation that traditional culture techniques only isolate a small fraction of the
microbial diversity, which mainly belong to the so-called rare biosphere, however, this paradigm has
not been fully explored in the deep ocean. In this study, we examined the fraction of heterotrophic bac-
terial diversity from the photic and the deep-ocean layers that could be retrieved by culture-dependent
techniques at large scale. Therefore, we used a large collection of heterotrophic marine cultured bac-
teria (MARINHET_v2) of a total of 2003 isolates covering different oceanographic regions and depths.
The partial 16S rRNA gene (average 500 bp of the V3-V4 region) of this culture dataset was then com-
pared with denoised OTUs (zOTUs) identified from amplicon 16S rRNA gene Illumina TAGs (16S iTAGs)
from TaraOceans and Malaspina 2010 Expedition, and to metagenomic OTUs (mOTUs) extracted from
metagenomic TAGs (miTAGs) from Malaspina 2010 Expedition, including overall surface, mesopelagic
and bathypelagic datasets. Comparative analyses of amplicon 16S iTAGs and miTAGs revealed similar
patterns for photic and aphotic layers including a higher proportion of isolates identical to zOTUs or
mOTUs in the deeper layers, although significant differences displayed in their abundances. Based on
amplicon 16S iTAGs, a 28% of the reads of the microbial community at the bathypelagic ocean could
be retrieved by heterotrophic isolated bacteria. Also, these isolates seem to contribute significantly to
the bacterial communities attached to particles recruiting 21% of the zOTUs and 45% of the reads of
the largest plankton size fraction (>20 μm) in the bathypelagic. These results of a higher proportion of
isolated zOTUs described in the largest size particles specially in the bathypelagic, are in line with the
idea that slow sinking particles in the bathypelagic realm act as resource-rich habitats, which are suit-
able for isolating heterotrophic bacteria with a copiotroph lifestyle and represent an important fraction
of the total prokaryotic diversity inhabiting the deep ocean.
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Introduction

Microbial ecology has been long challenged by the fact that only a small fraction of the natural bac-
terial community can be cultivated, a phenomenon that has been traditionally called “the great plate
count anomaly” (Staley and Konopka, 1985). The recovered proportion of cells using selective media
and standard plating techniques when compared to both microscopy analyses by direct staining and
16S rRNA sequencing, only represented among 0.001-1% of the community (Kogure et al., 1979; Staley
and Konopka, 1985; Amann et al., 1995). This phenomenon lead to the known paradigm that “less than
1% of the bacterial community can be cultured” (Razumov, 1932; Jannasch, 1958; Staley and Konopka,
1985; Eguchi and Ishida, 1990). Culture-independent techniques, such as high-throughput sequenc-
ing (HTS) of ribosomal genes (Sogin et al., 2006; Zinger et al., 2011), and genomic centric studies with
the exploration of single amplified genomes (SAGs) (Stepanauskas and Sieracki, 2007) and the analyses
of metagenome-assembled genomes (MAGs) (Parks et al., 2017) have provided great advances in the
description of microbial diversity at an unprecedent scale (Parks et al., 2018; Pedrós-Alió et al., 2018).
Nonetheless, culture-dependent isolation is still a valuable resource to decipher a fraction of the di-
versity not targeted by molecular/omics approaches and, therefore, necessary to fully understand the
holistic view of microbial diversity (Eloe et al., 2011a; Gärtner et al., 2011; Kai et al., 2017; Sanz-Sáez et al.,
2020). Moreover, isolates are so much needed to perform physiological experiments and test ecolog-
ical hypothesis (Giovannoni and Stingl, 2007; Gutleben et al., 2017). The seminal studies on marine
prokaryotic diversity comparison between culture-dependent and culture-independent techniques, re-
vealed, in most cases, that there is a few overlap between isolates and environmental sequences (Floyd
et al., 2005; Zeng et al., 2012; Lekunberri et al., 2014), and that most bacterial strains growing under
laboratory conditions belong to the rare biosphere (Shade et al., 2012; Crespo et al., 2016). Neverthe-
less, these studies are scarce, and mostly focused on the photic ocean (0-200 m) (Eilers et al., 2000;
Zeng et al., 2012; Lekunberri et al., 2014; Crespo et al., 2016), or in specific deep-ocean ecosystems like
hydrothermal vents (Harmsen et al., 1997; Huber et al., 2002; Hirayama et al., 2007), hypersaline deep-
sea basins (Sass et al., 2001), or deep-sea sediments (Gutierrez et al., 2015; Chen et al., 2016), leaving
the mesopelagic and bathypelagic waters less explored. Recently, some studies have compared the
proportion of prokaryotes that can be isolated in different ecosystems, including marine environments,
using genomes of isolates public available against amplicon 16S rRNA gene Illumina TAGs (16S iTAGs),
metagenomes and metatranscriptomic public datasets (Lloyd et al., 2018; Steen et al., 2019; Martiny,
2019). However, they used different genetic thresholds and methods for such comparisons generating
contrasted results, and the deep ocean was poorly examined. Therefore, the long-standing observa-
tion that traditional culture techniques only retrieve a small fraction of the microbial diversity in marine
environments needs to be revised and properly tested in the pelagic deep ocean.

Previous studies targeting the diversity of microbial communities from the bathypelagic ocean across
the tropical and temperate oceans described the most abundant operational taxonomic units (OTUs)
(Salazar et al., 2016). Interestingly, some of these OTUs affiliated with well know heterotrophic cul-
tured genera including Alteromonas, Alcanivorax or Halomonas (Salazar et al., 2016; Kai et al., 2017;
Sanz-Sáez et al., 2020). In addition, some deep-ocean marine bacteria such as the genera Alteromonas
have been defined as copiotrophs (López-Pérez et al., 2012) which may favor their isolation in pure
culture. Moreover, given that the bathypelagic realm is constituted mainly by slow sinking particles
(Herndl and Reinthaler, 2013), which are resource-rich habitats for microbes (Bochdansky et al., 2016),
this copiotrophic lifestyle could be the rule for an important fraction of the bacteria inhabiting the deep
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ocean. Taking these facts altogether, it led us to hypothesize that maybe higher proportions of bacte-
ria dwelling in the deep ocean could be retrieved under laboratory conditions. Thus, in this study we
examined the fraction of heterotrophic microbial diversity that could be retrieved by isolation in both
the photic and deep oceans. We aimed to: (i) rank the isolated bacteria among members of the abun-
dant or rare biosphere, (iii) test if the “great plate count anomaly” applies in the deep ocean, and (iii)
analyze weather the isolated heterotrophic bacteria are more prone to be associated to free-living or
to particle-attached bacterial communities at different depths. To that end, we compared a large collec-
tion of heterotrophic cultured bacteria (MARINHET_v2), covering a wide range of oceanographic regions
and depths, including the photic, the mesopelagic and the bathypelagic ocean (Sanz-Sáez et al., 2020),
with its corresponding environmental sequences identified from amplicon 16S iTAGs andmetagenomic
16S TAGs (miTAGs) from two global oceanographic expeditions, TaraOceans 2009 (Karsenti et al., 2011)
and Malaspina Circumnavigation Expedition 2010 (Duarte, 2015). Hence, we present here the first at-
tempt to combine results from culture-dependent and high-throughput sequencing techniques, from
the same samples and others worldwide distributed, and to test the culturability of natural bacterial
communities at different oceanic depths, including the underexplored mesopelagic and bathypelagic
layers.

Materials and methods

Seawater sampling collection and filtration in Tara Oceans and Malaspina Expedition

During the Malaspina Expedition, surface seawater (3 m) was collected using 20 L Niskin bottles, pre-
filtered through a 200 µm mesh to remove large plankton, and finally, between 6-15 L were sequen-
tially filtered through a 20 µmmesh, a 47 mm polycarbonate membrane filter of 3 μm (Merck Millipore,
Darmstadt, Germany, Isopore polycarbonate) and a 0.2 μm (Merck Millipore, Express Plus) filter pore
size with a peristaltic pump. For these surface samples we focused on the 0.2–3 μm fraction, which
represents mostly free-living bacteria (Ruiz González et al., 2019). On the other hand, for the bathy-
pelagic samples (approximately 4000 m depth), 120 L of seawater were also sequentially pre-filtered
through a 200 μm and a 20 μmmesh to remove large plankton. Further filtering was done by pumping
water serially through 142 mm polycarbonate membrane filters of 0.8 μm (Merk Millipore, Darmstadt,
Germany, Isopore polycarbonate) and 0.2 μm (Merck Millipore, Express Plus) pore size with a peristaltic
pump (Masterflex, EW-77410-10). In this case two different size fractions were analyzed representing
the free-living (0.2-0.8 μm) and the particle-attached (0.8-20 μm) microbial communities (Salazar et al.,
2016). Additionally, samples from eight vertical profiles were also collected and were size fractioned
using five different size pore filters in order to obtain microbial communities of different size fractions
(Mestre et al., 2018). Surface water from these profiles was sampled with Niskin bottles, whereas water
from the other depths were sampled with Niskin bottles attached to a rosette sampling system. Thus,
seawater was pre-filtered by a 200 μmmesh to remove large plankton, and then 10 L were sequentially
filtered through 20-, 5.0-, 3.0-, 0.8-, and 0.2 μm pore-size filters, all 47 mm polycarbonate filters (20 μm
pore-size filter from GEWater and Process Technologies and the rest of the filters fromMillipore), using
a peristaltic pump, resulting in five different size fractions (0.2–0.8, 0.8–3.0, 3.0–5.0, 5.0–20, and 20–200
μm). Filters from all surface, bathypelagic and vertical profile samples were then flash-frozen in liquid
nitrogen and stored at -80 ºC until DNA extraction.
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In Tara Oceans surface and mesopelagic seawater was also collected using Niskin bottles attached to
a rosette sampling system, prefiltered by 200 μm and 20 μm meshes to remove large plankton and
filtered by 3 μm or 1.6 μm pore size filters. In this dataset we targeted mostly the free-living bacterial
communities compressed within the 0.2 and 1.6 or 3 μm (Sunagawa et al., 2015; Ibarbalz et al., 2019).
Filters were then flash-frozen in liquid nitrogen and stored at -80 ºC until DNA extraction. Further
sampling strategy and methodology are described in Pesant et al. (2015).

Samples for Illumina amplicon 16S rRNA sequencing

Different datasets containing Illumina amplicon 16S rRNA (16S iTAGs) gene sequences were analyzed
in order to compare them with partial 16S rRNA sequences from isolates obtained by traditional cul-
ture techniques. The fist dataset from Malaspina Expedition comprised a total of 124 surface samples
and 41 bathypelagic samples distributed across the temperate and tropical world’s oceans (Figure 11).
A second dataset, also from Malaspina Expedition, included eight stations with vertical profiles and
different microbial size fractions (Figure 11). At each of these stations four depths were sampled cor-
responding to surface (3 m), deep chlorophyll maximum (DCM, 48-150 m), mesopelagic (250-670 m),
and bathypelagic waters (3105-4000 m). The third dataset from Tara Oceans 2009 and Tara Oceans
Polar Circle 2013 expeditions was formed by 80 surface samples and 39 mesopelagic samples which
covered the major oceanic provinces including the polar circles (Figure 11A, B).

Samples for Illumina metagenome sequencing

Illumina metagenomic sequencing was performed with 11 vertical profiles collected during the
Malaspina Expedition. For this study, we used 10 surface and 11 bathypelagic samples from the vertical
profiles globally distributed across the world’s oceans. Bathypelagic samples were collected mainly at
the depth of 4000m, although a few samples were taken at shallower depths, all within the bathypelagic
realm (average depth: 3731 m ± 495; standard deviation) in the tropical and subtropical oceans (Figure
11C).

Samples for heterotrophic bacterial isolation

A total of 14 photic-layer stations and 11 deep-ocean stations (including 4 from themesopelagic in areas
with oxygen minimum zone (OMZ) regions and 7 from the bathypelagic) were collected from four dif-
ferent oceanographic expeditions including the Malaspina Expedition, Tara Oceans (Tara Oceans 2009
and Tara Oceans Polar Circle 2013), ATP09 (Lara et al., 2013) and MIFASOL, and also from the Blanes
Bay Microbial Observatory BBMO4, covering then wide latitudinal and oceanographic regions (Figure
11). Details regarding samples collection has been previously described in Sanz-Sáez et al. (2020). Ge-
ographical coordinates of stations, sampled depth, in situ temperature, number of sequenced isolates,
total prokaryotes cell abundances, and count of cfu/ml are listed in Table S13. Prokaryote cell abun-
dance was determined using flow cytometry (BD FACSCalibur) of SYBR Green I stained samples (Gasol
and del Giorgio, 2000).

4http://www.icm.csic.es/bio/projects/icmicrobis/bbmo

http://www.icm.csic.es/bio/projects/icmicrobis/bbmo


CHAPTER 2 47

Figure 11: World map showing the distribution of the samples used in this study per layer. (A) Photic. Labeled samples cor-
respond to those stations where isolates were obtained from: Tara Oceans (39, 67, 72, 76, 84, 85, 151, 163, 175,201), Blanes
Bay Microbial Observatory (BBMO), and ATP Arctic cruise (ATP_SRF, ATP_DCM). Stations colored green correspond to amplicon
16S iTAGs from eight vertical profiles with five different microbial size fractions collected from the Malaspina Expedition. (B)
Mesopelagic. Labeled samples correspond to those stations where isolates were obtained from the Tara Oceans (39, 102, 111,
138). (C) Bathypelagic. Labeled samples correspond to those stations where isolates were obtained from: Malaspina (10, 17,
23, 32, 43) and MIFASOL. Circles connected with a blue line show the distribution of the samples obtained from the Malaspina
Expedition, while circles connected with an orange line show those from the Tara Oceans. Each pie chart shows the presence or
absence of samples from the different datasets: orange, isolates; light yellow, 16S iTAGs; dark blue, 16S miTAGs.
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Isolation and cultivation of heterotrophic bacteria

Isolates were mainly retrieved by plating 100 µl of undiluted and 10x diluted seawater from the 14
photic-layer, 4 mesopelagic and 7 bathypelagic samples. Additionally, isolates from the bathypelagic
sample collected in the NW Mediterranean during the MIFASOL campaign were obtained using also
different culturing strategies: (i) enrichment in Zobell broth (5 g peptone, 1 g yeast extract in 750 ml
of 30 kDa filtered seawater and 250 ml of Milli-Q water) of the seawater previously concentrated by
tangential flow filtration, subsequently diluted and plated, (ii) direct plating of 0.8 and 0.2 μm pore size
filters into plates, (iii) after resuspension of 0.8 and 0.2 μm pore size filters in 20 ml of 30 kDa filtered
seawater, dilution and subsequent plating, and (iv) after enrichment of the 0.8 and 0.2 μm pore size
filters in 10 ml of Zobell broth, diluted and plated. All samples were plated in triplicates in nutrient rich
media including Zobell agar, Marine Agar 2216 and modified Marine Agar, where disodium phosphate
was autoclaved apart from the rest of the medium and added as a separate solution before solidifica-
tion. Detailed composition of the media has been previously described (Zobell, 1941; Sanz-Sáez et al.,
2020). Our medium culturing strategy was only focused to retrieve heterotrophic marine bacteria that
could grow easily under laboratory conditions (nutrient rich media, standard oxygen concentrations
and atmospheric pressure).

Photic-layer samples from temperate oceans and mesopelagic samples were incubated at room tem-
perature (RT), while photic-layer samples from the Artic and SouthernOceans and bathypelagic samples
were incubated at their in situ temperature, which ranged from approximately 4ºC (photic-layer samples
in the Artic and Southern Ocean, and 4000 m depth in the Atlantic Ocean) to approximately 12ºC (NW
Mediterranean at 2000 m depth) (Table S13 and Table S14), but also at RT in order to assure bacterial
recovery from all stations. In all cases, triplicates of each temperature condition and dilution were incu-
bated in the dark until no more colonies appeared (10-30 days). The number of cfu/ml growing in the
plates was calculated counting all the colonies present on the agar plates at the end of the incubation
times. For calculation at least two replicates per incubation condition and dilution were considered.

A total of 2003 bacterial isolates (MARINHET_v2 culture collection) were randomly selected for DNA
amplification and partial sequencing of their 16S rRNA gene. Similar number of isolates were selected
from photic layers (1041; average: 70.6 isolates per station) and from the deep ocean (962; average:
67.6 isolates per station). Colonies were streaked on agar plates in duplicate to ensure their purity and
avoid contamination. The isolates were stored with glycerol 25% in cryovials at -80ºC.

DNA extraction and amplification

Available DNA from isolates used for template in Polymerase Chain Reaction (PCR) was extracted from
200 µL of liquid cultures placed in 96 well plates, diluted 1:4 and heated (95ºC, 15 min) to cause cell
lyses. The partial 16S rRNA gene sequences were PCR amplified using bacterial primers 358F (5’-CCT
ACG GGA GGC AGC AG-3’) (Muyzer et al., 1993) and 907Rmod (5’-CCG TCA ATT CMT TTG AGT TT-3’)
(Sánchez et al., 2007). Detailed PCR mix preparation and reactions are described in Sanz-Sáez et al.
(2020). Purification and OneShot Sanger sequencing of the partial 16S rRNA gene products was per-
formed by Genoscreen (Lille, France) with primer 358F. ChromasPro 2.1.8 software (Technelysium) was
used for manual cleaning and quality control of the sequences.
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The DNA from the samples of the three different datasets described for Illumina sequencing was
extracted with a phenol-chloroform protocol (as described in Massana et al. (1997); Salazar et al.
(2016); Alberti et al. (2017)). Prokaryotic barcodes for each of the datasets were generated by
amplifying the V4 and V5 hypervariable regions of the 16S rRNA gene using primers 515F-Y (5’-
GTGYCAGCMGCCGCGGTAA-3’) and 926R (5′-CCGYCAATTYMTTTRAGTTT-3′) described in Parada et al.
(2016). Sequencing was performed in an Illumina MiSeq platform (iTAGs) using 2x250 bp paired-end
approach at Genoscope for the Malaspina Bathypelagic, the Tara Oceans and the Tara Polar Oceans
datasets, and at the Research and Testing Laboratory facility 5 for the Malaspina Surface and Malaspina
vertical profiles datasets, from now on called the Malaspina size fractions dataset.

Metagenomic DNA was extracted as described before (Logares et al., 2014). DNA was sequenced using
pair-end Illumina sequencing technology (Illumina, USA) and high-quality (HQ) reads were obtained
using MOCAT (v. 1.2) (Kultima et al., 2012) as previously described (Sunagawa et al., 2015).

Sequence data processing

Amplicon 16S rRNA iTAGs:

The obtained amplicons were processed through the bioinformatic pipeline described in the SushiLab
Amplicon Recipes github repository6. Briefly, pair-end reads weremerged at aminimum 90% of identity
alignment, and those with ≤ 1 expected errors were selected (quality filtering). Primer matching was
performed with CUTADAPT v.1.9.1. Dereplication, OTU clustering at 97% (UPARSE algorithm) and zOTU
denoting at 100% similarity (UNOISE algorithm) were performedwith USEARCH v.10.0.240 (Edgar, 2010).
OTUs and zOTUs were taxonomically annotated against the SILVA database v.132 (2018) with the LCA
approach. Finally, OTUs and zOTUs were quantified to obtain OTU-abundance tables. Non-prokaryotic
OTUs (eukaryotes, chloroplast and mitochondria) were removed, whereas singletons (OTUs appearing
only once) were maintained. Computing analyses were run at the MARBITS bioinformatics platform at
the Institut de Ciències del Mar and at the Euler scientific compute cluster of the ETH Zürich University.

This procedurewas applied individually for the: (i) 41Malaspina Bathypelagic samples, (ii) 124Malaspina
Surface samples, (iii) 119 TaraOceans and Tara Polar Oceans Surface andMesopelagic samples, and (iv)
155 samples from the Malaspina size fractions dataset. Hence, four different OTU-abundance tables
were obtained after applying the pipeline. To allow comparisons between samples, each OTU table
was randomly sampled down to lowest sampling effort using the function rrarefy.perm with 1000 per-
mutations from the R package EcolUtils (Salazar, 2018a). A summary of the total number of reads per
dataset, sample with the lowest number of reads and total OTUs or zOTUs before and after rarification
is described in Table S15.

16S rRNA metagenomic sequences

Prokaryotic communities were also analyzed using miTAGs, i.e. 16S gene’s fragments extracted from
Illumina-derived metagenomes (Logares et al., 2014). The HQ reads corresponding to 16S genes were
detected using HMMER7 v.3.0. All reads detected as part of an rRNA gene with length >100 bp were

5https://rtlgenomics.com
6https://github.com/SushiLab/Amplicon_Recipes
7www.hmmer.org

https://rtlgenomics.com
https://github.com/SushiLab/Amplicon_Recipes
https://github.com/SushiLab/Amplicon_Recipes
www.hmmer.org
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aligned against the SILVA database (v.132) (Pruesse et al., 2012) using USEARCH v10.0.240 (Edgar, 2010).
The alignment was done using a 99% similarity cut-off and thus the SILVA database was pre-clustered,
also at a 99% similarity, before the alignment. All the ambiguous hits (i.e. reads with a successful hit
to more than one sequence of the reference database) were excluded. In this way the miTAGs were
binned into mOTUs (metagenomic OTUs): each sequence of the pre-clustered SILVA database that
recruited a read was considered as a mOTU and their abundances were obtained as the number of
reads that aligned to this sequence. A mOTU table was constructed containing the number of reads
that belonged to each mOTU in each of the samples. All these processes were developed using the
R package mtagger8.Once the final mOTU table was available, it was separated into two correspond-
ing to Malaspina Surface and Malaspina Bathypelagic. In order to avoid artifacts due to the uneven
sequencing effort among samples, these mOTU tables were rarefied to the minimum number of total
miTAGs per sample (Table S16) using the rrarefy function in the vegan package(Oksanen et al., 2018)
within R Statistical Software (core team, 2017). This process was repeated 100 times and the mean
number of reads (rounded to integers) from the 100 rarefactions was used. The taxonomy from the
SILVA sequences was used as the taxonomical classification of the mOTUs.

Comparison between OTUs, zOTUs or mOTUs and cultured isolates

Primers used to obtain the 16S rRNA genes of the isolates were different from the ones used to obtain
the 16S rRNA iTAGs, although both amplified the V4 and V5 hypervariable region of the 16S rRNA gene,
and therefore, comparisons between both datasets could be performed selecting this common region
(Figure S1). For mOTUs, comparisons were also possible as the complete 16S rRNA sequences were
extracted from SILVA database (v.132) and the V4 band V5 region was covered.

All isolates sequences were compared to zOTUs and to mOTUs sequences at 100% similarity, but
isolates were also compared with OTUs and mOTUs at 97% similarity for comparative purposes with
other studies by running global alignment using the usearch_global option from the USEARCH v10.0.240
(Edgar, 2010). The results were filtered by coverage of the alignment at 100% and at their maximumper-
centage of identity for those comparisons at 99-97% similarity. We are aware that these comparisons
sometimes resulted in more than one hit per isolate, even after filtering by coverage. Nevertheless,
all datasets presented similar proportions of isolates with more than one match and the % of reads
relucted by those extra hits was minor, making comparisons between datasets possible (Figure S9).

Data analysis

All data treatment and analysis were conducted with the R Statistical Software (core team, 2017) using
the version v.3.4.3 and the following packages: vegan (Oksanen et al., 2018), ape (Paradis et al., 2004),
EcolUtils (Salazar, 2018a), stats (core team, 2017), tydiverse (Wickham, 2019). For each studied dataset we
calculated the mean abundance and relative abundance of OTUs, zOTUs and mOTUs across samples
in order to rank them. Moreover, we calculated the mean percentage of reads (iTAGs or miTAGs),
OTUs, zOTUs or mOTUs of the bacterial community that matched at 97% or at 100% similarity with
the 16S rRNA sequences of the strains isolated by traditional culture techniques. These percentages

8https://github.com/GuillemSalazar/mtagger

https://github.com/GuillemSalazar/mtagger
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were calculated from the rarefied OTU-abundance tables. In order to see the differences between
the proportion of isolated reads of each dataset, the non-parametric Kruskal-Wallis test was applied
followed by the post hoc pairwise Wilcox test to see the differences between pairs of datasets. To
asses significance, the statistical analyses were set to a conservative alpha value of 0.05.

Furthermore, with theMalaspina size fractions iTAGs dataset we wanted to elucidate if our isolates were
more prone to be found in the bacterial communities found in the free-living fraction (0.2-0.8 µm) or in
particle-attached fraction, considering that this last one can be divided into four different size-fractions
(0.8-3 µm, 3-5 µm, 5-20 µm and 20-200 µm). Hence, we also calculated the percentage of reads or
iTAGs, OTUs and zOTUs that matched at 100% similarity with our isolates. The differences between
size fractions were also detected with the non-parametric Kruskal-Wallis test followed by the post hoc
pairwise Wilcox test to see the differences between pairs of datasets. Again, the statistical analyses
were set to a conservative alpha value of 0.05 to asses significance.

Nucleotide accession numbers

The 16S rRNA gene sequences from the MARINHET isolates culture collection were deposited in Gen-
Bank under accession numbers MH731309 - MH732621 and MK658870-MK659428.

Amplicon 16S rRNA iTAGs from theMalaspina Surface dataset are available in Ruiz González et al. (2019),
from the Malaspina Bathypelagic dataset in Salazar et al. (2016), and from Malaspina size fractions in
Mestre et al. (2018). Amplicon 16S rRNA iTAGs from the Tara Oceans and the Tara Oceans Polar Circle
are available in the MARBITS bioinformatics platform at the Institut de Ciències del Mar.

Metagenomic 16S rRNA fromMalaspina Surface andMalaspina Bathypelagic datasets are also available
in the MARBITS bioinformatics platform at the Institut de Ciències del Mar.

Results

Abundance comparison between cultured heterotrophic bacteria and flow cytometry counts
from seawater samples from different oceanic regions and depths

We calculated the percentage of isolated cells in 10 photic-layer, 3 mesopelagic and 7 bathypelagic
stations where plate colony count (cfu/ml) and flow cytometry values -as a measure of total cell counts-
(cells/ml) were available (Figure 12). For this comparative analyses, flow cytometry counts only included
the abundance of all heterotrophic bacterial cells excluding the photosynthetic Cyanobacteria as Syne-
chococcus and Prochlorococcus since those taxa were not targeted with the media nor incubations con-
ditions selected. The percentage of recovery of heterotrophic bacterial cells ranged from 0.01 to 1.3%
in photic-layers samples, and from 0.9 to 2.5% in the mesopelagic, while percentages for bathypelagic
samples were between 0.08% and 3.5%, indicating a higher fraction of culturability in some samples in
the deeper layers of the ocean (Figure 12). Additionally, if we look at the mean percentage of isolated
cells per layer, we detected a higher percentage in the mesopelagic and bathypelagic samples (1.3%)
in comparison with the photic layer (0.3%). However, significative differences were not found (P-value
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> 0.05) between photic, mesopelagic and bathypelagic samples.

Comparative analyses between 16S rRNA sequences from isolates and 16S amplicon iTAGs
from photic and aphotic Tara Oceans and Malaspina Expedition datasets

A total of 2003 heterotrophic isolates fromourmarine culture collection (MARINHET_v2) were compared
with two global amplicon 16S iTAGs datasets with a total of 38,700 zOTUs from TaraOceans (15,426 Tara
Surface and 23,274 TaraMesopelagic) and 15,348 zOTUs from Malaspina Expedition (3,528 Malaspina
Surface and 11,820 Malaspina Bathypelagic) (Figure 11). We determined the mean percentage of zO-
TUs, as well as the mean percentage of reads that were 100% identical in their 16S rRNA sequences to
our isolates MARINHET_v2 culture collection (hereafter referred as isolated zOTUs) in the Tara Surface,
Tara Mesopelagic, Malaspina Surface and Malaspina Bathypelagic datasets. These comparisons were
done at three different levels: (i) comparing each 16S iTAGs dataset from Tara Oceans and Malaspina
Expedition with all the isolates sequences, (ii) comparing separately the photic and aphotic TaraOceans
and Malaspina Expedition 16S iTAGs datasets with only photic or aphotic isolates sequences, and (iii)
comparing the 16S iTAGs and the partial 16S rRNA gene isolates sequences retrieved from the same
seawater stations. In Table S17 we present a summary of the results from the three levels of compar-
isons obtained from rarefied zOTU-abundance tables. Results from the comparisons between OTUs
(97%) and isolates at 97% sequence similarity are also included in Table S17, but as similar patterns
were obtained for 100% comparisons, here we will only describe those from the zOTUs compared at
100% similarity with isolates, as is the strictest possible comparison.

The highestmean number of zOTUs that were 100% identical to the partial 16S rRNA gene of the hetero-
trophic isolates was found in the Malaspina Surface dataset (4.5%), followed by the Malaspina Bathy-
pelagic (2.4%), Tara Surface (2.3%) and Tara Mesopelagic datasets (1.7%) (Figure 13A). Even though
those percentages of isolated zOTUs do not seem to vary greatly between datasets, significative differ-
ences were found among them (Kruskal-Wallis, P-value < 0.01, Figure 13A). Similarly, when the compar-
isons of the datasets were done separately for photic and aphotic isolates, the highestmean abundance
of isolated zOTUs was found in Malaspina Surface (2.7% photic, 4.1% aphotic) and the lowest percent-
ages in Tara Mesopelagic (0.9% photic, 1.1% aphotic) (Table S17). Although the fraction of isolated
zOTUs were rather small and ranged between 0.1% to 4.5% of the total zOTUs (Figure 13A and Table
S17), the percentage of reads within these isolated zOTUs increased significantly in the deep ocean
(Figure 13B). Thus, around 1.6-4.9% of the sequences were 100% identical to our isolates in the photic
ocean, this value increases up to 8.5% in themesopelagic ocean, and increases evenmore, up to 27.9%,
in the bathypelagic ocean. In this case, the differences between datasets were also statistically signifi-
cant (Kruskal-Wallis test, P-value < 0.01, Figure 13B). Differences were also found when comparing all
the isolates together or comparing separately with photic and aphotic isolates (Figure S10 and Table
S17).

On the other hand, there is a fraction of isolates that did not match with any zOTU regardless the
dataset (Table S18). Indeed, about 11% of our heterotrophic isolates did not match any of the Tara
Oceans zOTUs, whereas it increased up to 18% in the Malaspina Bathypelagic zOTUs and up to 28%
in the surface samples from Malaspina (Figure S9A). The taxonomic classification at the family level
of all the isolates revealed some interesting differences between those that were identical to zOTUs
and those that did not match any zOTU (Figure S11). We found some families that were identified in
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Figure 12: Testing the great plate count anomaly. For each station, heterotrophic bacterial cell counts were estimated using both
traditional culture techniques (cfu/ml) and flow cytometry- as ameasure of total cell counts- (cells/ml). The percentages represent
the pool of heterotrophic bacterial cells that could be retrieved by culturing in some photic, mesopelagic stations that belonged
to oxygen minimum zones (OMZ) regions, and bathypelagic stations. Color indicates the depth of the sample: cyan, photic-layer;
bluegreen, mesopelagic; and dark-blue, bathypelagic. No significative differences were found between layers (P-value > 0.05).

Figure 13: (A) Proportion of isolated zOTUs (zOTUs matching isolates at 100 % similarity). (B) Proportion of isolated reads (16S
iTAGs reads matching isolates at 100 % similarity). Values are extracted from the mean abundance of reads or zOTUs in each
dataset from rarified zOTU-abundance tables. Outliers are indicated with grey circles. If significant differences are found between
all datasets it is indicated inside boxplots with an asterisk (Kruskal-Wallis , P-value < 2.2 e-16).
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Tara Oceans Surface and Mesopelagic datasets but not in the Malaspina Expedition Surface or Bathy-
pelagic datasets, such as Tistrellaceae, Nitrincolaceae or Colwelliaceae. Contrarily, Kangiellaceaewas found
in both Malaspina Expedition datasets but not in Tara Oceans. Interestingly, we found some families
that included isolates that did not match with zOTUs in any of the 16S iTAGs amplicons datasets, such
as Dermabacteraceae, Balneolaceae or Psychromonadaceae (Figure S11). These results indicated that de-
spite the high sequencing effort applied for amplicon 16S iTAGs to marine Tara Oceans and Malaspina
Expedition samples, there was still a proportion of the isolates, which may belong to the rare biosphere,
that could not be detected by this sequencing technique.

Heterotrophic isolates matched with some of the most abundant zOTUs of the deep ocean

To test weather isolated zOTUs belonged to the abundant or rare biosphere, rank abundance plots
were performed for each of the studied TaraOceans andMalaspina Expedition datasets with the zOTUs
mean abundances extracted from rarefied zOTU-abundance tables (Figure 14). The rank abundances
were plotted either based on the global comparisons of all isolates (Figure 14) or by comparing photic
and aphotic isolates separately against photic 16S iTAGs datasets, or photic and aphotic isolates sep-
arately versus mesopelagic and bathypelagic 16S iTAGs datasets (Figure S12) giving similar results for
all of them. Each rank abundance plot showed a similar pattern of few abundant zOTUs (relative abun-
dance > 1%) and a long tail of rare or low-abundant zOTUs (relative abundance <0.01%). We coloured
those zOTUs that were 100% similar with at least one isolate (referred here as isolated zOTUs) to see dif-
ferences between depths (Figure 14). In photic layers, we did not detect any isolated zOTUs within the
abundant taxa of the Tara Surface dataset (Figure 14A), whereas only one isolated zOTU belonging to
the abundant biosphere, taxonomically related to Sulfitobacter and presenting 1.65% of the reads, was
found in the Malaspina Surface dataset (Figure 14B). The rest of the isolated zOTUs in these two large-
scale photic datasets reside in the mid-abundant biosphere (38 isolated zOTUs in Malaspina and three
isolated zOTUs in Tara) or in the rare biosphere (54 in Malaspina and 151 in Tara). In the mesopelagic
layer (Tara Mesopelagic) we only found one isolated zOTU classified into the abundant biosphere as-
sociated to Alteromonas with a total of 1.1% reads, although an increased number of isolated zOTUs
with medium abundances (87 zOTUs) emerged (Figure 14C). Interestingly, in the bathypelagic ocean,
the most abundant taxon by 16S iTAGs matched at 100% identity with our isolates. This was related
to Sulfitobacter and represented a total of 4.64% of the iTAGs reads. In total, seven isolated zOTUs
belonged to the abundant biosphere in Malaspina Bathypelagic, affiliating to the genera Sulfitobacter,
Halomonas, Erythrobacter, Alteromonas and Sphingobium. These abundant isolated zOTUs together with
a big proportion of isolated zOTUs classified among the medium biosphere (78 zOTUs), and the ones
belonging to the rare biosphere (52), recruited a total of 28% of the environmental 16S iTAGs from
the temperate and tropical global deep oceans (Figure 14D). Thus, it seems that a higher proportion of
abundant zOTUs could be retrieved by culture-dependent techniques when depth increased, especially
in the bathypelagic layer.

Taking together all the datasets, we found that the zOTUs that were 100% identical to our isolates af-
filiated mostly to classes Alphaproteobacteria (33.5% zOTUs) and Gammaproteobacteria (40.8% zOTUs)
followed by phyla Bacteroidetes (18.2%), Actinobacteria (5.8%) and very few to Firmicutes (1.5%) (Figure 14
and Table S19). We noticed that despite finding relatively similar proportions of isolated zOTUs belong-
ing to Alphaproteobacteria and Gammaproteobacteria in all ocean layers, the proportion of reads within
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Figure 14: Rank plots showing the identified isolated zOTUs in different datasets. (A) Tara Surface (B)Malaspina Surface. (C) Tara
Mesopelagic (D) Malaspina Bathypelagic. Colour of the dots indicates the isolated zOTUs (zOTUs 100 % identical to at least one
isolate) in the comparisons made with all photic and aphotic isolates (global): grey, non-isolated zOTUs; orange, isolated zOTUs.
Taxonomic affiliation is indicated for the abundant zOTUs identical to isolates (isolated zOTUs, >1 % abundance) in each rank plot.
Donut-like charts describe the taxonomic affiliation at the phylum/class level of the isolated zOTUs (left donut-like charts) or the
recruited 16S iTAGs (right donut-like charts): yellow, Gammaproteobacteria; red, Alphaproteobacteria; blue, Bacteroidetes; green,
Actinobacteria; and grey, Firmicutes. Percentages are indicated inside donut-like charts.
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these isolated zOTUs of these classes differed between photic and aphotic layers; affiliating mainly to
Alphaproteobacteria (48-72%) in the photic ocean, and dominating the Gammaproteobacteria (61-72%
of the reads) in the deeper layers (Figure 14).

Increase of isolated zOTUs with depth and in bigger plankton size fractions

In this study, we also compared our isolates with samples from five different plankton sizes fractions
(related to free-living bacterial communities or those attached to particles of different sizes ranging
from 0.8 to 200 µm) from eight detailed vertical profiles from the Malaspina Expedition (Mestre et al.,
2018), which included surface, deep chlorophyll maximum (DCM), mesopelagic and bathypelagic layers.
We wanted to elucidate if the heterotrophic isolates recovered preferred a specific lifestyle (free-living
vs. particle-attached) and find out possible differences between ocean layers. In this manner, the 16S
rRNA sequences of the MARINHET_v2 were compared to a total of 6,274 zOTUs identified in those frac-
tionated vertical profiles. Our analysis revealed that our isolates were present across all size fractions
and depths although proportions of isolated zOTUs varied between them (Figure 15 and Figure S13).
First, when focusing in the differences between layers (surface, DCM, mesopelagic and bathypelagic),
we confirmed again higher mean abundances of isolated zOTUs in the bathypelagic. The 16.3% of iso-
lated zOTUs from the bathypelagic (Figure 15A) recruited an average of 40% of reads (Figure 15B).
Among surface, DCM and mesopelagic samples, a similar number of isolated zOTUs was detected (ap-
proximately 8% average) and also similar proportions of isolated reads were identified (approx. 20%
average) (Figure 15). Interestingly, the DCM was the layer with the smaller number of isolated zOTUs
(approx. 6% average) and reads recruited (approx. 17.3% average). Given the notable proportion of
isolated zOTUs in the bathypelagic samples, statistically significant differences were found between this
deeper layer and the other depths in the different size fractions, at least in the proportion of isolated
zOTUs (Kruskal-Wallis test, P-values <0.01), but not among the surface, DCM or mesopelagic samples
(Figure S13 and Figure S14).

On the other hand, the proportion of isolated zOTUs across different plankton size fractions, revealed
that our isolates were prevalent in the larger plankton size fraction associated to particles (≥3.0 µm)
(Figure 15). In the photic samples (surface and DCM) higher mean abundances of isolated zOTUs and
reads (10% and 26% on average, respectively) were recovered in those larger size fractions (3 µm, 5 µm
and 20 µm pore filters), but not in the free-living bacterial communities (0.2 µm, 2.9% average zOTUs,
and 1.5% average reads) or in the smallest particles (0.8 µm, 6% average zOTUs, and 12% average
reads) (Table S20 and Table S21). In the mesopelagic samples the number of isolated zOTUs (7%) in
the 0.8 µm size fraction recruited up to 23% reads, but not in the free-living bacteria size fraction (0.2
µm), that still presented lower values of isolates zOTUs and reads recruited (4% of reads). Finally, in
the bathypelagic samples all plankton size fractions presented similar percentages of isolated zOTUs,
including the free-living bacteria (average 16%), and also uniform proportions of reads (40% on average).
Besides, the highest values were found in the largest particles (>20 µm, 21%of zOTUs and 45%of reads).
In surface, DCM and mesopelagic samples, significant differences were detected between the isolated
zOTUs of free-living bacteria and the communities attached to particles (Kruskal-Wallis test, P-value <
0.05), but not among the isolated zOTUs attached to particles of different sizes (Kruskal-Wallis test, P-
value > 0.05) (Figure 15 and Figure S14). In the bathypelagic, only significative differences were found
in the proportion of isolated zOTUs between the larger size particles and the other fractions (Figure
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Figure 15: Boxplots from Malaspina Expedition profiles with different size fraction showing: (A) the percentages of isolated
zOTUs per size fraction and depth, and (B) the percentage of reads (16S iTAGs) that were 100 % identical to at least one isolate.
SFC: surface, DCM: deep chlorophyll maximum, MESO: mesopelagic, and BATHY: bathypelagic. 0.2 µm: free-living bacteria, 0.8
µm: bacteria attached to small particles, and 3-20 µm: bacteria attached to big particles. Significative differences between size
fractions in each layer are indicated by red asterisks (Kruskal-Wallis, P.value <0.05).

15).

Do the metagenomics miTAGs and amplicons iTAGs datasets show the same pattern?

A total of 36,215 16S metagenomic fragments (miTAGs, (Logares et al., 2014)) were extracted from
10 surface metagenomes (2,045 miTAGs OTUs (hereafter mOTUs)) and 11 bathypelagic metagenomes
(1,957 mOTUs) from same vertical profiles from Malaspina Expedition. We first compared the zOTUs
from the previous described 16S iTAGs datasets to the mOTUs in order to elucidate which proportion
of the prokaryotic community detected by amplicon TAGs are represented (at 100% identity) among
the metagenomic datasets (Figure 16 and Figure S15). We observed an average of 36.2% mOTUs and
45.9% of their reads 100% similar to zOTUs, values that increased up to 69.4% and 78.2% of themOTUs
and reads, respectively, when comparisons were done at 99% similarity (Figure S15 and Table S22).
We also revealed that zOTUs identical to mOTUs were present along all rank abundance plots covering
abundant and rare members of the biosphere (Figure S15). Conversely, those zOTUs that did not
match with any mOTU, represent 68% and 93% of the Malaspina Surface and Bathypelagic zOTUs, and
18.1% and 58.6% of the total 16S amplicon reads, respectively (Table S22). Furthermore, taxonomic
differences were found between prokaryotic communities detected by mOTUs and zOTUs regardless
the proportion of reads or OTUs shared. Taking together all the data from zOTUs and mOTUs, we
identified 39 prokaryotic classes in Malaspina Surface and 88 in Malaspina Bathypelagic (Figure 16).
Some classes were found in both mOTUs and zOTUs, being 16 (41%) present in Malaspina Surface
and 29 (33%) in Malaspina Bathypelagic. On the other hand, we found that those mOTUs that did
not match with any zOTU belong mainly to the same classes, and only 6 (Malaspina Surface) and 3
(Malaspina Bathypelagic) were only detected among the mOTUs data (Figure 16). In Malaspina Surface
these uniquemOTUs included for example Leptospirae or Parcubacteria, whereas in the bathypelagic we
observed Saccharimonadia, Halanaerobiia and AT-s3-28. As we mentioned, we also noticed zOTUs that
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were not identified among the mOTUs (Figure 16). These classified into classes that were recognized
among the mOTUs, but also other that were unique for the amplicon data, 12 (30.7%) in Malaspina
Surface such as SAR 406 clade,Mollicutes, Nitrospinia or Bacilli, and 23 (23.1%) inMalaspina Bathypelagic
including Deinococci, Ignavibacteria or Fusobacteriia (Figure 16).

Besides, we found amoderate correlation between species richness (Chao-1) of the mOTUs and zOTUs
of the Malaspina Surface dataset (Figure S16). Taken together these differences between mOTUs and
zOTUs, it can be pointed out that less than 50% of OTUs or reads overlapped between both approaches
and therefore, comparison should be taken with caution. Nevertheless, we compared the mOTUs of
Malaspina Expedition with our isolates sequences at 100% (most strict comparison) and at 97% sim-
ilarity (usual similarity threshold for species delineation, (Yarza et al., 2014)) in order to detect which
mOTUs were identical to isolates (hereafter isolated mOTUs). Some patterns were coherent with the
comparisons done against zOTUs (Figure 17 and Figure S17). As in the amplicon 16S iTAGs datasets,
higher mean proportions were found in the bathypelagic dataset, with 3.4% of isolated mOTUs and
6.1% miTAGs reads (Figure S17) mainly when comparisons are done at 97% sequence similarity. Signi-
ficative differences were found between photic and aphotic isolatedmOTUs (Kruskal-Wallis test, P-value
< 0.05). Nevertheless, as observed, the proportion of isolated mOTUs was greatly reduced compared
to the amplicons datasets (isolated zOTUs). These reduction is more noticeable in the comparisons
at 100% similarity where isolated mOTUs only represent 0.27% and 1% of the photic and bathypelagic
datasets, respectively, including 0.13% and 0.74% of the total reads (Figure 17 and Figure S17). No-
tably, these proportions of isolated mOTUs and reads derived from an average 15% of the isolates, as
90% and 79% of the isolates did not match with anymOTU (at 100% similarity) in Malaspina Surface and
Bathypelagic, respectively (Figure S9). These low proportion of isolates contrasts with what we obtained
in the amplicon datasets where, as we previously mentioned, around 82% of the isolates match with at
least one zOTU. The rank abundance plots of the mOTUs detected for surface and bathypelagic sam-
ples (Figure 17) show that only in the comparisons at 97% similarity we are able to identify one isolated
mOTU belonging to the abundant biosphere affiliating to Nocardioides genus and representing 1.38%
of the total reads in the bathypelagic. The rest of the isolated mOTUs belong to the mid-abundant
or rare biosphere. Curiously, it is in the bathypelagic samples where a higher proportion of isolated
mOTUs are classified as mid-abundant for both thresholds of comparison (Table S23). These patterns
resemble those obtained also for the amplicon 16S iTAGs even though the number of miTAGs reads,
and consequently, the proportion of isolated mOTUs from the total prokaryotic community had been
considerably diminished.

Discussion

The precise meaning of the traditional paradigm that only 1% of microbes are culturable is difficult to in-
terpret as recently stated byMartiny (2019). Our comparative analyses between the number of colonies
retrieved in pure culture and the cell abundances calculated with culture-independent techniques such
as flow cytometry just gives us information about the degree of culturability of the samples. Our results
for mesopelagic and bathypelagic samples reflected a certain degree of variability regardless of depth,
being the average percentage of culturability between 1.5 to 3.5%. This variability has been also high-
lighted in recent metadata analysis studies where they examined culture-dependent surveys covering
a wide variety of environments, from lakes, seawater, soils or sediments, and also human hosts asso-
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Figure 16: Taxonomic differences at the class level between mOTUs matched at 100 % with zOTUs, mOTUs that did not match
any zOTUs and zOTUs that did not match with any mOTU. (A) Malaspina Surface. (B) Malaspina Bathypelagic. Size of the dots
indicate the percentage (%) of mOTUs or zOTUs affiliating to each class from the total of mOTUs or zOTUs, respectively, identified
in each dataset. Name classes colored in blue belong to the Archaea domain, in black to the Bacteria domain.
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Figure 17: Rank plots showing the identified isolated mOTUs in surface and bathypelagic Malaspina Expedition datasets. (A,B)
Malaspina Surface dataset comparing mOTUs and isolates at 100% and 97% sequence similarity. (C,D) Malaspina Bathypelagic
dataset comparing mOTUs and isolates at 100% and 97% sequence similarity. Color of the dots indicates those mOTUs that
were recruited by isolates: grey, non-isolated mOTUs; orange, isolated mOTUs. Taxonomic affiliation of the abundant isolated
mOTUs (>1% reads, bold) and the top 4 mid-abundant mOTUs (1-0.01% reads, italics) is indicated in each plot. Donut-like charts
describe the taxonomic affiliation at the phylum/class level of the isolated mOTUs (left donut-like charts) or the recruited 16S
miTAGs (right donut-like charts): yellow, Gammaproteobacteria; red, Alphaproteobacteria; blue, Bacteroidetes; green, Actinobacteria;
and grey, Firmicutes. Percentages are indicated inside donut-like charts.
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ciated communities (Lloyd et al., 2018; Steen et al., 2019). Despite they concluded that the median of
culturable cells was around 0.5%, they remarked this mentioned variability in different marine environ-
ments including deep-sea brine pools, artic sea-ice and their surrounding waters, anoxic waters of the
Baltic sea or deep-sea sediments (Lloyd et al., 2018). However, none of the studies reviewed included
open water samples deeper than 200 m depth. Thus, we can confirm that this variance can also be
found across the mesopelagic and the bathypelagic ocean samples, concluding that, for some samples,
more than 1% of cells and up to 3% of the cells (Figure 12) could be cultivated in the deep ocean and
therefore the traditional paradigm should not be literally interpreted.

However, further comparisons with HTS data, such as amplicon 16S iTAGs or metagenomic iTAGs, is
needed in order to decipher which fraction of the community is being cultivated and how abundant
are the heterotrophic isolated bacteria in natural communities. The rank abundance curves of the
zOTUs and mOTUs are represented by some high-abundant and moderately abundant taxa but many
of them are present in very low abundances, what is so called the rare biosphere (Sogin et al., 2006;
Pedrós-Alió, 2012). We confirmed this structure for both TaraOceans andMalaspina Expeditionmarine
datasets covering surface, mesopelagic and bathypelagic layers, in agreement with previously reported
studies (Sunagawa et al., 2015; Crespo et al., 2016; Salazar et al., 2016). The common statement that
culture-dependent studiesmainly capturemembers of the rare biosphere seems to be the rule for free-
living bacteria in the photic layer as an average 81% of the isolated zOTUs in Tara and Malaspina photic
datasets recruited less than 1%of the total 16S rRNA sequences at 100% identity (Figure 13), confirming
that the isolated zOTUs in those datasets were mostly members of the rare-biosphere. However, we
found that 2.4% of the isolated zOTUs at the bathypelagic ocean recruited a significant fraction of the
total microbial community in the deep realm identified by amplicon 16S iTAGs, up to 28% of the reads
(Figure 13B). One could argue that these differences between photic and aphotic samples are due to
the isolation strategy used in this study. We focused only on the heterotrophic marine bacteria and
we are aware that the photosynthetic bacterial community in the surface samples is not captured with
our isolation strategy. Therefore, when removing from the abundance tables those zOTU affiliated with
Cyanobacteria, we obtained similar patterns with a slight increase, being on average up to 8%, 10% and
29% of the amplicon 16S iTAGs reads identical to isolates in surface, mesopelagic and bathypelagic
datasets, respectively (Table S24).

Also in this study, the results from amplicon 16S iTAGs were contrasted to those comparisons between
isolates andmOTUs defined frommetagenomic data, which may usually represent a less biased view of
the natural prokaryotic communities (Steen et al., 2019). A good correlation between primer-amplified
16S rRNA gene sequences and metagenomic data has been previously reported for Tara Oceans (Ibar-
balz et al., 2019) and Malaspina Expedition datasets (Salazar, 2018b). Indeed, similar patterns were
observed in this study between 16S iTAGs and miTAGs as both pointed out the differences of isolated
zOTUs/mOTUs and reads recruited between surface and bathypelagic samples, and the higher propor-
tions of isolated zOTUs or mOTUs in the bathypelagic samples. These similarities between HTS data
were deciphered even though a weak correlation was identified in our study in Chao-1 diversity index
estimates for the Malaspina Surface dataset (r=0.6, P-value =0.07). Nonetheless, we clearly see a re-
duction in the proportion of reads identical to isolates in the metagenomic dataset, which decreased
from the mean 28% observed by amplicon data to 6.1% or 1% of the miTAGs at 97% or at 100% simi-
larity, respectively. These differences between datasets could be explained by different reasons. First,
it is known that the primers chosen to amplify the 16S rRNA sequences can give different results de-
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pending on the targeted region of the gene (Parada et al., 2016; Sambo et al., 2018). Second, it can
exist a mismatch between the sequence of the primers and the 16S rRNA gene of certain organisms.
Certainly, in the Malaspina Surface and Bathypelagic datasets we found some taxonomic classes that
were only detected by mOTUs, but at the same time, we could also recognize some classes only found
among the zOTUs. Third, some organisms may be present in such low abundances in the natural envi-
ronment that primers do not have the chance to match to their DNA and amplify their 16S rRNA gene.
Finally, another reason explaining such differences is because PCR demanding sequencing techniques
are skewed towards cultured organisms (Lloyd et al., 2018; Steen et al., 2019) and this has increased the
percentage of isolated zOTUs and reads found compared to metagenomic data. Also, our mOTUs were
defined considering thosemiTAGs with unambiguous hits against reference SILVA database (v.132) and
therefore all the ambiguous hits (i.e. reads with a successful hit to more than one sequence of the ref-
erence database) were excluded, which may reduce the % of final reads used in the mapping against
our culture collection.

Our results show that most members of the bacterial communities studied, especially for the free-
living bacteria, did not match any of our isolates regardless of the depth, thus remaining part of the
uncultured diversity. These degree of uncultured taxa have been similarly described previously for
marine ecosystems (Selje et al., 2005; Crespo et al., 2016) and other environments (Lloyd et al., 2018)
concluding thatmost part of themicrobial diversity on Earth remains uncultured. However, around 37%
of Bacteria and 34% of Archaea (Lloyd et al., 2018) are identical to cultured strains when compared to
primer-amplified 16S rRNA gene at 97% similarity, which is a conservative genetic threshold to define
species (Yarza et al., 2014). Nevertheless, to the best of our knowledge, comparisons between isolates
and HTS data retrieved from the same samples was not previously tested at a large scale for deeper
layers, including the mesopelagic and the bathypelagic ocean.

On the other hand, an interesting result that emerged in this study from amplicon data was that the
recruitments of isolated zOTUswere higher in the largest size fractions (>20 μm) of theMalaspina Bathy-
pelagic with about 45% of the total reads recruited (Figure 15B). This finding indicated that most of the
heterotrophic isolates from our MARINHET_v2 collection have a preference to live attached to particles.
It is already well know that marine microbial communities attached to particles are very different from
the free-living ones (Acinas et al., 1999; Eloe et al., 2011b; Salazar et al., 2015; Mestre et al., 2018). A
previous study of Mestre and collaborators (Mestre et al., 2018), who analyzed the same Malaspina
plankton size fraction dataset included here, determined the importance of sinking particles to pro-
mote vertical connectivity in the ocean microbiome. Here, we noticed similar proportions of recruited
reads by isolates in all size fractions when comparing zOTUs and isolates in the bathypelagic samples,
suggesting that our heterotrophic isolates are well represented in the bathypelagic realm in all plankton
size fractions. These similarities between size fractions could be due to the presence of bathypelagic iso-
lated bacteria with dual lifestyles, those living in large particles and those who are part of the free-living
bacterial community. Furthermore, the isolated zOTUs that were abundant (>1% relative abundance)
in both free-living and particle-attached bacterial communities in the bathypelagic samples were also
abundant in the largest size fractions of the surface layers, but belonging to the mid-abundant and
rare biosphere in the free-living fraction (Figure S18 and Table S25). Surface bacteria will act then as
a seed bank for bathypelagic communities, an hypothesis that has been also proposed in other stud-
ies (Gibbons et al., 2013; Sebastián et al., 2017; Ruiz-González et al., 2020). It seems that our isolates
belonged to the bacterial community that prefers a lifestyle linked to particles. In surface layers, they
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may live attached to particles and sink to deeper layers where they grow and finally become part of the
planktonic community. These will explain also why when we compare separately our photic and aphotic
isolates to the different datasets, same patterns arise (Figure S5). We are therefore retrieving in pure
culture isolates that belong to a community attached to particles, where nutrients are abundant, and
we are missing most free-living bacteria adapted to oligotrophic conditions. Indeed, genomic compari-
son between cultured isolates and uncultured genomes retrieved by single amplified genomes (SAGs)
from marine environments revealed that the genomes of the cultures had larger sizes, suggesting a
predominant copiotrophic lifestyle (Swan et al., 2013). Therefore, our results of a higher proportion of
isolated zOTUs described in the largest size particles, especially in the bathypelagic, are coherent with
the hypothesis suggesting that the bathypelagic realm is constituted mainly by slow sinking particles
(Herndl and Reinthaler, 2013), which are resource-rich habitats for microbes (Bochdansky et al., 2016),
and therefore that a copiotroph lifestyle could be the rule for an important fraction of the heterotrophic
bacteria inhabiting the deep ocean.

Conclusions

As far as we know, this is the first large-scale study combining results from culture-dependent and
culture-independent techniques from the same water samples and from different oceanographic re-
gions and depths, including the mesopelagic and the bathypelagic layers of the ocean. The comparison
between isolates and HTS data from the free-living fraction confirmed that heterotrophic cultures are
mainly found in very low abundances in the photic ocean, supporting the traditional paradigm that
isolation techniques retrieve members of the rare biosphere. However, our results also confirmed
that the axiom that less than 1% of bacteria can be retrieved by isolation should be revised as variabil-
ity can be found among samples when including the mesopelagic and the bathypelagic ocean. This
study revealed, based on 16S amplicon iTAGs, that a significant fraction of bacterial diversity can be re-
trieved by isolation, especially in the bathypelagic and associated to particles. Although amplicon iTAGs
and metagenomic miTAGs data reflect similar patterns, the bacterial isolates represent a much lower
proportion of the microbial community based on metagenomics. Future isolation efforts as dilution-to-
extinction (Rappé et al., 2002; Selje et al., 2005), microdroplets or cultivation chips (Ingham et al., 2007),
methods combining cell sorting with isotopic labelling (Thrash, 2020), or the use of metagenomic and
metatranscriptomic data to predict the metabolic requirements of certain bacterial groups (Gutleben
et al., 2017) may help us bring at the laboratory, aside the rare taxa, other some abundant key taxa in
natural communities.
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Degradation capacity and biogeography of ma-
rine heterotrophic methylmercury detoxifying
bacteria
Abstract

Bacterial transformation of inorganic divalent mercury (Hg+2) and methylmercury (MeHg) is performed
by themer operon and is known to be harbored in diversemarine bacterial taxa. However, little is known
about the tolerance capacity and phenotypic characterization of marine bacteria displaying merA or
merAB genes. In this study, we performed a functional screening of these genes in 293 marine bacterial
cultures from a large bacterial culture collection, belonging to different Alteromonas and Marinobacter
spp., which could potentially have themer operon and presented a broad geographical distribution, cov-
ering different oceanic depths and latitudinal gradients. About 25 % of the isolates presented themerA
and only 8.8 % presented both merAB genes. On the basis of their 16S rRNA sequence, the Minimum
Inhibitory Concentration (MIC) for HgCl2 and MeHg was determined for 43 of them displaying a wide
tolerance variability even within the same operational taxonomic unit (OTU). Strain ISS312 presented
the highest tolerance, with a MIC of 70 µM and 10 µM for HgCl2 and MeHg, respectively. This strain,
affiliated to Alteromonas mediterranea, presented a 13 h longer lag-phase and a slightly slower growth
rate when growing with MeHg, but reached a similar cell concentration and carrying capacity compared
to the control grown without MeHg. Additionally, it achieved a degradation efficiency of 98.2 % in 24
h when grown at 5 µM of MeHg. The complete genome sequence of the strain ISS312 allowed us to
explore its biogeographic distribution against global bathypelagic metagenomes, indicating also that it
was a widely distributed bacteria across all the bathypelagic ocean. In summary, our functional screen-
ing analyses helped to understand the capacity of marine bacteria to detoxify MeHg and to propose
Alteromonas sp. ISS312 as a promising marine bacterium to be implemented in future marine MeHg
bioremediation processes.
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Introduction

Mercury (Hg) is one of the most toxic, widespread and worrisome contaminant (Miller and Clarkson,
1973; Clarkson, 1993), which is emitted to the atmosphere by natural sources, such as volcanoes and
rock weathering, but also by anthropogenic activities. Indeed, it has been estimated that anthropogenic
Hg emissions have enriched present-day atmosphere by a factor of 2.6 relative to 1840 levels, and by
a factor of 7.5 relative to natural levels (Amos et al., 2013). Both elemental (Hg0) and inorganic divalent
Hg (Hg+2) can be deposited to land and oceans by wet and dry depositions (Enrico et al., 2016; Saiz-
Lopez et al., 2018). Mercury in the ocean can be then volatilized back again to the atmosphere as Hg0

in surface waters (Mason and Sheu, 2002), but it can be methylated (Monperrus et al., 2007; Lehnherr
et al., 2011; Podar et al., 2015; Gionfriddo et al., 2016; Munson et al., 2018) forming the highly toxic
methylmercury (MeHg), characterized by its neurotoxicity (Bakir et al., 1973; Harada, 1995; Clarkson and
Magos, 2006). MeHg levels in the oceans vary with depth, and usually, measures are being reported low
in open ocean surface waters, maximal in intermediate layers, especially in regions of low-oxygen and
near or below the thermoclines (up to 1000 m depth), and low and relatively constant in deeper waters
(>1000 m depth) (Cossa et al., 2009; Sunderland et al., 2009; Mason et al., 2012). It has been reported
that Hg+2 methylation occurs both in oxic and sub-oxic layers of the water column (Cossa et al., 2009;
Malcolm et al., 2010; Lehnherr et al., 2011; Hammerschmidt and Bowman, 2012; Blum et al., 2013)
mainly associated with the microbial remineralization of sinking particulate organic matter (Cossa et al.,
2009; Sunderland et al., 2009; Lamborg et al., 2016). MeHg bioaccumulates and biomagnifies in aquatic
food webs (Mason et al., 2012; Harding et al., 2018; UN Environment, 2019), and as a consequence,
humans are exposed to this neurotoxicant mainly through fish and seafood consumption (Mergler
et al., 2007; Karagas et al., 2012; Mason et al., 2012).

The high toxic effect of Hg and the rising levels since the industrial era, estimated as an increase of
450 % of Hg in the atmosphere (UN Environment, 2019), makes the study of its biogeochemical cycle
a major concern to the scientific community and also to all the governments around the world. The
Minamata convention, held in 2013 and entering into force in August 2017 (Eriksen and Perrez, 2014),
has been created to regulate the use of Hg and its releases to the environment in order to reduce
its current levels. One of the biological alternatives to the removal of Hg in contaminated sites is the
use of Hg resistant bacteria as a bioremediation strategy. These bacteria harbor in their genomes the
mer operon, that can be composed by different sets of genes (Barkay et al., 2003; Boyd and Barkay,
2012). However, the operon key genes aremerA andmerB. The first one codifies a mercuric reductase,
a cytosolic flavin disulfide oxidoreductase that uses NAD(P)H as a reductant, and is responsible for
the transformation of Hg+2 to the less harmful and volatile Hg0 (Barkay et al., 2003). The merB gene
encodes an organomercurial lyase enzyme that confers resistance to the organic MeHg form. It is the
responsible for its demethylation, transferring a proton to a C-H bound in alkyl-mercurials, releasing
Hg+2 that will be then reduced to Hg0 by merA (Barkay et al., 2003). These machineries have been
found in numerous microorganisms including aerobic and anaerobic species, although demethylation
appears to be predominantly accomplished by aerobic organisms (Oremland et al., 1991; Boyd and
Barkay, 2012). As MeHg degradation is thought to be predominantly a microbial mediated process
in water (Barkay et al., 2003), combined with the fact that different concentrations of MeHg can be
found through the ocean water column (Heimbürger et al., 2010; Hammerschmidt and Bowman, 2012;
Wang et al., 2012; Gworek et al., 2016), isolation of Hg resistant bacteria in aquatic ecosystems and the
assessment of their tolerance to different concentrations of MeHg appears to be an interesting starting
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point for bioremediation strategies. Most of the studies focusing on the isolation of marine Hg resistant
bacteria have targeted coastal seawaters (Nakamura et al., 2000; De and Ramaiah, 2007; Zhang et al.,
2012), sediments (De and Ramaiah, 2007; Jayaprakashvel et al., 2015), mangroves and estuaries (Chiu
et al., 2007; Deng and Wang, 2012; Oyetibo et al., 2015), hydrothermal vents (Vetriani et al., 2005), or
highly contaminated sites (Nakamura et al., 2001; Lima de Silva et al., 2012). Nonetheless, to the best
of our knowledge, a culture-dependent study aiming to detect marine resistant bacteria from different
depths, including the bathypelagic ocean, as well as different oceanographic regions, has not been
addressed before. In this study, we performed a functional screening of the merA and merB genes in
293 marine bacterial cultures selected from a large heterotrophic culture collection (MARINHET) (Sanz-
Sáez et al., 2020) with the aim to detect marine bacteria codifyingmer genes, and assess their tolerance
to different concentrations of inorganic and organic Hg to further be implemented in future MeHg
bioremediation processes.

Materials and methods

Selection of marine strains formerAB functional screening

A total of 2003 marine strains were previously isolated from a wide variety of oceanographic regions
and depths. Detailed sampling, isolation procedures and partial sequencing of the 16S rRNA gene have
been already described in Sanz-Sáez et al. (2020). This heterotrophicmarine bacterial culture collection,
called MARINHET, was the basis for the functional screening of Hg resistant bacteria. First, a preliminary
search ofmarine genera codifying bothmerA andmerB in all available finished genomes in the Integrated
Microbial Genomes (IMG) database (March 2016) of the Joint Genome Institute (JGI) was done by: (i)
searching the functional annotation ofmerA (asmercuric reductase ormercuric ion reductase) andmerB
(organomercurial lyase or alkylmercury lyase), and (ii) using the KEGG orthologs (Kanehisa and Goto,
2000) K00520 formerA and K00221 formerB. Secondly, we downloaded the 16S rRNA gene sequences
of those genomes in order to BLASTn (Altschul et al., 1990) them against the partial 16S rRNA sequences
of our isolates and to obtain a list of putative candidates for Hg bioremediation. From those, we focused
on two genera, Alteromonas and Marinobacter, that were highly abundant in our MARINHET cultured
collection. Therefore, 293 isolates from both Alteromonas (247) and Marinobacter (46) genera were
finally selected for functional screening of the Hg resistance genes merA and merB. These strains were
isolated from a variety of oceanographic regions and depths covering both the photic and aphotic
regions of the water column. Information about the origin of the samples where isolates were retrieved
is summarized in Table 4.

Primers design formerA andmerB genes

Sequences of the merA and merB genes were downloaded from IMG/JGI. First, we looked for “mer-
curic reductase” or “mercuric ion reductase” (merA) and “organomercurial lyase” or “alkylmercury lyase”
(merB) genes in the published finished genomes of 22 Alteromonas and 6Marinobacter (IMG database in
2016). Then, we downloaded the nucleotide sequences of 15merA and 1merB genes present in those
Alteromonas genomes, as well as 9 merA and 1 merB genes from Marinobacter (Table S26). Specific



70

Table 4: Characteristics of the marine seawater samples from five different cruises used for the isolation of bacteria screened
for Hg resistance genes. ATP09: Arctic Tipping Points cruise in 2009; BBMO: Blanes Bay Microbial Observatory.

Station Oceanic location Latitude Longitude Depth (m)
Nº of screened 

isolates

Tara  Oceans

ST 39 Indian Ocean 18º 35.2’ N 66º 28.22’ E 25 44

ST 67 South Atlantic 32º 17.31’ S 17º 12.22’ E 5 20

ST 72 South Atlantic 8º 46.44’ S 17º 54.36’ W 5 15

ST 76 South Atlantic 20º 56.7’ S 35º 10.49’ W 5 31

ST 85 Southern Ocean 62º 2.19’ S 49º 31.44’ W 5.9 1

ST 85 Southern Ocean 62º 2.19’ S 49º 31.44’ W 87.4 6

ST 151 North Atlantic 36º 10.17’ N 29º 1.23’ W 5 31

ATP09

AR_1 Arctic Ocean 78º 20.00’ N 15º 00.00’ E 2 3

AR_2 Arctic Ocean 76º 28.65’ N 28º 00.62’ E 25 4

Malaspina

ST 10 North Atlantic 21º 33.36’ N 23º26’ W 4002 11

ST 17 South Atlantic 3º 1.48’ S 27º 19.48’ W 4002 3

ST 23 South Atlantic 15º 49.48’ S 33º 24.36’ W 4003 13

ST 32 South Atlantic 26º 56.8’ S 21º 24’ W 3200 14

ST 33 South Atlantic 27º 33.2’ S 18º 5.4’ W 3904 2

ST 43 South Atlantic 32º 48.8’ S 12º 46.2’ E 4000 3

MIFASOL

ST 8 NW Mediterranean 40º 38.41’ N 2º 50’ E 2000 85

BBMO

IBSURF NW Mediterranean 41º 40’ N 2º 48’ E 5 7
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Table 5: Summary of the primers sequences designed for the screening of merA and merA+merB (merAB) genes. Some of the
primers display degenerated bases (see in bold): R: A or G; S: G or C.

Primer Primer sequence Position PCR product length (bp)

merA Alteromonas
Forward 5’ GTG CAA GGG TCA CCA TAA TA 3’ 116
Reverse 5’ CCT TCG TGT GCT AAG ATT TG 3’ 1227

merA Marinobacter
Forward 5’ CTG CAC ATT RCS GTG ATT GG 3’ 16
Reverse 5’ TTG CTT SAC RTC CTT GGT 5’ 1383

merA+merB Alteromonas
Forward 5’ AGG CAT CTT GCA TAC CAT TT 3’ 64
Reverse 5’ CTC CTT GCC CTG TTG AGT AT 3’ 2129

merA+merB Marinobacter
Forward 5’ CCG TCC AAA ATC ATG ATC CG 3’ 147
Reverse 5’ ACC GAC ACT AAA GAG ACG AC 3’ 1847

2066

1700

1162

1368

primers pairs were designed separately for: (i) merA of Alteromonas, (ii) merA of Marinobacter, (iii) merA
+ merB of Alteromonas, and (iv) merA + merB of Marinobacter. Both sets of merA primers were selected
after alignments of the sequences in Clustal Omega9 in order to check for the most conserved areas of
the gene. For Alteromonas, as differentmerA gene copies could be present within the same genome, the
designed primers only covered the gene/s copies with the highest similarity between them and between
the taxa, since evidence of horizontal gene transfer has been detected inmer genes, usually in plasmids,
transposons or genomic islands (Ivars-Martinez et al., 2008) (Table S26). On the other hand, as Mari-
nobacter merA sequences differ greatly from species to species and most of the Marinobacter isolates
present in our culture collection affiliated toMarinobacter hydrocarbonoclasticus orMarinobacter salarius,
primers were designed to cover themerA sequence variants of these species (Table S26). Otherwise, as
merB genes were only found in Alteromonas mediterranea DE strain (CP003917) andMarinobacter aquae-
olei VT8 strain (NC_008740) (also named Marinobacter hydrocarbonoclasticus VT8), merA + merB sets of
primers were designed with the online tool Primer-BLAST of the National Center for Biotechnology In-
formation10. The input sequence for the generation of these primers was a concatenate nucleotide
sequence of the merA and merB genes that were co-localized one next to the other in the mer operon
(Figure S19). All the designed primers had to meet the following requirements: optimum PCR product
size of 1200 bp formerA or 2100 bp formerA +merB (referred hereafter asmerAB), annealing tempera-
ture around 57 ºC, primers length 20 bp, and 50 % GC content. In Table 5 we summarize the sequence
of the different sets of primers used in this study.

DNA extraction and PCR conditions

The primers previously designed were used for the screening of merA and merAB Hg resistance genes
in the 293 selected strains. DNA of all the strains was extracted from 48 h liquid cultures grown in
Zobell broth medium (i.e. 5 g peptone, 1 g yeast extract in 750 ml of 30 kDa filtered seawater and
250 ml of Milli-Q water) using the DNeasy Blood and Tissue kit (Qiagen) following the manufacturer’s
recommendations. Each PCR reaction with a final volume of 25 µl contained: 2 µl of template DNA, 0.5
µl of each deoxynucleotide triphosphate at a concentration of 10 µM, 0.75 µl of MgCl2 1.5 mM, 0.5 µl
of each primer at a concentration of 10 µM, 0.125 µl of Taq DNA polymerase (Invitrogen), 2.5 µl of PCR

9https://www.ebi.ac.uk/Tools/msa/clustalo/
10https://www.ncbi.nlm.nih.gov/tools/primer-blast

https://www.ebi.ac.uk/Tools/msa/clustalo/
https://www.ncbi.nlm.nih.gov/tools/primer-blast
https://www.ncbi.nlm.nih.gov/tools/primer-blast
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buffer supplied by the manufacturer (Invitrogen, Paisley, UK) and Milli-Q water up to the final volume.
Reactions were carried out in a Biorad thermocycler using the following program: initial denaturation
at 94 ºC for 5 min, followed by 30 cycles of 1 min at 94 ºC, 1 min at 55 ºC and 2 min at 72 ºC, and a
final extension step of 10 min at 72 ºC. The PCR products were verified and quantified by agarose gel
electrophoresis with a standard low DNA mass ladder (Invitrogen). Purification and OneShot Sanger
sequencing of merA and merAB gene products was performed by Genoscreen (Lille, France) with both
forward and reverse primers. Geneious software v.11.0.5 (Kearse et al., 2012) was used for manual
cleaning and quality control of the sequences.

Phylogenetic analyses of the 16S rRNA genes of isolates containingmerA ormerAB genes and of
the amino acid sequences of the targeted genes

A phylogeny of the isolates screened by PCR for merA and merAB genes was inferred from their par-
tial 16S rRNA sequences in order to detect a possible clustering between all the positive strains. The
closest sequence to each isolate 16S rRNA gene in SILVA v.132 database was found and collected us-
ing BLASTn (Altschul et al., 1990). Alignment of the isolates and reference sequences was performed
with MUSCLE from the Geneious software v.11.0.5 (Kearse et al., 2012). The alignment was trimmed to
the common 16S rRNA gene fragment covered by both sets of sequences. Phylogeny was constructed
using maximum-likelihood inference with RAXML-NG 0.9.0 (Kozlov et al., 2019) and the GTR evolution-
ary model with optimization in the among-site rate heterogeneity model and the proportion of invariant
sites (GTR+G+I), and 100 bootstrap replicates. In the sameway a phylogenetic treewas constructedwith
the partial 16S rRNA sequences of the positive isolates only. In this tree the closest match in SILVA v.132
database was also included. Presence ofmerA andmerAB genes, origin of the strains, plus their MIC to
HgCl2 andMeHg were added with ITOL (Letunic and Bork, 2019). On the other hand, phylogenetic trees
were also constructed with the amino acid sequences of the amplifiedmerA andmerAB genes. As refer-
ence sequences we included the best BLASTn hits against UniProtKB sequences retrieved with KEGG
identifiers K00520 (merA) and K00221(merB). Sequences were aligned with ClustalW of the Genious soft-
ware v.11.0.5 (Kearse et al., 2012) with the Gonnet substitution matrix and default gap extension and
opening penalties as described previously (Boyd and Barkay, 2012). For merA, the dihydrolipoamide
dehydrogenase protein sequences from Magnetospirillum magneticum AMB-1 (WP_011386317.1) and
Pseudomonas fluorescens Pf0-1 (WP_011336663.1) served as outgroups. Likewise, we included, only
in the alignment, the merA sequence of Streptomyces lividans (P30341), which served to trim the N-
terminal region of the aligned sequences such that only the core domain of merA, corresponding to
positions 1–464 of this Streptomyces lividans remained (Barkay et al., 2010). In the case of merAB, out-
group sequences were not included. Phylogenetic trees were constructed using maximum-likelihood
inference with RAXML-NG 0.9.0 (Kozlov et al., 2019) and the LG evolutionary model with optimization
in the among-site rate heterogeneity model and the proportion of invariant sites (LG+G+I), and 100
bootstrap replicates.

Minimum inhibitory concentration experiments

To assess the ability of themarine strains to tolerate different concentrations of inorganic Hg (mercury(II)
chloride, HgCl2) and organic Hg (methylmercury chloride, CH3HgCl) and thus, to test the activity ofmerA
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and merB genes respectively, a Minimum Inhibitory Concentration (MIC) assay was designed based on
previous studies (Ivars-Martinez et al., 2008; Wiegand et al., 2008). Stock solution of HgCl2 was prepared
at 500 µM with autoclaved Milli-Q water. Liquid cultures of the strains growing in Zobell broth with an
optical density (O.D. at 600nm) of 0.1 were placed in 24-well plates and inoculated with HgCl2 to reach
final concentrations at 5 µM, 10 µM, 20 µM, 25 µM and 50 µM. In specific cases growth was observed
in all HgCl2 concentrations and further MIC assays were done increasing the final concentrations at 50
µM, 60 µM, 70 µM, 80 µM, 90 µM and 100 µM. On the other hand, a stock solution of CH3HgCl was
prepared at 50 µM. In these case, 24-well plates were inoculated with the stock solution to reach final
concentrations at 2.5 µM, 5 µM, 10 µM, 15 µM and 20 µM. In all plates a positive control (0 µM, liquid
culture of the strain without CH3HgCl) and a negative control (liquid culture of a non-resistant marine
strain of the genus Erythrobacter) were included in the assays. Plates were sealed with parafilm and
incubated at room temperature (RT, approximately 20 ºC) in the dark for 72 h. Visual lectures and O.D.
lectures at 600 nm were done in a 24 h period using an automatic plate reader (Infinite ®M200, Tecan)
and data was collected using the Magellan™ Data Analysis Software (Tecan Diagnostics®).

Growth curves

Growth curves were performed to characterize the growth rates of the most tolerant bacteria to differ-
ent concentrations of MeHg. We prepared 200 ml of different liquid cultures in Zobell broth supple-
mented with CH(3)HgCl at final concentrations of 0 µM (positive control), 1 µM, 2.5 µM and 5 µM. Each
concentration was prepared in triplicate. The initial O.D. at 600 nm of the cultures was 0.05 in order to
assure enough concentration of cells for growing. Samples for O.D. measurements and for bacterial cell
counts were taken approximately every two hours. O.D. was measured at 600 nm with a spectropho-
tometer (Varian Cary® 100 UV-Vis) and cells were stained with 4’,6’-diamidino-2-phenylindole (DAPI)
and counted with an automatedmicroscope Zeiss Axio Imager Z2M (Zeder and Pernthaler, 2009; Zeder
et al., 2011) using the automated image analysis software ACME Tool11. Predicted growth curves based
on O.D. observations and kinetics values (growth rates (µmax), carrying capacity (k) and lag phase time)
were calculated with R package growthcurver v.0.3.0 (Sprouffske and Wagner, 2016) and GrowthRates
v.4.3 software (Hall et al., 2014). For graphical representation, replicates of the different growth curves
experiments at several MeHg concentrations were averaged. Hence, meanO.D. and standard deviation
was calculated for each time point of the curves.

Measurement of the biotic and abiotic degradation of MeHg

In order to characterize the MeHg degradation rates of our bacteria, either caused by the action of the
merA andmerB genes, or by other abiotic processes we measured the MeHg concentrations along time
in different liquid cultures. A first set of 2 ml samples was taken during the 1 μM and 5 μM growth
curves of the most tolerant strain, Alteromonas sp. ISS312, at times 0, 6, 12, 24 and 48 h. A second set
of samples was taken from 6-well plates experiments, which included one well of a liquid culture from
the ISS312 strain in Zobell broth (initial O.D. at 600 nm of 0.05) supplemented with 5 μM CH3HgCl and
incubated at RT during 72 h in the dark, as well as two different controls to detect the possible abiotic
degradation of MeHg: (i) medium control (CH3HgCl at concentrations of 1 μM and 5 μM with no strain

11www.technobiology.ch
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added), and (ii) killed control (CH3HgCl at concentrations of 1 μM and 5 μM added to autoclaved liquid
cultures of the strain). Three replicates of 2 ml samples from each well, containing the MeHg treatment
and the different controls, were taken at times 0 and 72 h. Once samples were collected, they were
immediately frozen at -80 ºC to preserve concentrations of MeHg at the time of sampling. Hg species
determination was conducted by direct derivatization of the culture samples with sodium tetraethyl
borate and injection into a hyphenated system consisting of a gas chromatograph coupled to an atomic
fluorescence detector via pyrolysis (GC-pyro-AFS) as previously described elsewhere (Berzas Nevado
et al., 2011). Briefly, 2 ml samples were used for derivatization. The pH of the extracts was adjusted to
3.9 by adding 5 ml of 0.1 M acetic acid-sodium acetate buffer and ammonia (20 %) if necessary. Then, 2
ml of hexane and 250µl of sodium tetraethyl borate (6%, w/v) were added and themixturewasmanually
shaken for 5 min. The sample was centrifuged for 5 min at 600 g. The organic layer was transferred to
a chromatographic glass vial and stored at -18 ºC until analysis. When Hg species were not detectable,
the organic layer was preconcentrated under a gentle stream of nitrogen to a low volume (50-100 µL)
just before the measurement. The procedural detection limits, after pre-concentration, were 0.19 and
0.23 nM for MeHg and inorganic Hg, respectively.

TEM-EDX samples preparation and observation

For TEM observation of the morphology and ultrastructure of strain ISS312 when growing with MeHg,
the isolate was grown during 24 h in Zobell broth supplemented with CH3HgCl at final concentrations
of 0 µM (positive control), and 5 µM with shaking in the dark. The overnight culture was centrifuged at
1000 g during 15 min and supernatant was discarded. The pellet was fixed with paraformaldehyde 2
% final concentration during 30 min at RT. After fixation, pellet was processed as previously described
(Lee et al., 2008) to finally obtain thin sections of the samples that were examined by using TEM (JEM-
1400 plus, JEOL). Visualizations were done by the microscopy service of the Universitat Autònoma de
Barcelona12.

ISS312 genome sequencing

DNA from strain ISS312 was extracted using the DNeasy Blood and Tissue kit (Qiagen), following the
manufacturer’s recommendations. Genome library was prepared with a CeleroTM DNA-seq library
system and sequencing was performed with paired-ended 300 bp long reads by IGA-Tech with a MiSeq
Illumina machine. The sequence data was filtered to remove the adapters and the unpaired reads with
cutadapt v.1.16. and the quality was assessed before and after with fastaqc v.0.11.7. The clean data
was used to do the assembly with Spades v.3.12.0 and then optimized with the same program. QUAST
v.5.0.1 (Gurevich et al., 2013) and ALE were used to assess the quality of the assemblies and the best
scores were selected. K-mer 121, 125 and 127 were selected for the optimized-combined assembly
and the quality was assessed again. The annotation was done with Prokka v1.13 (Seemann, 2014) and
the completeness of the genome was checked with CheckM v1.0.18 (Parks et al., 2015). In order to
search for plasmids within our contigs, we used the database PLSDB (Galata et al., 2019).

12https://sct.uab.cat/microscopia/en/content/inici

https://sct.uab.cat/microscopia/en/content/inici
https://sct.uab.cat/microscopia/en/content/inici
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Fragment recruitment analysis of the genome ISS312 and selected bathypelagic metagenome-
assembled genomes (MAGs) in the bathypelagic metagenomes

The abundance of ISS312 across the global bathypelagic ocean was assessed, thanks to its com-
plete genome, through Fragment Recruitment Analysis (FRA), by mapping the metagenomic reads of
58 Malaspina samples from 32 stations (Duarte, 2015), including free-living (0.2-0.8 µm) and particle-
attached (0.8-20µm) bacterial communities, with BLASTn v2.7.1+ (Altschul et al., 1990) with the following
alignment parameters: -perc_identity 70, -evalue 0.0001. Only those readswithmore than 90% coverage
and mapping identity equal to or higher than 95 % were kept for analysis. In order to remove possible
false mapping hits to the conserved regions of rRNA genes, reads aligning to the regions annotated
as ribosomal genes were not considered for the analysis. Read counts from mapped reads from each
metagenome were corrected by their sequencing depth to make them comparable through samples.

A total of 76 metagenome-assembled genomes (MAGs) from the bathypelagic ocean (Acinas et al.,
2019) were screened to extract those affiliating to Alteromonas and Marinobacter genera and codify-
ing merA and merB genes. The abundance of these MAGs across the Malaspina bathypelagic dataset
was done as described above, but with a previous subsampling step to the shallower sequencing depth
(4,175,346 read pairs) with bbtools reformat.sh v.38.08 (https://sourceforge.net/projects/bbmap/). Here,
when reads could map with the same probability to any of the genomes (same e-value, same alignment
length and identity), they were assigned at random. The average nucleotide identity (ANI) of ISS312
against MAG-0289 was calculated with fastANI v1.2 as both were related to the Alteromonas mediter-
ranea specie.

Non-parametric Kruskal-Wallis test, from the stats package of the R Statistical Software (core team, 2017)
was applied followed by the post hoc pairwise Wilcox test to see the differences between FRA results in
different oceanographic regions and between free-living and particle-attached bacterial communities .
To asses significance, the statistical analyses were set to a conservative alpha value of 0.05.

Results

Functional screening of themerA andmerB genes in Alteromonas and Marinobacter strains

Wedetected from IMG/JGI database 20 different bacterial taxa that matched at the genera level with the
taxonomic assignation of the isolates within the MARINHET culture collection, and therefore, that could
be putative candidates for Hg bioremediation (Table S27). The comparative analyses between the 16S
rRNA gene sequences of these 20 genera containing the targeted merAB genes and the partial 16S
rRNA sequences of our isolates revealed a total of 352 strains that were, at least, 99 % identical to one
of the putative candidates genera. These comprised 7 genera (Alteromonas, Marinobacter, Idiomarina,
Pseudomonas, Micrococcus, Zunongwangia and Bacillus) (Table S28). We selected 247 strains affiliating
to Alteromonas sp. and 46 strains to Marinobacter sp. (Table S29). These two genera were chosen
for merAB functional screening for three main reasons: (i) they were found highly abundant in our
MARINHET culture collection, (ii) they are among the most common culturable heterotrophic bacteria
living in open marine waters all around the world, as they have been isolated from a wide variety of
marine environments (Baumann et al., 1972; Eilers et al., 2000; Floyd et al., 2005; Gärtner et al., 2011;
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Table 6: Summary of the PCR screening results for merA and merAB in Alteromonas and Marinobacter strains. Photic includes
surface and deep chlorophyll maximum (DCM) isolates, while aphotic includes bathypelagic isolates.

merA merAB

Alteromonas
Photic 129 13 (10%) 1 (0.7%)

Aphotic 118 19 (16.1%) 3 (2.5%)
Marinobacter

Photic 33 30 (90.9%) 20 (60.6%)
Aphotic 13 10 (76.6%) 2 (15.4%)

41 (89.1%)

33 (13.3%)

Layer Nº of tested strains Positives PCR for Total strains with merA 
and/or merAB

Handley and Lloyd, 2013; Lekunberri et al., 2014; Kai et al., 2017), and in the case of Alteromonas it is one
of the most ubiquitous cultured taxa in the ocean (Sanz-Sáez et al., 2020), and (iii) it has been already
described that species of those genera harbor in their genomes the mer operon (Ivars-Martinez et al.,
2008; Singer et al., 2011; López-Pérez et al., 2012; Handley and Lloyd, 2013; Fontanez et al., 2015).

The functional screening of the merA and merB genes from the 247 Alteromonas and 46 Marinobacter
strains revealed that 13 % (32 out of 247) and 87 % (40 out of 46) of the strains presented only merA,
respectively, while only 1.6 % (4 out of 247), and 47.8 % (22 out of 46) presented both merA and merB
genes (merAB) (Table 6). These results showed that Marinobacter displayed a higher proportion of
merAB genes than Alteromonas. The phylogenetic analyses of the 16S rRNA gene from of all these posi-
tive strains harboring merA and merAB genes, together with the rest of the screened strains, displayed
some clustering patterns (Figure 18). First, most of the isolated Alteromonas strains with merA were
related to Alteromonas australica and Alteromonas mediterranea, and only strains affiliating to this last
species presented both genes merA and merB (merAB). We also detected one strain with merAB genes
affiliated to Alteromonas macleodii. Secondly, Marinobacter strains displaying both genes were related
toMarinobacter hydrocarbonoclasticus,Marinobacter salarius and some unculturedMarinobacter strains.
A closer view to the amino acids merA phylogeny, which theoretically could include the different gene
sequences variants covered by the primers designed, unveiled that all the Alteromonas merA sequences
grouped into two sister clades with the reference AlteromonasmediterraneamerA sequence (Figure 19A),
while forMarinobacter themerA genes grouped into three different clusters together withMarinobacter
salarius, Marinobacter hydrocarbonoclasticus and the Marinobacter sp. Arc7-DN-1 strain, showing there-
fore a genetic heterogeneity among their merA genes copies (Figure 19A). In the case of the merAB
phylogeny, as expected due to the primers used, all the sequences clustered with Alteromonas mediter-
ranea and Marinobacter hydrocarbonoclasticus (Figure 19B).

Mercury tolerance of marine bacterial isolates

MIC experiments were addressed in a selection of 74 isolates that presentedmerA and/ormerAB genes.
This selection was based on a clustering of the isolates 16S rRNA gene sequences at 99% sequence sim-
ilarity to define operational taxonomic units (OTUs). The clustering grouped the isolates into 7 OTUs,
and representatives of the different OTUs were randomly selected for MIC experiments (Table S30).
First, we tested the tolerance for inorganic mercury (HgCl2) and 43 isolates (19 Alteromonas and 24
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Figure 18: Phylogenetic tree with the 16S rRNA gene sequences of all the isolates PCR screened for merA and merAB genes.
Presence or absence of both merA and merAB genes is indicated by tick symbols. Depth (first color strip) and oceanographic
location (second color strip) where the isolates were retrieved are indicated by colors. Bootstrap values > 75 are indicated by
red circles in the tree nodes. For graphic representation reference 16S rRNA sequences were removed from original tree, and
names of these references sequences had been placed surrounding tree labels.
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Figure 19: Phylogenetic trees inferred with themer amino acid sequences. (A)merA. Sequences of dihydrolipoyl dehydrogenase
act as outgroup of the tree. (B) merAB. Color strip in both trees indicates taxonomy of the sequences: Alteromonas sp., green;
Marinobacter sp., orange. Reference sequences in each tree are indicate in bold blue: A. mediterranea, Alteromonas mediterranea;
M. hydro., Marinobacter hydrocarbonoclasticus; M. salarius, Marinobacter salarius. MIC results for the tested strains against HgCl2
or MeHg is indicated by bars in each tree. Bootstrap values >75% are indicate by red circles in the tree nodes.
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Marinobacter) displayed different levels of tolerance. MIC values ranged generally from 10 to 50 µM
and different tolerances were found within a same phylogenetic cluster based on 16S rRNA genes (Fig-
ure 20). Around 50% of the Alteromonas andMarinobacter strains tested presented aMIC of 20 µM and
one of the isolates stood out as it presented a tolerance to HgCl2 up to 70 µM (Table S31). We noticed
that MIC tolerance values also varied among isolates within OTUs at 99 % similarity in their 16S rRNA
gene. For example, within the same cluster of Alteromonas mediterranea some strains presented a MIC
of 20 µM, while the isolate that presented the highest tolerance (70 µM, ISS312) also belonged to the
same Alteromonas species (Figure 20). The same occurred among Marinobacter isolates, where mem-
bers of the Marinobacter hydrocarbonoclasticus cluster presented MIC values ranging from 10 to 50 µM
(Table S31 and Figure 20). In addition, variability was also observed in the amino acidsmerA phylogeny.
Alteromonas mediterranea merA sequences clustering together presented MIC values ranging from 20
µM and 70 µM, those of theMarinobacter sp. Arc7-DN-1 cluster varied between 20 µM and 50 µM, while
those of themerA sequences affiliating toMarinobacter salarius andMarinobacter hydrocarbonoclasticus
ranged from 10 µM to 50 µM (Figure 19A).

On the other hand, in order to test the tolerance to methylmercury (MeHg), 3 strains affiliating to Al-
teromonas mediterranea that codified for the merB gene and presented a MIC for HgCl2 above 20 µM
were selected. Remarkably, these strains presented a high tolerance to MeHg, growing at concentra-
tions up to 10 µM (Figure 20). Interestingly, despite the fact that for Marinobacter sp. a higher number
of positive strains were observed formerAB genes, the 2 strains encoding themerB gene and also having
a MIC for HgCl2 above 20 µM did not show a substantial growth above 2.5 µM of MeHg.

Effect of methylmercury on the growth of the highly resistant Alteromonas sp. ISS312 strain

Strain ISS312, isolated from South Atlantic bathypelagic waters at 4000 m, affiliated to the species Al-
teromonas mediterranea. It displayed the highest tolerance to both HgCl2 (70 µM) and MeHg (10 µM)
and it could be a good candidate for future bioremediation studies in highly contaminated areas with
both organic and inorganic mercuric compounds. Consequently, the growth rates of this isolate at
different concentrations of MeHg were assessed. Tested concentrations were selected based on MIC
results and included: a control without MeHg (0 µM), 1 µM, 2.5 µM and 5 µM MeHg. Growth curves at
0 µM and 1 µM were very similar, as well as between 2.5 µM and 5 µM. We observed that the major
difference between growth curves was the length of the lag phase, where bacteria adapt themselves
to the growth conditions. Cultures showed a longer lag phase in the highest concentration of MeHg,
around 13 h, compared to the control, which started to grow immediately after inoculation (Figure 21A).
Lag phase length declined as long as the concentration of MeHg decreased, being 6 h at 2.5 µM and
2 h at 1 µM. However, once the cultures started to grow, their growth rates (µmax) were very similar
independently of their initial MeHg concentrations, ranging from 0.10 h1 in the control to 0.09 h1 at 5
µM. Stationary phase was reached in all concentrations at 80 h, even though at this time cultures at
higher concentrations ofMeHg seemed to be only entering to the plateau (Figure 21A). In addition, their
carrying capacity (k), i.e. the maximum population size of a species, was between 1.6 and 1.9 based in
O.D. measures, revealing very similar values between tested concentrations. TEM observations of the
ISS312 cultures growing at 0 µM and 5 µM of MeHg also showed similar morphology and ultrastructure
of the cells (Figure 21A).
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Figure 20: Phylogenetic 16S rRNA tree with the positive strains for merA and/or merAB genes screening. Colored strip indicate
presence or absence of genes based on PCR results: yellow, only merA; turquoise, merAB; purple, positive for both merA and
merAB. Bars indicate results from the MIC experiments: yellow, HgCl2; purple, MeHg. Tolerance values are in µM. JX52807,
Sulfitobacter and IM32RT_ISS194 are outgroups of the tree. The numbers in nodes represents bootstrap percentages > 75%.
A. australica, Altermonas australica; A. mediterranea, Alteromonas mediterranea; unc., uncultured; M. hydrocarbon., Marinobacter
hydrocarbonoclasticus.
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Figure 21: Growth effect of MeHg in strain ISS312. (A) Growth kinetics of strain Alteromonas mediterranea ISS312 in Zobell broth
containing MeHg (control (0 µM), 1 µM, 2.5 µM and 5 µM). µmax indicates the growth rate for each MeHg concentration. TEM
images of the strain growing at 0 µM and at 5 µM are shown in the right side of the plot. (B)MeHg removal by strain ISS312 during
the growth curve experiment at 5 µM. Mean and standard deviation from three replicates samples are shown in both graphs.
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Mercury-removal capacity of strain ISS312

Samples for the measurement of MeHg concentrations during the growth of the strain ISS312 in ex-
periments at 5 µM were taken at different time points. Samples were also taken for the 1 µM growth
curves, but as similar degradation tendencies were observed (Table S32), here we will only describe the
results from the 5 µM growth curve. We observed that initial MeHg concentrations did not match per-
fectly with the expected concentration of 5 µM and, instead, a value of 4 µM was measured at time 0 h
(Figure 21B). The cause of this discrepancy was probably due to some abiotic degradation in the MeHg
stock bottle used to inoculate cultures even though the bottles were covered to avoid light-mediated
degradation. However, we were able to detect a great capacity to remove Hg by strain ISS312. Hence,
in samples taken at 6 h and at 12 h, which corresponded to the lag phase of the growth curve, we ob-
served that MeHg concentrations were reduced by 36% (2.6 µM) and 72% (1.1 µM), respectively (Figure
21B). Furthermore, at time 24 h, when virtually almost all MeHg was removed (with a concentration of
only 0.07 µM, and a removal of 98.2 %) the microorganism began the exponential growth phase. After
48 h, MeHg could not be detected (Figure 21B (Table S32).

Based on the results obtained, we assumed that most of the MeHg was degraded biotically by the
mer operon encoded in ISS312, although a fraction could also be abiotically removed. In order to
check which proportion ofMeHgwas either biotically or abiotically removed, we took additional samples
at times 0 h and 72 h from the strain culture and from different control treatments (a killed control
and medium alone) in the presence of MeHg. As expected, in the culture we did not observe MeHg
remaining at 72 h. However, we detected certain level of abiotic degradation in the medium and killed
controls (Table S33). We found that MeHg concentration was reduced by 25 % in the absence of
bacteria, suggesting that three quarters were removed biotically while the rest could be degraded by
abiotic processes. Still, most part of the MeHg transformation to Hg+2 and then to volatile Hg0 is caused
by ISS312 strain thanks to merA and merB genes.

Biogeography of heterotrophic isolated bacteria harboringmerAB genes

The strains screened for merAB genes were isolated from different oceanic regions such as the North
Western Mediterranean Sea (92), South (101) and North Atlantic (42), Indian (44), Arctic (7) and South-
ern (7) Oceans and included isolates from photic (162) and aphotic (131) layers (Table 4). We obtained
positive strains (merA and/or merAB) from the different depths and oceanographic regions, except for
the Arctic Ocean (Figure 22 and Table S34). For Alteromonas sp., station (ST) 32 from the bathypelagic
in the South Atlantic Ocean and ST151 from surface of the North Atlantic were the ones with a greater
number of positive strains (Figure 22), while ST76 and ST67 from surface South Atlantic ocean fol-
lowed by ST8 of the bathypelagic NW Mediterranean were the ones which presented more positive
Marinobacter strains (Figure 22). However, the highest proportion of total positive strains was found
in waters of the South Atlantic with a 47.5 % (48 out of 101) and in the Southern Ocean with a 71 %
(5 out of 7). Regarding the presence of the merAB genes across the ocean layers, isolates came from
both depths and 27 % and 23% of the total surface and the deep ocean isolates screened, respectively,
gave positive results. Even though, no significative differences were found between oceans neither be-
tween depths (ANOVA, P-value >0.05). Furthermore, despite finding different proportions of positive
isolates per oceanographic region and depth, we observed that isolates coming from different samples
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Figure 22: Distribution of the PCR positive strains for merA and/or merAB genes. (A) Alteromonas sp. strains (B) Marinobacter sp.
strains. Size of the dots indicates how many strains per station including merA and/or merAB were identified. Color of the dots
indicated the layer (photic or bathypelagic) where the strains were retrieved.

clustered together based on the 16S rRNA gene phylogeny, regardless the presence of merAB genes
(Figure 18).

Biogeographic distribution of the cultured ISS312 isolate and uncultured Alteromonas and
Marinobacter genomes withmerAB genes in the bathypelagic ocean

The biogeographic and size fraction distribution of ISS312 genome was assessed in all available bathy-
pelagic metagenomes of the Malaspina Expedition since isolate ISS312 was originally retrieved from
bathypelagic waters of the South Atlantic Ocean. These bathypelagic metagenomes allowed also the
reconstruction of 76 uncultured microbial genomes referred as metagenome-assembled genomes
(MAGs) (Acinas et al., 2019). Out of the 76 MAGs reconstructed, one of them was almost identical to our
isolate ISS312 as it showed 99.34 % of average nucleotide identity (ANI), and 99 % of the MAG aligned
with the genome of the isolate (Figure S20). Hence, biogeographic and size fraction distribution was also
assessed for thisMAG (MAG-0289). Interestingly, we found that both genomes, affiliating to Alteromonas
mediterranea species, were distributed across all the temperate bathypelagic waters, including the At-
lantic, the Pacific and the Indian Ocean (Figure 23). Their abundances, according to the data from
the fragment recruitment analyses (FRA), varied across ocean basins and we found significative differ-
ences between the Pacific and the Brazil basins for ISS312 (P-value= 0.019), and between the Pacific and
the Canary basins for ISS312 and MAG-0289 (P-value: 0.011, 0.0024, respectively), suggesting a higher
abundance of these bacteria in the Atlantic Ocean. Despite finding these differences between oceans,
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Figure 23: World map showing the distribution of Alteromonas ISS312 and MAG-0289 in bathypelagic marine metagenomes. (A)
Alteromonas mediterranea ISS312, (B) the metagenome-assembled genomeMAG-0289. Size of the dots indicate number of reads
(x1000) and color indicate if the reads recruited in the free-living (FL) or in the particle-attached (PA) bacterial communities of the
bathypelagic samples.
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Figure 24: World map showing the distribution of Alteromonas and Marinobacter MAGs in bathypelagic marine metagenomes.
(A)MAG-0045, (B)MAG-0338, (C)MAG-0108, (D)MAG-0548. Size of the dots indicate number of reads per kilobase per genome
(RPKG) and color indicate if the reads recruited in the free-living (FL, 0.2-0.8 µm) or in the particle-attached (PA; 0.8-20 µm) bacterial
communities of the bathypelagic samples.

we did not find significative differences between plankton size fractions, indicating that MAG-0289 and
ISS312 isolate were present in both the free-living and the particle-attached bacterial communities (Fig-
ure 23). Moreover, together with MAG-0289, we could reconstruct another two MAGs affiliating with
Alteromonas genus and two with Marinobacter genus that codified Hg resistance genes, including merA
and merB genes (Table S35). Reconstructed Marinobacter MAGs (MAG-0045, MAG-0338) were evenly
distributed across oceans basins, and we did not find significative differences between oceanographic
regions. Contrarily, MAGs affiliating to Alteromonas genus (MAG-0108, MAG-0548) displayed differences
in their distribution patterns in the bathypelagic ocean similarly to isolate ISS312 andMAG-0289 (Figure
24). For example, MAG-0108 presented abundance differences between the Pacific, Brazil and Canary
basins (all P-values = 0.012), while MAG-0548 was found at different proportion in all basins and signi-
ficative differences were found between the Canary, South-Australian, Pacific and Agulhas-Cape basins
(all P-values < 0.007). Finally, equal to Alteromonas mediterranea ISS312 and MAG-0289, no significative
differences were found between bacterial size-fractions for these four MAGs.
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Discussion

Large-scale functional screening ofmerAB genes in heterotrophic marine bacteria

Hg resistance genes have been found in multiple Gram-negative and Gram-positive bacteria, and iso-
lates containing the mer operon have been retrieved from many environments (Olson et al., 1979;
Barkay, 1987; Simbahan et al., 2005; Rasmussen et al., 2008; Zeyaullah et al., 2009; Fashola et al., 2016;
Ciok et al., 2018), includingmarine ecosystems such as coastal seawater and sediments (De et al., 2003),
the highly contaminated Minamata Bay (Nakamura et al., 2000), hydrothermal vents (Vetriani et al.,
2005), or sea-ice (Møller et al., 2014). Therefore, it was expected to found isolates harboring those
genes among the MARINHET bacterial culture collection, which included strains from different depths,
such as the surface, the deep chlorophyll maximum and the bathypelagic zone, as well as from diverse
oceanographic regions. We focused on the detection of strains codifying the merA but also the merB
gene because only those microorganisms including both genes, would have the potential ability to dis-
play a broad-spectrum resistance to Hg and would be good candidates for future bioremediation of
MeHg contaminated sites. Isolates affiliating to Alteromonas and Marinobacter were selected for the
screening of the targetedmer genes given the high number of strains present in our culture collection
and the high probability to find potential candidates within these genera. Specific primers were de-
signed for the correct amplification of merA and/or merB genes since those general primers described
in the literature, mainly for merA (Felske et al., 2003; Oregaard and Sørensen, 2007; Sotero-Martins
et al., 2008; Fong et al., 2019) did not match with the IMG/JGI public available mercuric reductases of
Alteromonas and Marinobacter genera. In this study, we showed that the primers designed were able
to detect at least one of the merA sequence variants that could be present in Alteromonas macleodii,
Alteromonas mediterranea, Alteromonas australica, Marinobacter hydrocarbonoclasticus and Marinobacter
salarius. Equally, the primers designed to detect bothmerA andmerB genes in Alteromonasmediterranea
and Marinobacter hydrocarbonoclasticus gave us positive results.

The phylogenetic tree constructed based on the partial 16S rRNA sequences showed that positive
strains for merA and merB genes clustered together with strains which do not harbor these genes (Fig-
ure 18). It has been described that some bacterial species codify different sequence variants of the
merA gene (Boyd and Barkay, 2012; Harada et al., 2019) including the Alteromonas genus (Ivars-Martinez
et al., 2008). Therefore, it is possible that some of the Alteromonas and Marinobacter strains within the
MARINHET collection tested presented different sequence variants, although we were only able to de-
tect the one targeted by the primers designed. On the other hand, the operon mer can be either
codified in the chromosome (Math et al., 2012) or in plasmids (Griffin et al., 1987; Barkay et al., 2003),
and usually, mer genes are components of transposons (Mindlin et al., 2001), and integrons (Osborn
et al., 1997; Bass et al., 1999). Thus, it is not surprising to find some strains within the same species with-
out the mer operon. Interestingly, the merA amino acid phylogenies showed different results than the
16S rRNA phylogeny, wherein Alteromonas merA amino acid sequences mostly clustered together with
Alteromonas mediterranea, suggesting that our primers retrieved very similar sequence variants from
different Alteromonas species. Contrarily, more variability was found between the merA amino acid se-
quence detected in Marinobacter strains, as they clustered into different groups. Despite the fact that
our designed primers may be not covering allmerA/merB gene variants, we have obtained an important
percentage (25 %) of strains codifying at least one of the addressed genes from different depths and



CHAPTER 3 87

oceanographic regions. In general, our results showed that the merB gene was found in lower propor-
tion than merA among both Alteromonas and Marinobacter strains, being these results consistent with
the known fact that themer operon does not always codify for the organomercurial lyase necessary for
the detoxification of organic Hg compounds (Barkay et al., 2003; Boyd and Barkay, 2012). In addition,
studies targeting the abundance of mer genes in the environment reported that merA is found to be
widely distributed amongmarine bacteria (Mathema et al., 2011; Boyd and Barkay, 2012; Bowman et al.,
2020), while merB only has an ecological significance in determined systems where MeHg is present at
high concentrations (Schaefer et al., 2004).

Regarding the origin of the Hg resistant isolates, we found a higher proportion of positive strains coming
from waters of the Southern Ocean (71 % despite the lower number of strains tested) and the South
Atlantic Ocean (48%), followed by those retrieved from the North Atlantic (17%) and NWMediterranean
Sea (13 %). However, total Hg concentrations have been recorded to be higher in the Mediterranean
and the North Atlantic Ocean compared to the South Atlantic and Southern Oceans, where concentra-
tions were lower (Gworek et al., 2016). Nevertheless, some studies have highlighted the important but
also variable levels of MeHg found in Southern and other polar waters compared to open ocean (Cossa
et al., 2011; Wang et al., 2012), and isolation of Hg resistance bacteria from those polar waters has been
previously reported (Ciok et al., 2018). However, it must be noticed that our results only represent a
minor fraction of all potential isolates that may harbor merAB genes, since our primers only targeted
Alteromonas and Marinobacter genera, and only specificmerA gene variants. Thus, correlation between
levels of Hg and positive strains cannot be properly done. Nevertheless, some patterns interestingly
emerged, such as the presence of both genes in surface and bathypelagic isolates, indicating that these
genes may be distributed along different water depths.

Furthermore, biogeographic analysis with Alteromonas mediterranea ISS312 genome and the five MAGs
harboring merA or merAB genes assigned to Alteromonas and Marinobacter (Figure 24), confirmed the
wide distribution of these genera, carrying Hg resistance genes across the global bathypelagic ocean,
and present in both plankton size fractions analyzed, in the free-living (0.2-0.8 µm) and the particle-
attached bacterial community (0.8-20 µm). In fact, Alteromonas and Marinobacter genera have been
described to be able to live associated to particulate organic matter (Ivars-Martinez et al., 2008; Mestre
et al., 2018), which forms in surface layers and sinks into the deep ocean. Besides,merA andmerB genes
affiliating to Alteromonas and Marinobacter have been already detected among the microbial communi-
ties associated to sinking particles (Fontanez et al., 2015). The enrichment of metal resistance genes
in particles would not be surprising as it is known that they are able to concentrate heavy metals (Puig
et al., 1999). In addition, MeHg production, presenting its maximum concentrations in deeper waters
(200-1000 m depth) (Cossa et al., 2009; Sunderland et al., 2009; Mason et al., 2012) usually near the
thermocline, is linked to microbial remineralization of particulate organic matter (Cossa et al., 2009;
Sunderland et al., 2009; Heimbürger et al., 2010; Blum et al., 2013; Lamborg et al., 2016). Thereby, it is
reasonable to think that bacteria living on those environmentsmay needmechanisms to cope promptly
with high concentrations of Hg and that they are present in different depths along the water column.
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Towards understanding the tolerance for mercury compounds in Alteromonas and
Marinobacter genera

MIC values heterogeneity within strains belonging to the same OTU (at 99 % similarity), suggested
that the level of Hg resistance was isolate specific, and that maybe we retrieved different ecotypes
within a same species with different tolerances to Hg. As we mentioned, mer genes are commonly
found in a wide range of bacteria often encoded in plasmids or associated to transposable elements
(Ivars-Martinez et al., 2008). It is therefore likely that the strain-specific Hg resistance patterns of our Al-
teromonas andMarinobacter isolates may be the result of horizontal transfer of the Hg resistance genes.
This is further supported by the fact that no correlation was observed between the ability to reduce Hg
and the taxonomic groups observed in the phylogenetic trees, although negative results should be in-
terpreted with caution. Nevertheless, similar results were obtained in previous studies indicating the
isolate-specific resistance to Hg (Nakamura et al., 2001; Møller et al., 2011). Despite these differences
between strains, the tolerances found for inorganic Hg were similar to those found in other studies
where Alteromonas (Morishita et al., 2006; Chiu et al., 2007; Ivars-Martinez et al., 2008; Math et al., 2012)
and Marinobacter (Vetriani et al., 2005) genera were also isolated. However, to the best of our knowl-
edge, this is the first study addressing the tolerance ofMarinobacter spp. and Alteromonas mediterranea
to MeHg. Hence, we found out that a strain affiliating to Alteromonas mediterranea (ISS312) presented a
MIC to inorganic Hg higher than other strains already published, up to 70 µM, but we also determined
that it was able to grow in the presence of MeHg, presenting a MIC up to 10 µM. Moreover, it is note-
worthy that the tolerant strains to HgCl2 and/or to MeHg were resistant to much higher concentrations
of Hg than those reported in different oceans, which usually range from <0.1 to 10 pM (Lamborg et al.,
2014b; Gworek et al., 2016).

Further characterization of ISS312 strain was done through growth curves experiments. The longer
lag phase observed in the isolate growing in a medium containing 4 µM of MeHg seems to be a com-
mon trait for Hg resistant strains in the presence of the toxic compound, as this behavior has been
repeatedly observed in different species of Pseudomonas sp., Alcaligenes sp. or Bacillus sp. (De et al.,
2003; De and Ramaiah, 2007; Zheng et al., 2018). Similarly, once this lag phase was surpassed, growth
rates of the resistant strains followed the same trend as those observed in growth curves without the
toxic compound, an observation recurrently reported (Robinson and Tuovinen, 1984; De and Ramaiah,
2007). Strikingly, it is during the lag phase where we observed a reduction of the MeHg concentration
present in the medium up to 72 %. Therefore, it can be hypothesized that during the lag phase in
presence of MeHg the mer operon machinery is being activated by the MerR protein involved in the
regulation of the operon, and merA and merB proteins are subsequently transcribed to catalyze, first,
the demethylation of MeHg to Hg+2 (MerB), and then its transformation to Hg0 (merA), which is then
volatilized. Once the levels of Hg compounds have dropped considerably, and are no longer toxic, cells
can grow normally reaching standard growth rates. Finally, we observed that our strain was able to
efficiently remove almost all MeHg present in the medium in approximately 24 h and that very low con-
centrations of inorganic Hg remained after 48 h, evidencing the high detoxification capability of strain
ISS312, comparable to other Hg resistant bacteria characterized for bioremediation strategies (Saranya
et al., 2017).
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Conclusions

Hg resistant Alteromonas and Marinobacter strains have been detected in samples from surface and
bathypelagic waters including the NW Mediterranean Sea, the North and South Atlantic, the Southern
and the Indian Ocean. The highest tolerance to Hg compounds was detected in Alteromonas mediter-
ranea strain ISS312, isolated frombathypelagic waters of the South Atlantic Ocean. This strain is a broad-
spectrum resistant bacterium, not only able to degrade inorganic Hg (Hg+2), but also organic forms of
this compound (MeHg), due to the presence in their genome of both, the mercuric reductase (merA)
and the organomercurial lyase (merB), needed for the complete removal of Hg species from the envi-
ronment. In addition, we have revealed that this Alteromonas mediterranea strain is widely distributed
in the global bathypelagic ocean both in the free-living and the particle-attached bacterial community.
Given its higher tolerance, the growth rates observed, its efficiency in the removal of MeHg, and its
global oceanic distribution, this isolate could be a promising candidate for future MeHg bioremediation
studies.
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GENERAL DISCUSSION
This thesis aimed to unveil the diversity, biogeography and the contribution of heterotrophic marine
culturable bacteria as part of the global microbial diversity retrieved from surface, mesopelagic and
bathypelagic layers of different oceanographic regions. Moreover, I deciphered the genetic capabilities
and tolerance for mercury (Hg) detoxification for some widely distributed marine heterotrophic cul-
tured bacteria. This work has been nourished by various oceanographic expeditions, but it has been
mainly possible due to the collection and analyses of samples provided by the Tara Oceans 2009 and
the Malaspina 2010 Expeditions. In the present thesis, I used a combination of culture-dependent and
culture-independent techniques to pursue the main objectives, which allowed to: (i) explore the taxo-
nomic diversity of culturable heterotrophic bacteria and to reveal the most common distributed genera
from different oceans and depths, all together confirming the presence of vertical connectivity between
photic and aphotic layers, (ii) challenge the known axiom that “less than 1 % of the bacteria can be cul-
tured” in the deep ocean, while unveiling that higher proportions of bacteria, including some abundant
members, can be retrieved from the bathypelagic layers in pure culture compared to the photic realm,
and (iii) detect marine bacteria with the ability to degrade different forms of Hg, as well as characterize
promising strains which could serve as a starting point in the design of future bioremediation strategies.
In this general discussion, I will review the importance and challenges of culture-dependent studies and
its combination with data obtained from culture-independent studies taking as a reference the results
obtained through the different chapters.

The importance of building a large bacterial culture collection: from
ecology patters to biotechnology applications

The introduction of molecular methods, and more recently high-throughput sequencing (HTS) tech-
niques, has enabled the scientific community to explore the microbial diversity at an unprecedented
scale, enhancing our understanding of marine microbial communities, which was previously based in
the knowledge obtained from traditional culture methodologies. For example, Giovannoni et al. (1990)
analysed through clone libraries the bacterioplankton community of the Sargasso Sea and discovered
that the most abundant oceanic bacteria belong to groups really different from the ones detected in
the laboratory by isolation, revealing that the new dominant bacterial groups, at least for the photic
ocean, included SAR11. Hence, in this current culture-independent era, bacterial isolation seems to
have been almost neglected. However, despite the efforts trying to recover the entire bacterial commu-
nity from the environment throughmassive sequencing of the whole DNA of a sample, we rarely retrieve
all the bacterial diversity present. An example is the study of Crespo et al. (2016), where despite the
high sequencing effort applied (approximately 500,000 final reads per sample) to both surface and deep
seawater samples from the North Western Mediterranean in order to study the rare biosphere, around
11-16 % of the bacterial community was still not detected, and the authors predicted that in order to
observe the 90 % of the total richness it would be necessary to employ four times the sequencing effort
applied in its work. Indeed, several recent studies predicted oceanic prokaryote species richness to an
estimate of 1010 different OTUs for this ecosystem (Locey and Lennon, 2016; Eguíluz et al., 2019), re-
sults that indicate that the currently estimated prokaryote OTUs for surface water ( 37,000 (Sunagawa
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et al., 2015)) and bathypelagic waters (approximately 3,600 (Salazar et al., 2016)) are very conservative
and it is probably much larger than described.

In addition, studies where isolates and HTS have been carried out in the same samples show that a
high percentage of the isolates could not be found among the 16S rRNA sequences obtained (Floyd
et al., 2005; Shade et al., 2012; Zeng et al., 2012; Lekunberri et al., 2014; Stefani et al., 2015; Crespo
et al., 2016). Thus, it seems that bacterial isolation from natural samples is still an essential tool to
understand the complete picture of the bacterial communities present in natural ecosystems.

The deep ocean, including the mesopelagic and bathypelagic layers, have been studied in the last years
by HTS locally (Fuhrman and Davis, 1997; Eloe et al., 2011b; Terahara et al., 2016) and globally thanks
to the Tara Oceans and Malaspina Expedition (Sunagawa et al., 2015; Salazar et al., 2016). Neverthe-
less, few studies have focused the study of these ocean layers through culture-dependent techniques
(Eloe et al., 2011a; Gärtner et al., 2011; Kai et al., 2017) and to the best of our knowledge, Chapter 1
of the present thesis is the first attempt to create a large culture collection of heterotrophic bacteria
from diverse oceanographic locations, including the NW Mediterranean Sea, the Atlantic, the Indian,
the Pacific, the Arctic and the Southern oceans, and covering, when possible, the surface, mesopelagic
and bathypelagic layers. This culture collection, called MARINHET, represented between 56.1 % and
70.5 % of the total culturable heterotrophic species present in the different layers studied according to
the Good’s coverage analyses. Thanks to this culture collection, some ecology patters emerged for the
targeted heterotrophic fraction among the culturable bacterial community. First, the role of the sinking
particles in the vertical connectivity between the surface and the bathypelagic microbial communities
identified by amplicon 16S iTAGs (Mestre et al., 2018; Ruiz-González et al., 2020) was also confirmed
for the culturable community, as 58.9 % of the total isolates sequences were 100 % identical between
photic and aphotic layers. Among those sequences, genera such as Alteromonas, Cobetia, Erythrobacter,
Leeuwenhoekiella, Halomonas, Idiomarina, Marinobacter or Mesonia were found to be widely distributed
along the different depth layers. In addition, the study also provided evidence that there are some
genera, mainly copiotrophs, which are widely distributed across oceans and depths. This is the case
for Alteromonas and Erythrobacter genera, which occurred in around 80 % of the stations studied and
were retrieved from surface, mesopelagic and bathypelagic layers.

The MARINHET collection also represent a valuable resource for the design of a huge variety of ex-
periments involving isolates, which could include the biochemical and physiological characterization
of the strains, testing hypotheses raised from HTS data, or the enquiry of possible biotechnological
applications using marine bacterial isolates. The biotechnological potential of the MARINHET cultured
bacteria has been addressed in Chapter 3 of this thesis. I focused in the detection and characteri-
zation of heterotrophic marine isolates harbouring the merA and merB genes, which are part of a Hg
detoxification system. I provided evidences of the presence and biogeography of Hg resistance bac-
teria in different oceanographic regions from distant locations, including the NW Mediterranean Sea
and the Southern and the Atlantic oceans. Moreover, I have tested for the first time the methylmercury
degradation potential of Marinobacter spp. and Alteromonas mediterranea. One of the isolated strains,
Alteromonas mediterranea ISS312, has the ability to degrade 98.2 % of a 5 µM methylmercury solution
in 24 h. Thus, the study of marine bacteria for biotechnology applications such as bioremediation rein-
forces the importance of obtaining bacteria using culture-dependent techniques.
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Combining culture-dependent and culture-independent studies at a
global scale

Regarding the bacterial fraction that is captured by culture-dependent versus culture-independent tech-
niques, it is usually known that molecular techniques retrieve abundantmembers of the biosphere, and
particularly, HTS can both retrieve abundant and rare members depending on the sequencing effort
(Sogin et al., 2006). On the other hand, culture-dependent techniques usually retrieve a small frac-
tion of the community (Kogure et al., 1979; Staley and Konopka, 1985; Amann et al., 1995) and mainly
rare members of the biosphere, which are those found in very low abundances in the environment
(Pedrós-Alió, 2012; Shade et al., 2012). However, there are always exceptions, like SAR11, one of the
most abundant members in oceanic waters, which has been retrieved in pure culture thanks to dilution-
to-extinction experiments (Rappé et al., 2002). Therefore, combination of both culture-dependent and
culture-independent studies allows having a more complete picture of the bacterial diversity found in
specific habitats as mentioned above, and in this line multiple examples can be found through the lit-
erature (Harmsen et al., 1997; Huber et al., 2002; Hirayama et al., 2007; Yuan et al., 2015; Lambrechts
et al., 2019). However, combining these two approaches does not guarantee neither that we will find a
perfect overlap between the diversity uncovered by cultures and the one detected byHTS data. This pat-
tern has also been reflected in Chapter 2, where I have reported that between 11-28 % of the isolates
were not detected among the zOTUs (100 % identity) of the Tara Oceans and Malaspina Expedition
datasets, a value that increased up to 80 % when the isolates were compared against metagenomic
iTAGs (miTAGs) from surface and bathypelagic samples of the Malaspina Expedition. Therefore, there
is still a fraction of the community, belonging to the rare biosphere, that it is uncovered regardless
the massive DNA sequencing applied in these two large scale oceanographic circumnavigations where
more than 101 millions of 16S rRNA amplicon Illumina TAGs and around 670,000 miTAGs were anal-
ysed. Nonetheless, the interesting possibility to obtain data from different methodologies such as am-
plicon TAGs and metagenomics enables to make comparative studies and revise the well-established
paradigm on the culturability of marine bacteria. Accordingly, in Chapter 2 of this thesis I revised, on
one side, the axiom that “less than 1 % of bacteria can be cultured” together with “the great plate count
anomaly” phenomenon, and on the other side, I examined if the heterotrophic bacteria retrieved by cul-
turing belonged only to the rare biosphere as commonly stated in diverse studies (Pedrós-Alió, 2012;
Shade et al., 2012) or to the abundant biosphere. The general hypothesis that I launched was that a
higher proportion of bacteria could be cultured in the bathypelagic ocean using traditional isolation
techniques and a standard culture medium, since previous HTS studies (Salazar et al., 2016) identified
abundant and cosmopolitan OTUs of the bathypelagic ocean that were related to culture represen-
tatives in databases, and as a consequence, the great plate count anomaly maybe does not apply as
strong in the bathypelagic as in the surface ocean. The results obtained in this chapter supported this
hypothesis. I detected that 27.7 % of the bathypelagic 16S iTAGs were 100 % identical to the 16S rRNA
isolates sequences, a percentage significantly different to what we obtained in surface layers, where
only a mean percentage of 1.4 % of the reads were identical to the isolated bacteria. These percent-
ages were greatly reduced when I compared the isolates against 16S miTAGs, and I found that 6 % of
the bathypelagic sequences and 0.8 % of the surface sequences were identical to isolates, when com-
parisons were done at 97 % sequence similarity, and were even lower at 100 % sequence similarity.
Still, these results support the idea than higher proportions of bacteria can be isolated from deeper
waters as metagenomic data usually present a more accurate view of the real abundances in natural
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prokaryotic communities (Steen et al., 2019). In addition, I observed in both types of HTS data that
some abundant and mid-abundant members of the community were identical to isolates in the bathy-
pelagic layer, for example the Sulfitobacter genus. Moreover, I noticed among the bathypelagic samples
studied that a higher percentage of the total cell counts could be retrieved in pure culture, with values
up to 3.5 %. The differences between the recovery rates in agar plates, even though did not suggest
significant differences between layers, reveal that there is certain variability among samples from sur-
face, mesopelagic and bathypelagic and endorses the idea that the known axiom that “less than 1 % of
bacteria can be cultivated” should be not literally interpreted as previously stated in global metadata
studies (Steen et al., 2019). The results obtained from this study also raised new questions: (i) why could
we recover higher proportions of bacteria from bathypelagic layers?, (ii) why can we obtain abundant
members of the biosphere in the deeper layers but not from surface waters? The results of Chapter
2 are in the line to what was suggested by Herndl and Reinthaler (2013), that the bathypelagic realm is
constituted mainly by slow sinking particles which are resource-rich habitats for microbes (Bochdansky
et al., 2016) and therefore, favouring the growth of copiotroph bacteria that may be more prone to
be isolated under laboratory conditions. These ideas could be partly supported by one of the analysis
included in Chapter 2where 16S iTAGs extracted from vertical profiles including different size fractions
had been analysed. The results indicated that the proportion of 16S iTAGs reads that were 100 % iden-
tical to our isolates was higher in larger particles for surface layers, and similar proportions were found
in the different size fractions of the bathypelagic communities, recording the highest values (45 % of
the reads) in the larger particles (20-200 µm) and, thus, certifying that the isolates of the MARINHET
collection are mostly copiotrophs and preferred a lifestyle linked to particles.

Technical challenges and future perspectives

Culturing marine bacteria from diverse oceans and depths at high-throughput scale

Given the media and the incubation conditions I used, this study is restricted to a fraction of the hetero-
trophic marine bacteria, missing many other fundamental groups (such as Cyanobacteria), and were not
the best option for the isolation of novel bacterial species or genera. Nevertheless, thanks to the great
isolation effort done, a new genus (Thalassocella blandensis (Lucena et al., 2020a)) and a new species
(Mesonia oceanica (Lucena et al., 2020b)) were described during this thesis thanks to the MARINHET col-
lection. Moreover, I believe that the culture media and incubation conditions selected were the more
suitable given our aim to compare bacteria from different oceans and depths obtained through a stan-
dard methodology. Still, some members of the heterotrophic bacterial community may not be easily
recovered by isolation and different reasons had been previously proposed (Joint et al., 2010). First,
laboratory cultures may destroy the interactions that occur between organisms in the natural environ-
ment and the fastest growing species may overwhelm those that divide very slowly, thus leading to an
imbalance cell-to-cell communication. It is also possible that some cells produce inhibitory compounds
resulting in the inactivation of other microbial cells in the immediate vicinity, or vice versa, some bac-
teria need the metabolites produced by other organisms to favour its growth (Pande and Kost, 2017).
Second, bacteria may be unable to grow on the combination of nutrients provided (Tanaka et al., 2014).
We have little knowledge about essential substrates or concentrations of specific metabolites that are
needed for the recovery of certain groups of bacteria. In addition, there could be culturable cells that
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Figure 25: Proposed workflow for integrating omics data into microbial cultivation. Arrows indicate the flow of information.
Modified from Gutleben et al. (2017).

fail to grow because they are in a dormancy state and the culture conditions supplied do not favour
them (Deming and Baross, 2000; Buerger et al., 2012). Third, the relatively high concentrations of sub-
strate provided in the agar plates may be toxic, particularly for those bacteria that have evolved under
oligotrophic conditions such as some free-living bacteria living in open ocean waters (Schut et al., 1997;
Lauro et al., 2009). Finally, the stablished incubation conditions may not favour all groups of bacteria.
For example, in the bathypelagic ocean some bacteria are adapted to live at high pressure (piezophilic)
and low temperatures (psychrophilic) (Bartlett, 1999; Fang et al., 2010) and the recovery of these bac-
teria would only be possible when the in situ pressure and temperatures are maintained in specific
incubation chambers. However, in our study we did not maintain the in situ pressure, and the incuba-
tion at their in situ temperature was only established for agar plates of those samples collected from
the bathypelagic ocean.

Future studies on this subject can be implemented by the use of other culture media (together with Ma-
rine Agar or Zobell agar) which may be, for example, more specific for microaerophilic microorganisms
inhabiting in particles, or media mimicking the low concentrations of nutrients in oligotrophic ocean
waters. In fact, during the realization of this thesis, I also used a modified Marine Agar 2216 medium,
where disodium phosphate was autoclaved apart from the rest of the medium and added as a sepa-
rate solution before solidification, since Tanaka et al. (2014) showed that toxic hydrogen peroxide could
be formed when phosphate is autoclaved together with agar, contributing to growth inhibition and de-
creasing the number of isolates obtained from environmental samples. With this medium I tried to
enhance the recovery of heterotrophic marine bacteria. Comparisons between the isolated OTUs re-
trieved with this medium and those isolated from Marine Agar and Zobell agar showed that a slightly
higher diversity was retrieved from seawater samples when phosphate was autoclaved separately. Nev-
ertheless, I also observed isolated OTUs that were retrieved only in Marine Agar or in Zobell agar and
the statistics were not powerful enough to see significative differences between them.

Additionally, stablishing alternative isolation techniques in order to recover other fractions of the cul-
turable microbial community could be also helpful. The metagenomic and metatranscriptomic data
available from the Tara Oceans and Malaspina Expedition could provide essential information to de-
sign different isolation strategies for specific groups, as predictions regarding the ecology, physiology
and genetic potential of individual community members are feasible with these data (Gutleben et al.,
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Table 7: Summary of some alternative isolation strategies for the recovery of different groups of bacteria besides the hetero-
trophic community.

Modification Alternative isolation strategy
Possibility to do it 

through high-
throughput

Reference

Culture media
Oligotrophic media Yes Jensen et al. , 1996; Connon and Giovannoni, 2002
Customized media (omics based design) Yes Tyson et al. , 2005; Wurch et al. , 2016

Incubation conditions
In situ  pressure for deep ocean bacteria Yes Eloe et al., 2011a

Isolation technique
Dilution-to-extinction Yes Connon and Giovannoni, 2002; Cho and Giovannoni, 2004; Yang et al. , 2016
Cultivation chips Yes Nichols et al. , 2010; Palma Esposito et al. , 2018
Microfluidics Yes Zengler et al. , 2002, 2005

2017) (Figure 25). Simultaneously, I consider that the traditional isolation techniques used here are
highly time consuming and requires a lot of effort, so moving forward to a more high-throughput for-
mat would be important to obtain an even higher number of isolates. Examples of these alternative
isolation methodologies, which have been proven to be successful in the isolation of marine bacteria,
could include dilution-to-extinction of seawater samples to isolate bacteria in small volumes of low-
nutrient media (Connon and Giovannoni, 2002; Cho and Giovannoni, 2004; Yang et al., 2016) or the use
of micro-droplet encapsulation in an agarose matrix, which allows the separation of single cells from
the natural sample and its further cultivation under low nutrient flux conditions (Zengler et al., 2002,
2005). In Table 7 I have summarized alternative cultivation options that would help in the isolation
process of different members of the marine bacterial community. I believe that the implementation
of these approaches will improve our knowledge of the culturable bacteria inhabiting the deep ocean,
including mesopelagic and bathypelagic waters, and may also enhance the discovery of new bacterial
taxa.

The challenge of analysing large-scale marine microbial datasets

A second constraint or challenge that I could identify in this work is the use of samples from a vari-
ety of oceanographic expeditions, mainly from the Tara Oceans and the Malaspina Expedition, where
I obtained samples not only for isolation but also for the massive sequencing of the DNA of the whole
bacterial communities. Fortunately, samples for isolation of bacteria were collected, for the most part,
using the same sampling protocol and were all equally preserved, which makes comparisons between
samples possible. Nevertheless, the sampling protocols used for the DNA collection were slightly dif-
ferent between Tara Oceans (Pesant et al., 2015) and Malaspina Expedition (Arrieta et al., 2012). For
example, the bathypelagic seawater samples from Malaspina Expedition was filtered through different
pore size filters collecting then the free-living (0.2-0.8 µm) and the particle-attached (0.8-20 µm) bacterial
communities separately. However, Malaspina samples from surface waters and from vertical profiles
with different size fractions were collected using similar protocols as in TaraOceans (0.2-3 µm and 3-20
µm). In Tara Oceans, despite at least 7 different plankton size fractions were available (Pesant et al.,
2015), I used in this thesis only the prokaryotic fraction comprised between 0.2 µm and 1.6 µM or 3
µM, which includes the free-living bacteria and small picoeukaryotes. In Figure 26 the different size
fractions used in this thesis collected in Tara Oceans and Malaspina Expedition are illustrated. Later
on, the same methodologies were followed for DNA extraction, PCR amplification with the same set of
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Figure 26: Size fractions samplings in Tara Oceans and Malaspina Expedition. Color of the rectangles indicates the circumnavi-
gation expedition dataset that covered the different size fractions. Modified from Sunagawa et al. (2020).

primers, and sequencing of the whole DNA, even though it was performed in different facilities. Hence,
our samples are for the most part comparable, but I believe that it is important to follow the exact
same sampling protocols (volume, size fractions), laboratory protocols (DNA extraction, PCR amplifica-
tion) and sequencing using the same platforms and approaches. Ideally, there should be consensus
protocols between different research groups within the scientific community so samples from different
ocean regions would be more comparable. It is true that large expeditions such as the Tara Oceans,
which is a consortium of scientists from around the world, succeeded in elaborating consensus and
standardized protocols (Pesant et al., 2015) to capture the morphological and genetic diversity of the
entire plankton community from small viruses to small zooplankton. Therefore, these standardized
protocols were taken as a reference for designing the sampling campaigns of Malaspina Expedition
and others used in this thesis (MIFASOL, BBMO) regardless they were at a local or at a global scale.
Nonetheless, future improvement and implementation would be desirable in other future expeditions.

Altogether, using samples provided from different oceanographic expeditions had also some advan-
tages because seawater was collected during different seasons and years covering then six years of
temporal range. Thus, the results obtained during this thesis, including the vertical connectivity be-
tween layers of the heterotrophic cultured bacteria, or the fact that a significant fraction of the deep
ocean microbial diversity, mainly copiotrophs associated to particles, can be easily cultured, do not
represent a snapshot event but a prevalent phenomenon in oceanic waters. Nonetheless, long term
studies in the open ocean waters are scarce and, if initiatives such as the GO-SHIP or the OceanSITES
(Boss et al., 2018) can implement standardized biology sampling protocols and can be carried out sea-
sonally, and ideally, at a global scale, it would be a main advance to further understand population
dynamics, including seasonal variations, not only in the uncultured fraction of the microbial commu-
nities (Fuhrman et al., 2015; Martin-Platero et al., 2018), but also within the culturable heterotrophic
microbial communities. This acknowledge would transform our understanding of ocean biology and its
impact on Earth systems.
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Variability ofmer genes and wide distribution of cultured marine Hg detoxifiers

The third challenge encountered in my work is the great variability found among the Hg resistance
machinery (mer operon) especially in the merA gene, where different homologs can be found within
the same genome and across bacterial lineages (Boyd and Barkay, 2012). In Chapter 3 of this thesis,
I have been able to identify 20 different bacterial taxa in the MARINHET culture collection that could
be putative candidates for Hg detoxification, since the presence of merA and/or merB genes has been
previously described in the literature for these isolates. Although designing a set of general primers
with the capacity to detect different gene homologs from different marine bacterial taxa is desirable,
it would have also implied to design highly degenerated primers with the associated risk, such as a
higher probability of false positives. Therefore, I performed this study considering: (i) the high variability
mentioned between merA homologs that led us to design merAB genes for specific gene variants and
marine taxa, and (ii) the lack ofmer sequences in databases, particularly those coming frombathypelagic
waters, where no previous studies have focused on the detection of mer genes at a global scale.

Due to these two issues I decided to focus on the detection of merA and merB genes only within Al-
teromonas and Marinobacter genera for two main reasons: (i) they are among the most common cul-
turable heterotrophic bacteria living in open marine waters all around the world, as they have been
isolated from a wide variety of marine environments (Baumann et al., 1972; Eilers et al., 2000; Floyd
et al., 2005; Gärtner et al., 2011; Handley and Lloyd, 2013; Lekunberri et al., 2014; Kai et al., 2017), and
(ii) it has been already described that species of those genera harbour in their genomes themer operon
(Ivars-Martinez et al., 2008; Singer et al., 2011; López-Pérez et al., 2012; Handley and Lloyd, 2013). Ac-
cordingly, in Chapter 3 I designed specific primers for those two genera and I was able to detect that
25 % of the Alteromonas and Marinobacter strains harbourmerA and/ormerB genes. These results con-
firmed that bacteria with Hg resistance genes are present in different oceans regions and depths, since
positive strains were detected from the Southern and Atlantic oceans and from the NWMediterranean
Sea, as well as from surface and bathypelagic waters. The results of this distribution across oceans was
later confirmed thanks to the fragment recruitment analyses (FRA) of the genome of the most tolerant
Alteromonas strain (ISS312) and reconstructed metagenome-assembled genomes (MAGs) affiliating to
Alteromonas and Marinobacter against the Malaspina bathypelagic metagenomes. Nevertheless, other
taxa that codify former genesmay display a different distribution that the ones observed for Alteromonas
and Marinobacter. As a consequence, future studies would require the design of a more general set of
primers. These primers should allow the amplification of diverse sequence variants ofmerA, which is the
one that showsmore variability, but also we would need primers for othermer genes including themerB
gene, responsible for the demethylation of methylmercury. To do that, it would be necessary to have
a more accurate database of the different gene homologs codified in the diversemer operons present
in the environment. Currently, a study nourished with the Malaspina bathypelagic metagenomes has
developed new Hidden Markov Models (HMM) (Rabiner and Juang, 1986) in order to detect merA and
merB sequence variants and aims to study the distribution of both genes across the global bathypelagic
ocean (Bravo et al. In preparation). Luckily, the data derived from this study would help to have a more
accurate database for mer genes and favour the design of different sets of primers to cover the wide
diversity of marine Hg detoxifiers.

Furthermore, I believe that the study carried out in Chapter 3 has set the basis for the design of future
experiments in the Hg bioremediation field. First, I have detected a promising candidate, Alteromonas
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mediterranea ISS312, for future bioremediation studies. Those would include the removal of Hg from
contaminated marine sites or residues, using for example silica beads encapsulating the detoxifying
bacteria as a biological-based filtration material (Kane et al., 2016). This type of study would previously
need a further characterization of the strain in order to know its growing ability in different media,
substrates, salinities or temperatures. On the other hand, the experience acquired could be of interest
in other polluted environments besides the ocean waters. Marine sediments would be one of the most
relevant targets for decontamination as they are typically the ultimate repository for pollutants such
as Hg (Covelli et al., 2001; Orani et al., 2020) and a recent EU project, MERCLUB13 has been funded
for this purpose. The culture dependent techniques applied in this thesis could be combined with
different omics approaches (metagenomics, metatranscriptomics), as well as Hg stable isotope tracer
technologies (Rodríguez Martín-Doimeadios et al., 2003; Bridou et al., 2011), in order to perform a
comprehensive screening of marine microorganisms with potential for Hg detoxification and establish
the basis for developing a clean-up system transferable for the decontamination of impacted marine
sediments.

To summarize, despite some technical andmethodological challenges have been identified, the descrip-
tive work based on culture-dependent and culture-independent methodologies applied to the study of
marine samples in this thesis provides a significant advance in the knowledge of the diversity of cul-
turable heterotrophic bacteria from less explored areas, which includes mesopelagic and bathypelagic
waters, while describing some general ecology patterns. I have been able to confirm the vertical connec-
tivity between photic and aphotic layers among the heterotrophic culturable community, or to revise
long-standing observations in microbial ecology like “the great plate count anomaly” in the bathypelagic
ocean. I also succeeded in reporting the functional capabilities of specific groups of bacteria focusing
in the mercury detoxification processes. At the same time, some of the results obtained serve as a
starting point in the design of future experimental procedures that can use marine bacteria for the
decontamination of Hg impacted ecosystems.

13https://mer-club.eu/

https://mer-club.eu/
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CONCLUSIONS
1. TheMARINHET bacterial culture collection allowed the description of the taxonomic, phylogenetic

diversity and biogeographic distribution of the culturable heterotrophic marine bacteria from di-
verse oceanographic regions and depths.

2. The culturable marine heterotrophic bacteria isolated presented a general pattern of few abun-
dant taxa and a tail of rare and low abundant isolated OTUs similarly to those HTS studies of
ribosomal genes targeting whole marine microbial communities.

3. Almost 40 % of the isolates recovered were identical in their partial 16S rRNA sequences between
photic, mesopelagic and bathypelagic layers, reinforcing the view of vertical connectivity between
the photic and aphotic ocean through sinking particles.

4. Alteromonas and Erythrobacter genera were detected as the most abundant and commonly iso-
lated heterotrophic bacteria using standardmarine agarmedia and incubation conditions, as they
were isolated from more than 80 % of the studied samples and from all depths studied.

5. The comparisons between plate and flow cytometry counts showed a great variability between
and within ocean layers. Higher recovery rates were detected for the deeper waters (up to 3.5 %),
suggesting that the repeated axiom that “less than 1 % of bacteria can be cultured” should be not
taken literally, at least, in the deep ocean.

6. The combination of results from culture-dependent and -independent studies highlighted that
high proportions of the bacterial community found in the deeper layers can be retrieved by isola-
tion. Different proportions arose when the comparisons were done against 16S rRNA amplicon
TAGs, were 27.7 % of the reads were 100% identical to isolates, or to metagenomic 16S iTAGs,
where 0.74 % or 6.1 % of the reads were identical to isolates at 100 % or at 97 % sequence sim-
ilarity, respectively. Still, most members of the bacterial communities studied, especially for the
free-living bacteria, did not match with any of our isolates regardless of the depth, thus remaining
part of the uncultured diversity.

7. The zOTUs and mOTUs that matched with our isolates belonged mainly to the rare biosphere in
the photic layers, but to some abundant and mid-abundant heterotrophic bacteria in the deep
ocean, including members of the Sulfitobacter genus. These results contrast with the common
knowledge that abundant bacteria in natural environments are not usually isolated.

8. Isolates retrieved in this study seem to prefer a particle-attached lifestyle, which would suggest a
predominant copiotrophic behavior favoring their isolation under laboratory conditions.

9. Mercury resistant Alteromonas and Marinobacter strains, harboring merA and merB genes, were
detected in samples from surface and bathypelagic waters including the NW Mediterranean Sea,
the North and South Atlantic, the Southern and the Indian oceans. Among those strains, variability
in the tolerances to inorganic and organic mercury compounds was found even within organisms
with 99 % similarity in their 16S rRNA gene.

10. The highest tolerance to mercury compounds was detected in Alteromonas mediterranea strain
ISS312, isolated from bathypelagic waters of the South Atlantic Ocean. This strain is a broad-
spectrum resistant bacterium, not only able to degrade inorganic mercury (Hg2+), but also organic
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forms of this compound (MeHg), due to the presence in their genome of both, themercuric reduc-
tase (merA) and the organomercurial lyase (merB), needed for the complete removal of mercury
species from the environment.

11. Alteromonas mediterranea ISS312 genome is widely distributed in the global bathypelagic ocean
both in the free-living and particle-attached bacterial community together with metagenomes-
assembled genomes (MAGs) affiliating to Alteromonas and Marinobacter genera reconstructed
from Malaspina bathypelagic metagenomic data.

12. ISS312 could be a promising candidate for future bioremediation studies given the high tolerance,
the growth rates observed, its efficiency in the removal of MeHg (98.2 % of 5 µm in 24h), and its
global oceanic distribution, which may favor its metabolic adaptation to different environmental
conditions.
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Chapter 1: Supplementary Methods

PCR conditions

Each PCR reaction with a final volume of 25 µl contained: 2 µl of template DNA, 0.5 µl of each de-
oxynucleotide triphosphate at a concentration of 10 µM, 0.75 µl of MgCl2 (1.5 mM final concentration),
0.5 µl of each primer reaching a final concentration of 0.5 µM, 0.125 µl (0.025 u/µl) of Taq DNA
polymerase (Invitrogen), 2.5 µl of PCR buffer supplied by the manufacturer (Invitrogen, Paisley, UK)
and Milli-Q water up to the final volume. Reactions were carried out in a Biorad thermocycler using
the following program: initial denaturation at 94ºC for 5 min, followed by 30 cycles of 1 min at 94ºC, 1
min at 55ºC and 2 min at 72ºC, and a final extension step of 10 min at 72ºC. The PCR products were
verified and quantified by agarose gel electrophoresis with a standard lowDNAmass ladder (Invitrogen).

Phylogenetic trees

Different phylogenetic trees were included in these study: (i) phylogenetic trees with all non-redundant
sequences for Alphaproteobacteria, Gammaproteobacteria, Bacteroidetes, and Gram-positive bacteria;
(ii) phylogenetic trees to support novelty of putative novel isolates (Figure 5b in Chapter 1); and (iii)
one phylogenetic tree including all isolates for alpha-diversity metrics analyses (explained in Chapter 1
Methods). The total pool of sequences to be included in the first two types of phylogenies were first
aligned with the SINA web alignment tool (http://www.arb-silva.de/aligner/) (Pruesse et al., 2012) and
imported into the phylogenetic software MEGA 5.2.2 (Tamura et al., 2011). The phylogenetic trees
were constructed with the Neighbour Joining (NJ) algorithm using the Jukes-Cantor distance and 1000
bootstrap replicates.

In order to see phylogenetic relationships and explore the connectivity between photic-layer,
mesopelagic and bathypelagic isolates, as well as to detect possible novel strains, phylogenetic trees
for Alphaproteobacteria, Gammaproteobacteria, Bacteroidetes and Gram positive bacteria (Figures S4-7)
were built. They included the non-redundant sequences dataset of each station and the taxonomic
affiliation of their Closest Cultured Match (CCM) and Closest Environmental Match (CEM) obtained after
BLASTn search against the RDP databases (Supplementary Tables S3 and S4).

Samples used for Illumina 16S rRNA sequencing

a) Datasets
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Different datasets comprising Illumina 16S rRNA gene sequences were analyzed in order to compare
them with 16S rRNA sequences from isolates obtained by traditional culture techniques. The first
dataset comprised a total of 124 surface samples and 41 bathypelagic samples collected during the
Malaspina 2010 Expedition and distributed across the world’s oceans. Surface seawater (3m) samples
were collected and filtered as described previously in Ruiz González et al. (2019). For these surface
samples we focused on the 0.2–3 μm fraction, which represents mostly free�living bacteria. On the
other hand, bathypelagic samples ( 4000 m depth) were collected and filtered as described in Salazar
et al. (2016). In these case two different size fractions were analyzed representing the free-living
(0.2-0.8 μm) and the particle-attached (0.8-20 μm) bacterial communities. The second dataset was
formed by 80 surface samples and 39 mesopelagic samples collected during the Tara Oceans 2009
and Tara Oceans Polar Circle 2013 expeditions which covered the major oceanic provinces including
the polar circles. Sampling strategy and methodology are described in Pesant et al. (2015). In this
dataset we only focused in the free-living bacterial communities compressed within the 0.2 and 1.6 or
3 μm. In all three datasets, once seawater was processed, filters were flash-frozen in liquid nitrogen
and stored at -80 ºC until DNA extraction.

b) DNA extraction, amplification and sequencing

The DNA from the samples of the different datasets described was extracted with a phenol-chloroform
protocol, as described elsewhere (Alberti et al., 2017; Massana et al., 1997; Salazar et al., 2016).
Prokaryotic barcodes for each of the datasets was generated by amplifying the V4 and V5 hyper-
variable regions of the 16S rRNA gene using primers 515F-Y (5’-GTG YCA GCM GCC GCG GTA A-3’)
and 926R (5′-CCG YCA ATT YMT TTR AGT TT-3′) described in Parada et al. (2016). Sequencing was
performed in an Illumina MiSeq platform (iTAGs) using 2x250 bp paired-end approach at the Research
and Testing Laboratory facility (Lubbock, TX, USA) for the Malaspina datasets and at Genoscope (Evry
Cedex, France) for the Tara Oceans and Tara Polar Oceans dataset.

c) 16S rRNA Illumina sequences processing

Computing analyses were run at the MARBITS bioinformatics platform at the Institute of Marine
Sciences (ICM) and at the Euler scientific compute cluster of the ETH Zürich University. The obtained
amplicons were processed through the bioinformatic pipeline described in the github repository
https://github.com/SushiLab/Amplicon_Recipes. Briefly, pair-end reads were merged at a minimum
90% of identity alignment, and those with ≤ 1 expected errors were selected (quality filtering). Primer
matching was performed with CUTADAPT v.1.9.1. Dereplication and zOTU (zero-radius OTUs) denois-
ing at 100% similarity (UNOISE algorithm) were performed with USEARCH v.10.0.240 (Edgar, 2010).
zOTUs were taxonomically annotated against the SILVA database v132 (2017) with the LCA (lowest
common ancestor) approach. Finally, zOTUs were quantified to obtain zOTU-abundance tables.
Non-prokaryotic zOTUs (eukaryotes, chloroplast and mitochondria) were removed, whereas singletons
(zOTUs appearing only once) were maintained.
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This procedure was applied individually for the: (i) 41Malaspina bathypelagic samples, (ii) 124Malaspina
surface samples, (iii) 119 TaraOceans and Tara Polar Oceans surface andmesopelagic samples. Hence,
3 different zOTU abundance tables were obtained after applying the pipeline. To allow comparisons
between samples, each zOTU table was randomly sampled down to lowest sampling effort using the
function rrarefy.perm with 1000 permutations from the R package EcolUtils (Salazar, 2018a).

Phenotypic characterization of ISS653 and ISS1889

Detailed phenotypic characterization is described in Lucena et al. (2020b) and here we focused on the
description of those test were differences were found between strains. Briefly, it included morpho-
logical, cultural, biochemical, physiological and nutritional screening and was performed by already
described methods (Pujalte et al., 2018). Mesonia algae CECT 9441T, Salegentibacter salegens CECT
9443T, Gramella echinicola CECT 9439T and Zunongwangia profunda CECT 9445T were characterized in
parallel for comparative purposes.

Flexirubin type pigmentation was tested according to (Bernardet et al., 2002). In addition, cellulose
degradation, nitrate reduction acid production from carbohydrates in API 50CH/E, APIZYMandAPI 20NE
profile were performed as described in (Lucena et al., 2020b). Fatty acid methyl esters were extracted
from strains ISS653 and ISS1889 biomass grown in Marine Agar at 26 ºC after 72 h incubation. Extracts
were prepared according to standard protocols as described for the MIDI Microbial Identification Sys-
tem (Sasser, 1990) at the CECT. Cellular fatty acid content was analyzed by gas chromatography with
an Agilent 6850 chromatographic unit, with the MIDI Microbial Identification System using the TSBA6
method and identified using the Microbial Identification Sherlock software package (MIDI, 2008).
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Supplementary Figures

Figure S1: Rarefaction and rank abundance curves for each of the depths included in the study. (A) Rarefaction curves for photic,
mesopelagic, and bathypelagic samples extracted from the rarefied iOTU table down to the lowest isolated layer (mesopelagic
with 362 isolates). (B) Rank abundance plots showing the number of isolates per OTU (at 99% clustering) obtained in the three
layers studied also for the rarefied iOTU table down to the lowest isolated layer. Y axis are in log10 scale.
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Figure S2: Worldmap showing the read recruitment of ISS653 and ISS1889 in five TaraOceans stations. They include the stations
where the isolates were retrieved (ST151 and ST102) and some distant stations for the sake of comparison (ST39, ST38, ST76).
ST38 is located near ST39 (Latitude 19º 2.24’ N, Longitude 64º 29.24’ E), but its location in the plot was slightly modified for its
correct visualization. Size of the circles are the abundances of reads of each genome recruited in each station and layer (x10k).
DCM, deep chlorophyll maximum; Meso, mesopelagic isolates.
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Figure S3: Read recruitment of ISS653 and ISS1889 in five Tara Oceans stations. The read counts recruited in each station and
layer is indicated per each genome. They include the stations where the isolates were retrieved (ST151 and ST102) and some
distant stations for the sake of comparison (ST39, ST38, ST76). SUR, surface isolates; DCM, deep chlorophyll maximum; Meso,
mesopelagic isolates.
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Figure S4: Phylogenetic relationships between photic-layer, mesopelagic, and bathypelagic Alphaproteobacteria isolates. Neigh-
bour Joining trees of the 16S rRNA gene sequences of the reduced pool of sequences, including the non-redundant 516 isolates
plus their closest culturedmatch (CCM) and closest uncultured or environmental match (CEM). The numbers in nodes represents
bootstrap percentages > 75, calculated from 1000 replicates. The number of isolates from each specific cluster is indicated in
brackets. Blue rectangles indicate group of isolates retrieved from all depths; in red; a mix between photic-layer andmesopelagic
(indicated as OMZ); in green, a mix from photic-layer and bathypelagic isolates; and in yellow, a mix of mesopelagic (indicated as
OMZ) and bathypelagic. DE, bathypelagic isolates; SRF, photic-layer isolates; OMZ, oxygen minimum zone isolates, which refer to
the mesopelagic isolates retrieved from samples collected in areas with OMZ. The vertical lines indicate the family name or order
of some groups of isolates in each tree.
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b

Figure S5: Phylogenetic relationships between photic-layer, mesopelagic, and bathypelagicGammaproteobacteria isolates. Neigh-
bour Joining trees of the 16S rRNA gene sequences of the reduced pool of sequences, including the non-redundant 516 isolates
plus their closest culturedmatch (CCM) and closest uncultured or environmental match (CEM). The numbers in nodes represents
bootstrap percentages > 75, calculated from 1000 replicates. The number of isolates from each specific cluster is indicated in
brackets. Blue rectangles indicate group of isolates retrieved from all depths; in red; a mix between photic-layer andmesopelagic
(indicated as OMZ); in green, a mix from photic-layer and bathypelagic isolates; and in yellow, a mix of mesopelagic (indicated as
OMZ) and bathypelagic. DE, bathypelagic isolates; SRF, photic-layer isolates; OMZ, oxygen minimum zone isolates, which refer to
the mesopelagic isolates retrieved from samples collected in areas with OMZ. The vertical lines indicate the family name or order
of some groups of isolates in each tree.
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c

Figure S6: Phylogenetic relationships between photic-layer, mesopelagic, and bathypelagic Bacteroidetes isolates. Neighbour
Joining trees of the 16S rRNA gene sequences of the reduced pool of sequences, including the non-redundant 516 isolates plus
their closest cultured match (CCM) and closest uncultured or environmental match (CEM). The numbers in nodes represents
bootstrap percentages > 75, calculated from 1000 replicates. The number of isolates from each specific cluster is indicated
in brackets. Isolates in bold show the putative novel genera isolated in this study. Blue rectangles indicate group of isolates
retrieved from all depths; in red; a mix between photic-layer and mesopelagic (indicated as OMZ); in green, a mix from photic-
layer and bathypelagic isolates; and in yellow, amix ofmesopelagic (indicated asOMZ) and bathypelagic. DE, bathypelagic isolates;
SRF, photic-layer isolates; OMZ, oxygen minimum zone isolates, which refer to the mesopelagic isolates retrieved from samples
collected in areas with OMZ. The vertical lines indicate the family name or order of some groups of isolates in each tree.
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Figure S7: Phylogenetic relationships between photic-layer, mesopelagic, and bathypelagic Gram positive bacteria isolates. Neigh-
bour Joining trees of the 16S rRNA gene sequences of the reduced pool of sequences, including the non-redundant 516 isolates
plus their closest culturedmatch (CCM) and closest uncultured or environmental match (CEM). The numbers in nodes represents
bootstrap percentages > 75, calculated from 1000 replicates. The number of isolates from each specific cluster is indicated in
brackets. Blue rectangles indicate group of isolates retrieved from all depths; in red; a mix between photic-layer andmesopelagic
(indicated as OMZ); in green, a mix from photic-layer and bathypelagic isolates; and in yellow, a mix of mesopelagic (indicated as
OMZ) and bathypelagic. DE, bathypelagic isolates; SRF, photic-layer isolates; OMZ, oxygen minimum zone isolates, which refer to
the mesopelagic isolates retrieved from samples collected in areas with OMZ. The vertical lines indicate the family name or order
of some groups of isolates in each tree.

Figure S8: Graphic representation of the 16S rRNA gene and the regions covered by isolates (orange), amplicon iTAGs (yellow)
and mOTUs extracted from the SILVA database v.132 (dark-blue). Forward and reverse primers used for 16S rRNA amplifications
in isolates and amplicon TAGs are indicated at the left and right sides of the lines.
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Figure S9: Number of isolates hits possible to (A) zOTUs and to (B) mOTUs at 100% sequence similarity using usearch_global.
Percentages from total isolates in each category are indicated above each bar.

Figure S10: Differences between datasets when comparing photic and aphotic isolates separately. (A) Proportion of isolated
zOTUs. (B) Proportion of reads (16S iTAGs) recruited by isolates. Comparisons done at 100% sequence similarity. Significative
differences between datasets (P-value < 0.01) are indicated by an italic a in the top left corner, while significative differences
(P-value < 0.01) within a dataset between photic and aphotic samples are indicated by asterisks.
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Figure S11: Taxonomic differences at the family level between those isolates that were 100% identical to zOTUs in Malaspina
Surface, Malaspina Bathypelagic, Tara Surface and Tara Mesopelagic datasets. The first four columns of points represent those
isolates 100% identical to zOTUs, and the last four columns of points represent those isolates that did not match with any zOTU.
Size of the dots indicates the percentage of isolates in each family from the total isolates of the MARINHET_v2 collection.
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Figure S12: Rank plots showing the identified zOTUs from amplicon 16S iTAGs recruited by photic and aphotic isolates separately
in the different datasets. (A) Tara Surface. (B) Malaspina Surface. (C) Tara Mesopelagic. (D) Malaspina Bathypelagic. Colour of
the dots indicates which zOTUs are 100% identical to at least one isolate in the comparisons made with all photic and aphotic
isolates (global), and separately with the photic and aphotic datasets: grey, non-isolated zOTUs; orange, blue or purple, isolated
zOTUs. Taxonomic affiliation is indicated for the abundant isolated zOTUs (>1% abundance) in the global rank plot.
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Figure S13: Boxplots fromMalaspina profiles with different size fraction showing: (A) the percentages of isolated zOTUs that were
100% identical to at least one isolate per size fractions and depth, and (B) the percentages of reads that were 100% identical to
at least one isolate per size fractions and depth. SFC: surface, DCM: deep chlorophyll maximum, MESO: mesopelagic, and BATHY:
bathypelagic. 0.2: free-living bacteria, 0.8: bacteria attached to small particles, and 3-20: bacteria attached to big particles. Sizes
of the fractions are in �m. Significative differences between layers (Kruskal-Wallis, P.value from1.1x10-8 to 4.7x10-12) are indicated
by red asterisks.
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Figure S14: Boxplots from Malaspina profiles with different size fractions showing: (A,B) the percentages of isolated zOTUs
and reads, respectively, that were 100% identical to at least one isolate per depth, and (C,D) the percentages of isolated zOTUs
and reads, respectively, that were 100% identical to at least one isolate per size fraction. SFC: surface, DCM: deep chlorophyll
maximum, MESO: mesopelagic, and BATHY: bathypelagic. 0.2: free-living bacteria, 0.8: bacteria attached to small particles, and
3-20: bacteria attached to big particles. Sizes of the fractions are in μm. Significative differences between layers or size fractions
(Kruskal-Wallis, P.value <0.05) are indicated by red asterisks.
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Figure S15: Rank plots showing the identified mOTUs to zOTUS in surface and bathypelagic Malaspina Expedition datasets. The
identified mOTUs in Malaspina Surface and Bathypelagic samples had been ranked based on their medium abundances across
samples. Color of the dots indicate if the mOTUs matched at 99% (A,B) or 100% similarity (C,D) with at least one zOTU: grey,
mOTUs non identified in the zOTUs, and purple, mOTUs identified between the zOTUs. Taxonomy has been written for the top
8 most abundant mOTUs based on the mean relative abundances. Percentage of shared mOTUs identical to zOTUs and their
corresponding number of reads is included in the plots per each dataset and comparison.
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Figure S16: Correlation between Chao-1 diversity indexes calculated from the rarefied OTU-abundances tables of the mOTUs
and the zOTUs from Malaspina Surface datasets. Correlation value (r) and P-value are indicated in the graph.

Figure S17: (A) Proportion of isolated mOTUs. (B) Proportion of isolated reads (miTAGs). Values are extracted from rarefied
mOTUs-abundance tables. Outliers are indicated with grey circles. Significant differences between surface and bathypelagic
Malaspina metagenomic datasets are indicated inside boxplots with red asterisks (Wilcoxon , P-value < 0.01). Notice that the
scale between isolated mOTUs and the proportion of isolated reads is different.
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Figure S18: Distribution of bathypelagic abundant zOTUs (>1% of the reads) in all layers and size fractions. Values indicated
represent the mean abundance of reads across layers and fractions. SFC: surface, DCM: deep chlorophyll maximum, MESO:
mesopelagic, and BATHY: bathypelagic. 0.2: free-living bacteria, 0.8: bacteria attached to small particles, and 3-20: bacteria
attached to big particles.

Figure S19: Co-localization ofmerA andmerB genes in Alteromonas mediterraneaDE andMarinobacter aquaeolei VT8. Coordinates
extracted from the JGI/IMG database. Accession number in the IMG/JGI database indicated with the species name. Genes: merA,
mercuric reductase; merB, organomercurial lyase; merR, mer operon regulator; merT, merP and trans. prot.: mercury transport
proteins; hypho. prot: hypothetical protein.
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Figure S20: FastANI alignment between Alteromonas mediterranea genomes of the reconstructed MAG-0289 and the strain
ISS312.
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Supplementary Tables

Due to their size, the following tables cannot be displayed here. You can download them clicking here14.

Table S1: Culture media and incubation conditions used for each seawater sample. Positive signs indicate which media were
used. RT: room temperature.

Table S2: Non-subsampled iOTU-abundance table per depth defined at 99% sequence similarity. SRF: photic-layer; DE: bathy-
pelagic; MES: mesopelagic.

Table S3: Metadata information of the Closest Cultured Match (CCM) obtained after BLASTn analysis of the isolates against a
subset of the RDP database including only sequences from previously published cultured bacteria. SRF: photic-layer; DE: bathy-
pelagic; MES: mesopelagic.

Table S4: Metadata information of the Closest Environmental Match (CEM) obtained after BLASTn analysis of the isolates against
a subset of the RDP database including only sequences from previously published uncultured bacteria. SRF: photic-layer; DE:
bathypelagic; MES: mesopelagic.

Table S5: Comparisons between the number of iOTUs (isolated OTUs) and the percentage of shared sequences between photic-
layer, mesopelagic, and bathypelagic samples in non-subsampled and subsampled OTU tables.

Table S6: Comparisons of the richness and diversity indexes estimated using the isolates OTU (iOTU) tables per layer defined at
100% and 99% sequence similarity rarefied and non-rarefied to the layer with the lower number of isolates (Mesopelagic, 362
isolates). No R., stands for non-rarefied or non-subsampled OTU table, and R., stands for rarefied or subsampled OTU table.

Table S7: Subsampled iOTU-abundance table including all isolates from the photic, the mesopelagic and the bathypelagic. iOTUs
obtained with clustering at 99% sequence similarity. SRF: photic-layer; DE: bathypelagic; MES: mesopelagic.

Table S8: Table indicating the number of total isolates affiliating to each genus found in the photic, mesopelagic, and bathypelagic
samples. Results obtained after grouping all the iOTUs from the subsampled iOTU-abundance table (99% clustering) affiliating
with the same genus. SRF: photic-layer isolates; MES: mesopelagic; DE: bathypelagic isolates.

Table S9: Table indicating the number of total isolates affiliating to each genus found in the photic, mesopelagic, and bathypelagic
samples per stations. Results obtained after grouping all the isolated OTUs (iOTUs) from the non-subsampled iOTU-abundance
table (99% clustering) affiliating with the same genus. SRF: photic-layer isolates; MES: mesopelagic; DE: bathypelagic isolates.

Table S10: Correspondence at 100% sequence similarity between zOTUs (zero-radious OTUs) and the top 12 iOTUs (99% clus-
tering) including other iOTUs less abundant/rare matching with the same zOTU.

Table S11: New potential isolates best hits. Closest CulturedMatch (CCM) and Closest Environmental/UnculturedMatch (CEM) of
the ISS653, ISS1889 and ISS2026 isolates BLASTn results against the NCBI, RDP 11 and SILVA LTP databases. Accession number
and percentage of similarity are indicated together with the best hit.

14http://tarod.cmima.csic.es/tmp/data/marbits/acinasLab/thesis-sanz-saez/

http://tarod.cmima.csic.es/tmp/data/marbits/acinasLab/thesis-sanz-saez/
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Table S12: Annotated proteins detected in only one of the genomes of the new Mesonia strains. 33 proteins are codified only in
ISS653, whereas 6 are unique in ISS1889.

Table S13: Characteristics of the different samples used for isolation of marine heterotrophic bacteria. Non-redundant isolates
stand for the number of different isolates remaining after removing those that were 100% identical in their partial 16S rRNA gene.

Table S14: Culture media and incubation conditions used for each seawater sample. Positive signs indicate which media were
used. RT: room temperature.

Table S15: Summary of the total reads, total OTUs and zOTUs, lowest number of reads and reads after rarification for each
photic and aphotic Tara Oceans and Malaspina Expedition amplicon 16S iTAGs datasets.

Table S16: Summary of the total number of reads, lowest number of reads and number of mOTUs for Malaspina Surface and
Bathypelagic metagenomic datasets.

Table S17: Summary of the proportions of isolated zOTUs (100% similarity) and OTUs (97% similarity) identical to isolates for the
three levels of comparisons: global, photic and aphotic, and per stations used for isolation.

Table S18: Proportions of isolates 100% identical to zOTUs or mOTUs per dataset, and proportions of those that did not match
with any zOTU or mOTU.

Table S19: Taxonomic classification of the different isolated zOTUs found in Tara Oceans and Malaspina Expedition amplicon
16S iTAGs datasets.

Table S20: Proportion of isolated reads at 100% similarity in the Malaspina size fraction dataset per layer and size fraction. SFC:
surface, DCM: deep chlorophyll maximum, MESO: mesopelagic; BATHY: bathypelagic; sd, standard deviation; IQR, interquartile
range.

Table S21: Proportion of isolated zOTUs at 100% similarity in the Malaspina size fraction dataset per layer and size fraction. SFC:
surface, DCM: deep chlorophyll maximum, MESO: mesopelagic; BATHY: bathypelagic; sd, standard deviation; IQR, interquartile
range.

Table S22: Similarity between metagenomic datasets (mOTUs) and amplicon 16S iTAGs datasets (zOTUs) after comparisons of
mOTUs vs zOTUs at 100% and 99% sequence similarity.

Table S23: Relative mean abundances of the isolated mOTUs identified in Malaspina Expedition datasets and their classification
as members of the abundant, mid-abundant or rare biosphere.

Table S24: Summary of the proportions of isolated zOTUs (100% similarity) identical to isolates removing Cyanobacteria from the
zOTUs abundance tables in photic and aphotic Tara Oceans and Malaspina Expedition datasets.

Table S25: Mean abundance of the abundant isolated zOTUs (>1% reads) from the bathypelagic (BATHY) samples extracted from
theMalaspina size fraction dataset and their respective mean abundances in the surface (SFC), deep chlorophyll maximum (DCM)
and mesopelagic (MESO) samples per size fraction.

Table S26: Downloaded merA and merB sequences from the JGI/IMG database (2016) to design the PCR primers. In green are
selected those merA copies that should be recognized by the primers designed.

Table S27: Candidate genera for mercury bioremediation obtained from the search of merA and merB genes in the KEGG
database and from the IMG/JGI database.

Table S28: Summary of the putative isolates within the MARINHET culture collection that could harbor merA and merB genes
based on the BLASTn search between the partial 16S rRNA genes sequences of the isolates and the 16S rRNA gene sequences
of the candidate genera extracted from the JGI/IMG database.
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Table S29: Information of the Alteromonas sp. and Marinobacter sp. strains used for PCR screening of themerA andmerB genes.

Table S30: OTUs defined at 99% clustering with the Alteromonas and Marinobacter positive strains in order to select candidates
for MIC analyses.

Table S31: Summary of the results for the MIC determination assays to HgCl2.

Table S32: Concentrations of MeHg and inorganic mercury at different time points during the growth curves at 1 µM and 5 µM.
SD: standard deviation; LOD: level of detail.

Table S33: Biotic (culture) and abiotic controls (killed and medium alone) of the MeHg degradation performed by the ISS312
Alteromonas strain.

Table S34: Summary of the number of positive strains per oceanographic region.

Table S35: Size of the Alteromonas and Marinobacter genomes (ISS312 and MAGs) used for biogeography analysis. Number of
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