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Summary

Mercury (Hg) is a toxic and widespread metal. Monomethylmercury (MMHQ) is a potent
neurotoxic and especially worrisome due to its bioaccumulation and biomagnification
through the aquatic food webs. In aquatic systems, MMHg is form mainly in sediments by
prokaryotes carrying the AgcAB genes. MMHg demethylation and Hg" reduction can also
take place in sediments, performed by prokaryotes containing the mer genes. Operon mer
has two enzymes, merA (mercuric reductase) which converts Hg" to Hg®, and merB
(organomercurial lyase) which is responsible for the degradation of MMHg to Hg'".
Methylation has been extensively studied since the discovery of the AgcAB gene cluster in
2013. However, studying MMHg demethylation in the environment has been very difficult,
thus the main players involved in this process and the main factors controlling their activity
remain largely unknown.

In the first chapter, | incubated sediments from the Venice Lagoon to simulate a MOSE
(barrier system) closing event in two seasons, summer and autumn, and to determine the
impact of tide-regulating barriers in the formation of MMHg. In summer, | found an increase
in the concentration of DOC and an enrichment of proteinaceous substances and reactive
humic acids, a higher MMHg concentration in the water column and higher methylation rates
in incubated sediment cores after 48h. Both higher methylation rates and increased MMHg
concentrations could potentially enhance bioaccumulation in the lagoon’s biota. These
results are especially worrisome in the context of global change in which the lagoon will
closed more frequently for longer times due to the increasing number of flooding events.
Moreover, the expected raise in temperature might increase MMHg formation rates and/or
prolong the warmer season during which MMHg is formed in sediments.

In Chapter 2, by combining metagenomic and metatranscriptomic data from sediments, my
results shed light on the ecology and functional traits of the merA and/or merB containing
prokaryotes. The MERCLUB-MAG Collection was reconstructed (with 803 MAGs) and the
merAB containing MAGs were extracted (45 MAGSs) to study their abundance, activity and
metabolic capacities. The main findings are i) rmerB was more frequent and active than merA,
ii) merAB containing MAGs had a high level of taxonomic novelty, although
Gammaproteobacteria was the most predominant taxa and iii) the merAB containing MAGs
had very diverse metabolisms.

Parallelly, the MERCLUB Culture Collection was obtained with the intention of finding the best
candidate to be used in bioremediation strategies. Initially, 46 isolates were chosen for
general physiological assessment, and after a selection process, the growth rates and the
Hg removal capacities of three final candidates — Aeromonas sp. MERCC_1069,
Pseudomonas putfida MERCC_1942 and Bacillus sp. MERCC_2852 were determined.
Aeromonas sp. was highly efficient in batch cultures, although Pseudomonas putida
MERCC_1942 was finally selected to be optimized using the continuous culture technique to
achieve maximum Hg removal in the bioremediation process. Strain MERCC_1942 grown at



high growth rates presented the highest removal efficiency and thus was the proposed
candidate for bioremediation.

Lastly, | used Alterormonas mediterranea 1SS312, which is globally and vertically distributed
throughout oceans, to study the effects of MMHg in its growth and in its gene’s expression. |
sequence the genome and characterized the mer genes, showing that it has 4 different
operons. Secondly, | performed a transcriptomic experiment in which | compared control (not

amended) and samples amended with 5 uM of MMHg. In the amended cultures, | observed
a longer lag phase in the growth curve, and differential expression of some but not all of the
mer genes. Additionally, the mer genes presented very diverse co-expression patterns
among them. These results indicate that this bacterial strain can be used as a model
microorganism for MMHg demethylation and Hg" reduction.



Resumen

El' mercurio (Hg) es un metal toxico y extendido. El monometilmercurio (MMHQ) es un potente
neurotoxico especialmente preocupante debido a su bioacumulacion a través de las redes
alimentarias acuaticas. En los sistemas acuaticos, el MMHg se forma principalmente en los
sedimentos por procariotas que portan los genes hgcAB. La desmetilacion de MMHg vy la
reduccion de Hg' también ocurren en sedimentos, realizadas por procariotas con los genes
mer. El operén mer tiene dos enzimas, merA (Hg" reductasa), que convierte Hg" en Hg®, y
merB (alquilmercurio liasa), que es responsable de la degradacion de MMHg a Hg". La
metilacion se ha estudiado ampliamente desde el descubrimiento de los genes AgcAB en
2013. Sin embargo, estudiar la desmetilacion ambiental del MMHg ha sido muy dificil, y los
principales actores involucrados y los principales factores que controlan su actividad siguen
siendo en gran medida desconocidos.

En el primer capitulo, incubé sedimentos de la laguna de Venecia para simular un evento de
cierre de MOSE (sistema de barreras) en verano y otofio, y asi determinar el impacto de las
barreras en la formacion de MMHg. En verano, encontré un aumento en la concentracion de
DOC y un enriguecimiento de sustancias proteicas y acidos humicos reactivos, una mayor
concentracion de MMHg en el agua y mayores tasas de metilacion en los sedimentos
incubados después de 48 h. Tanto las altas tasas de metilacion como el aumento de las
concentraciones de MMHg podrian incrementar la bioacumulacion en la laguna. Estos
resultados son particularmente preocupantes en el contexto de cambio global en el que la
laguna se cerrara con mayor frecuencia durante periodos mas prolongados debido al
creciente numero de inundaciones. Ademas, el aumento esperado de la temperatura podria
aumentar las tasas de formacion de MMHg y/o prolongar la estacion calida durante la cual
se forma MMHg.

En el capitulo 2, combinando datos metagendmicos y metatranscriptomicos de sedimentos,
se caracteriza la ecologia y los rasgos funcionales de los procariotas que contienen rmerA
y/o merB. Se reconstruy6 la coleccion MERCLUB-MAG (con 803 MAG) y se extrajeron los
MAG que contenian merAB (45 MAG) para estudiar su abundancia, actividad y capacidades
metabdlicas. Los principales hallazgos son que i)ymerBfue mas frecuente y activo que merA,
ii)las Gammaproteobacteria fueron el taxon mas predominante pero hay una alta novedad
taxondémica vy iii)los MAG que contenian merAB tienen metabolismos muy diversos.

Paralelamente se obtuvo la coleccion de cultivos MERCLUB con la intencion de encontrar el
mejor candidato para utilizar en biorremediacion. Inicialmente, se eligieron 46 aislados para
una evaluacion fisiolégica general y, tras un proceso de seleccion, evalué las tasas de
crecimientoy de eliminacion de Hg de tres candidatos finales: Aerormonas sp. MERCC_1069,
Pseudomonas putfida MERCC_1942 y Bacillus sp. MERCC_2852. Aeromonas sp. fue
eficiente en cultivos discontinuos, aunque finalmente se selecciond Pseudomonas putida
MERCC_1942 para optimizar la eliminacion de Hg en cultivo continuo. La cepa
MERCC_1942 cultivada a altas tasas de crecimiento presentd la mayor eficiencia de
eliminacion y es propuesta para la biorremediacion.



Por ultimo, utilicé Alteromonas mediiterranea 1SS312, que se distribuye globalmente en las
distintas profundidades del océano, para estudiar los efectos del MMHg en su crecimiento
y en la expresion de sus genes. Secuencié el genoma y caractericé los genes mer,
mostrando que tiene 4 operones diferentes. En segundo lugar, comparando muestras
suplementadas con 5 uM de MMHg con muestras control, observé una fase de latencia mas
larga y una expresion diferencial de algunos, pero no de todos, los genes mer. Ademas, los
genes merpresentaron patrones de coexpresion muy diversos. Estos resultados indican que
esta cepa bacteriana se puede utilizar como modelo para estudiar desmetilacion y la
reduccion de Hg.



Resum

El mercuri (Hg) és un metall toxic i estes a I'ambient. EI monometilmercuri (MMHg) és un
potent neurotdxic especialment preocupant a causa de la seva bioacumulacio a les xarxes
trofiques aquatiques. En els sistemes aquatics, el MMHg es forma principalment als
sediments per procariotes portadors dels gens AgcAB. La desmetilacio de MMHg i la
reduccio de Hg'" també ocorren en sediments, realitzades per procariotes amb els gens mer.
L'operd mer té dos enzims, MerA (Hg" reductasa), que converteix Hg" en Hg® i MerB
(organomercuri liasa), que és responsable de la degradacié de MMHg a Hg'". La metilacio
ha estat ampliament estudiada des del descobriment dels gens AgcAB el 2013. En canvi,
estudiar la desmetilacié ambiental del MMHg ha estat molt dificil, per aix0 els principals
actors i els factors involucrats en la seva activitat segueixen sent bastant desconeguts.

Al primer capitol de la tesi, vaig incubar sediments de la llacuna de Venécia per simular un
esdeveniment de tancament de les barreres MOSE a l'estiu i la tardor, per determinar
l'impacte de les barreres en la formacié de MMHg. A I'estiu, vaig trobar un augment en la
concentracié de DOC (Carboni Organic Dissolt) i un enriquiment de substancies proteiques
i acids humics reactius, una concentracido més gran de MMHg a l'aigua i majors taxes de
metilacio en els sediments incubats després de 48 h. Tant les altes taxes de metilacié com
l'augment de les concentracions de MMHg podrien incrementar la bioacumulacié a la
llacuna. Aquests resultats son particularment preocupants en el context de canvi global en
el qual la llacuna es tancara més sovint durant periodes més prolongats degut a 'augment
d'inundacions. A més, l'increment esperat de la temperatura podria augmentar les taxes de
formacié de MMHg i/o perllongar I'estacié calida durant la qual es forma MMHg.

Al capitol 2, combinant dades metagenomiques i metatranscriptomiques de sediments, es
ddna llum sobre I'ecologia i els trets funcionals dels procariotes que contenen merAilo merbB.
Es va reconstruir la col-lecci6 MERCLUB-MAG (amb 803 MAG) i es van seleccionar els MAG
que contenien merAB (45 MAG) per estudiar-ne l'abundancia, l'activitat i les capacitats
metaboliques. Les principals troballes son que i)merB era més freqlent i actiu que merA,
ii)les Gammaproteobacteria eren el taxon més predominant perd hi havia una alta novetat
taxonomica i iii)els MAG que contenien merAB tenien metabolismes molt diversos.

Paral-lelament es va obtenir la col-lecci¢ de cultius MERCLUB amb la intencié de trobar el
millor candidat per utilitzar en bioremediacio. Inicialment, vaig triar 46 aillats per a una
avaluacio fisiologica general i, després d'un procés de seleccio, vaig determinar les taxes
de creixement i eliminacié de Hg de tres candidats finals: Aeromonas sp. MERCC_1069,
Pseudomonas putida MERCC_1942 i Bacillus sp. MERCC_2852. Aeromonas sp. va ser
eficient en cultius en batch, pero finalment es va seleccionar Pseudomonas putida
MERCC_1942 per optimitzar I'eliminacié de Hg en cultiu continu. La soca MERCC_1942
cultivada a altes taxes de creixement presentava una major eficiencia d'eliminacié de
mercuri i ha estat proposada per a finalitats de bioremediacio.

Finalment, vaig utilitzar Alteromonas mediterranea 1SS312, que es distribueix global i
verticalment als oceans, per estudiar els efectes del MMHg en el seu creixement i en



I'expressio dels seus gens. Vaig sequenciar el genoma i vaig caracteritzar els gens mer,
mostrant que té 4 operons diferents. En segon lloc, comparant mostres suplementades amb
5 uM de MMHg amb mostres control, vaig observar una fase de laténcia més llarga i una
expressio diferencial d'alguns gens mer. A més, els gens mer presentaven patrons de
coexpressio molt diversos. Aquests resultats indiguen que aquesta soca bacteriana es pot
utilitzar com a model per estudiar la desmetilacio i la reduccio de Hg.
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Introduction

From element to contaminant

Mercury is considered among the most toxic heavy metal and it is in the top 10 chemicals of
public health concern (World Health Organization, 2020). The chemical symbol for mercury,
Hg, comes from the Latin name for liquid mercury (silvery water), hydrargyrum; it is the only
metal that is liquid at room temperature, constituting a bad conductor of temperature but a
good conductor of electricity. It has a high density and antifungal/antibacterial properties. Hg
has been largely used throughout history for different purposes (Figure 1). For example,
between 5000 and 2000 b.C., Chinese utilized cinnabar (HgS) to prepare red ink to use as
art decoration and in bureaucracy (Clarkson & Magos, 2006; The Met Museum, 2009). Also,
liquid Hg has been found in Egyptian tombs (1500 b.C.) and in Maya sepulchers built 1000
years later. Between the 1500s-1900s it was used as treatment for different medical
conditions, like skin infections or syphilis among others. The Swiss physician and alchemist
Paracelsus, the ‘father of toxicology’, noted that a little amount of Hg could heal, although too
much was fatal. Until mid-19" century, monomethylmercury (MMHg) could not be
synthesized in the laboratory, but since then MMHg and other organomercurials have been
used as antiseptic and antibacterial agents, or antifungals for agricultural purposes, and it
was even added to vaccines. Indeed, the use of Hg for commercial purposes dramatically
increased in the last century (Horowitz et al.,, 2014) and, as a consequence, Hg
concentrations rised in all earth compartments, i.e. atmosphere, soils, rivers, lakes,
reservoirs, ocean, biota, etc (Obrist et al., 2018; UNEP, 2018).

Over the years, cases of Hg poisoning have been reported worldwide (Elhassani, 1982;
Gochfeld, 2003). MMHg poisoning in Minamata Bay was first described in Japan between
1953 and 1960 (Harada, 1995). The Chisso Coorporation’s industrial chemical plant was
responsible for Hg emissions and the contamination of the Minamata Bay, leading to a
catastrophic environmental disaster. The contamination started as early as 1918, the pollution
continued, and from 1950 the effects were devastating — fish floating face up, birds falling
from the sky and mammals, like pigs or cats, falling into madness and dying (Harada, 1978).
There were 2,271 officially diagnosed patients with the Minamata disease (i.e. Hg poisoning),
but tens of thousands showed neurological damage concurring with MMHg poisoning
(Yorifuji & Tsuda, 2014), in addition to the significant damage caused to the environment
(Akito et al., 2014). Other outbreaks occurred worldwide during the 50’s and 60’s but the next
major outbreak happened in Irag during the early 70’s (Bakir et al., 1973). Unlike in Minamata,
where the exposure lasted for decades, in Irag there was an acute exposure in a short period
of time, 1.5 years. The outbreak was due to the treatment of wheat seeds with an alkyl-Hg
fungicide that were only supposed to be used to grow new plants, but instead were used for
human and animal consumption. There were more than 7000 reported cases and 460
hospital deaths attributed to Hg poisoning in rural Iraq during this short period (Bakir et al.,
1973). During the 90’s, new cases of Hg poisoning were described: 37 people had to be
evacuated from their homes because of high Hg concentrations in the air (Fiedler et al.,
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1999), and in the Brazilian Amazon MMHg exposure was correlated with reduced
psychomotor performance and neurobehavioral changes (Dolbec et al., 2000). Very recently,
a multigenerational study was conducted among the Grassy Narrows First Nation, a
Canadian indigenous community, linking generational exposure to Hg with suicide attempt
among their children and young adults (Mergler et al., 2023).
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Figure 1: Timeline of Hg uses, poisonings and legislation throughout history.

There are three types of Hg sources that can be emitted into the environment: natural,
anthropogenic and re-emissions of Hg already emitted to the environment (Figure 2). Natural
sources come from volcanoes and rock weathering and represent only 10 % of the total
emissions, whereas anthropogenic sources currently account for 30 % of the total emissions
(UNEP, 2013). Re-emissions of Hg to the atmosphere represent 60 % of the emissions (UNEP,
2018), but it is nearly impossible to determine if its origin is natural or anthropogenic, so they
has been considered as legacy Hg. In this context, it has been estimated that humans have
released about 1,540 Gg of Hg (1.54x 1012 grams) of which 73 % was released after the
1850’s (Streets et al., 2017). Over the past 150 years, an increase of 450 % has been found
in the environment, with higher percentages of legacy Hg, which in turn increases re-
emissions (Amos et al., 2013; UNEP, 2013).

In particular, there are three main species of Hg in the environment: i) elemental mercury
(Hg®), a volatile form with a long residence time in the atmosphere, allowing it to travel long
distances; ii) mercuric or divalent mercury (Hg'"), more soluble and with strong affinity for
many ligands, especially those containing sulfur; and iii) methylmercury (MeHg), either
monomethylmercury (MMHg) or dimethylmercury (DMHg). MMHg can be accumulated in
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biota (Mason et al., 1995), and DMHg is a volatile form of organic Hg. The increase of Hg in
the environment is of major concern as all chemical forms of Hg are toxic and in severely
exposed humans may cause irreversible effects (UNEP & IOMC, 2002).The main symptoms
of Hg poisoning, regardless of the species, are neurological: ataxia, loss of sight or hearing,
tremors, or in severe cases madness, coma, or death (Clarkson & Magos, 2006; Elhassani,
1982). Moreover, MMHg effects are more severe in developing brains, thus children or
fetuses are the most sensitive to its effects (Choi et al., 1978). Hg® as a volatile form can be
inhaled and produce lung damage, whereas Hg" mostly consumed as salts can be
nephrotoxic (Clarkson & Magos, 2006; UNEP & IOMC, 2002). Most human exposure to Hg°
and Hg" is occupational or through Hg-containing products like dental amalgam (UNEP,
2018). However, the most important MMHg exposure route is through diet- fish, shellfish and
marine mammals- (Mason et al., 2012), because MMHg can be bioaccumulated and
biomagnified, especially in aquatic food webs. However, MMHg bioaccumulation has also
been recently studied in rice grain and it was found that rice consumption in some areas
might pose a greater health risk than fish (Zhang et al., 2010).

Due to the rise of Hg levels and the increased awareness of Hg poisoning, over the course
of 20 years, all through the 1990’s and early 2000’s, local regulations were imposed (UNEP
& IOMC, 2002) but in 2013 a global treaty was signed, the Minamata Convention on Mercury.
The Minamata Convention, ratified in 2017 (minamataconvention.org), is a legal instrument
of regulation on Hg emissions worldwide and has the final aim to reduce Hg in the
environment and protect human and environmental health (Eriksen & Perrez, 2014; UN,
2013).

In this global context, the ocean plays a key role in the cycling of Hg, as it is the largest
reservoir of Hg apart from the deep mineral reservoir (Amos et al., 2013) and the primary
source of seafood largely consumed worldwide. As seafood consumption is the main source
of Hg for human population, the fate of Hg in the ocean is directly related to human health.

Marine mercury cycle

Sources of Hg into the oceans

Hg can enter the ocean by atmospheric deposition, rivers or estuaries, submarine
groundwater discharge (SGD), or submarine geogenic activity (i.e. hydrothermal vents)
(Mason et al., 2012). The largest source of Hg into the ocean is atmospheric deposition — 80
% of the total Hg" in the atmosphere is deposited in the oceans (Horowitz et al., 2017). Both
Hg® and Hg" can be found in the atmosphere and be deposited in the ocean (Jiskra et al.,
2021) but also in other water bodies, soils and vegetation as well, by either wet or dry
deposition (Horowitz et al., 2017). Hg found in soils or plants will eventually be transported
into rivers or lakes through surface runoff or through leaking from the soil to groundwater and
eventually reach the ocean through those rivers (Liu et al., 2021) or through SGD (Wang et
al., 2018). Some of the most important industries that release Hg into the aquatic systems
are: non-ferrous metal production, including gold, zinc, lead, copper, and aluminum (>240
Mg/year), municipal domestic wastewater (>150 Mg/year) and coal-fired power plants and
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coal washing (> 90 Mg/year), which contribute large amounts to the total budget of Hg
entering rivers, lakes and oceans (Obrist et al., 2018; UNEP, 2018). In the 2018 Global
Mercury Assessment, artisanal and small-scale gold mining was excluded from the general
budgets due to the large uncertainties found in the numbers, but it is estimated the major
source of Hg and it releases (to both land and water) can reach 1220 Mg/year.

The percentage of MMHg as total-Hg (THg) and the vertical distribution and speciation of Hg
in the ocean do not follow a clear pattern across ocean basins (Bowman, et al., 2020). The
concentration of Hg in coastal areas, in either sediments or waters, is dependent of the
above-mentioned inputs and is very variable among sites (Bloom et al., 2004; Chakraborty et
al., 2014; Ruelas-Inzunza et al., 2013; Sharif et al., 2014). However, the concentration in the
open ocean seems to be driven mainly by atmospheric deposition (Bowman, et al., 2020;
DiMento et al., 2019; Mason et al., 2017; Soerensen et al., 2014). The Hg speciation and
vertical distribution is the result of a balance between Hg transport and Hg transformations
that take place in the environment.

Hg transformations in the ocean

Once Hg reaches surface ocean, Hg" and Hg° can be reduced or oxidized respectively
and/or re-emitted to the atmosphere (Gworek et al., 2016; Figure 2). Hg" in the ocean might:
i) bound to organic matter or inorganic particles and eventually sink into deeper layers of the
ocean or into the sediment or ii) be methylated to form MMHg along the water column or in
the sediments. The methylation of Hg" has been recently studied as a biological
transformation mediated by prokaryotes containing the AgcAB gene cluster (Parks et al.,
2013). Besides the presence of these microorganisms, there are physico-chemical
conditions that may influence the bioavailability of Hg" such as the composition of the organic
matter (Chiasson-Gould et al., 2014; Moreau et al., 2015; Schartup et al., 2015) as well as the
activity of the whole microbial community, including those containing the AgcAB gene cluster
such as temperature (Guimaraes et al., 2006), oxygen concentrations or salinity (Compeau
& Bartha, 1984). Subsequently, the formed MMHg, can be bioaccumulated and biomagnified
through the aquatic food webs (Mason et al., 2012; UNEP, 2018). MMHg can also be
demethylated back to Hg", either photochemically (Seller et al., 1996) or biotically through
the merB gene (Spangler, et al., 1973) or methylated again to form the gaseous
dimethylmercury (DMHg) (Baldi et al., 1993). While photochemical demethylation might be a
significant contributor to the total demethylation in freshwaters and in surface waters (Black
et al., 2012; Seller et al., 1996), biological demethylation is likely to dominate in the aphotic
areas, such as the deep ocean and sediments.

The concentrations of both THg and MeHg in open ocean waters are at picomolar
concentrations (Bowman et al., 2016; Cossa et al., 2009, 2011; Dastoor et al., 2022;
Gionfriddo et al., 2016), which makes very difficult to obtain accurate Hg measurements in
the water column. Additional analytical challenges arise when we try to measure the volatile
forms of Hg (Hg® and DMHg) (Bowman, et al.,, 2020). Some studies report MeHg
concentrations, which include both MMHg and DMHg (e.g. Bratki¢ et al., 2017), others state
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both separately (e.g. Bowman et al., 2015; Munson et al., 2015) and others only describe
dissolved gaseous Hg (Hg® and DMHg, e.g. Kotnik et al., 2007; Monperrus et al., 2007) which
makes difficult to have an overview of the Hg speciation along the water column (Kleindienst
et al., 2023). In order to measure Hg concentrations in environmental samples, there are three
general steps: i) extraction of all Hg species from the sample, ii) separation of Hg species
and iii) detection. In the separation step, three common techniques can be used: gas
chromatography (GC), high pressure liquid chromatography (HPLC) and cold vapor (CV),
which can be coupled with one or multiple detectors to obtain the desired measurements,
such as ICP-MS (Inductively Coupled Plasma Mass Spectrometry) which has the lowest limit
of detection among the methods available for Hg measurement, or AFS (Atomic Fluorescence
Spectroscopy) which is the most popular (Huang, 2024; Leermakers et al., 2005). Using ICP-
MS allows to quantify individual isotopes of Hg and to apply the isotopic dilution methodology
(Hintelmann & Evans, 1997). Besides, this last method can be used to determine not only
THg and MeHg concentrations, but also Hg transformations (methylation and demethylation)
(Monperrus et al., 2007, 2008; Rodriguez-Castrillon et al., 2008).

Considering that concentrations of THg and MeHg in the ocean water column are in the
picomolar range and that measuring the changes in such small concentrations is
methodologically very difficult, Hg transformation rates have been rarely detected (Despins
et al., 2023; Lehnherr et al., 2011; Monperrus et al., 2007; Munson et al., 2018). As most of
the ocean is aphotic, it is expected that biological processes dominate the Hg cycle, so it is
of great importance to study the microorganisms responsible for the reactions in order to
understand the global Hg cycle.

17



/ Atmospheric transport
Hg/Hg" Hg%/Hg" Oxidation

H 0 H 1}
g ¢ > g
Reduction
Deposition
to oceans
s Bioaccumulation
6, ! in the marine

/‘ \ food webs

Natural Reduction Demethylation

Anthropogenic Hgo Hg” MMHg
sl Re-emission Methylation

Transformations

hgcAB DI\/IHg <

merB

merA

Sy
Reduction Demethylation
HgP Hg" MMHg
Methylation
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in sediments or in the seawater column. Hg% elemental mercury. Hg'": divalent mercury. MMHg:
Monomethylmercury. DMHg: Dimethylmercury. Figure modified from Sanz-Saez, 2020.

The biological mercury cycle

There are several transformations in the Hg cycle that can be carried out by microorganisms.
Thus, methylation, demethylation and reduction can be mediated through different
prokaryotic genes and have a prevailing role in the marine Hg cycle.

Mercury methylation: AgcAB genes

Biotic Hg methylation is carried out by the gene cluster hgcAB (Parks et al., 2013) which
codes for protein HgcA, a cobalamin-dependent methyltransferase, and HgcB, which works
as an electron transfer in the reaction (Smith et al., 2015). Historically, Hg methylation has
been associated to the activity of sulphate-reducing (SRB) (Compeau & Bartha, 1985) and
iron-reducing bacteria (FeRB) (Fleming et al., 2006), but later, several studies revealed that
this metabolic capacity was more diverse than previously thought including Desulfobacterota
(SRB), Acidobacteriota, Verrucomicrobiota, Marinimicrobia, Spirochaetota or Euryarchaeota
(methanogenic archaea) among others (Figure 3) (Capo, et al., 2023; Gilmour et al., 2013;
Gionfriddo et al., 2016; Lin et al., 2021, 2023). Methylation is primarily found in anoxic and
oxygen deficient environments, like sediments, wetland or ponds, or anoxic water columns
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(Bravo et al., 2015; Drott et al., 2008; Herrero Ortega et al., 2018; Lehnherr et al., 2011;
Malcolm et al., 2010; Tjerngren et al., 2012); but recently it has been shown that methylation
might also occur in oxic water columns (Capo, et al., 2023; Gascon Diez et al., 2016;
Rodriguez et al., 2022). Capo et al. (2023) and Gascon Diez et al. (2016) highlighted the role
of suspended particles in methylation as they might provide a micro-anoxic environment to
the Hg methylation prokaryotes (typically anaerobic) within a normoxic ecosystem.

Figure 3: Simplified unrooted phylogenetic tree of AgcA sequences from the Hg-MATE database
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(Gionfriddo et al., 2021). Taxonomy is based on the GTDB classification. Microbial groups with the
highest diversity of Agc+ microorganisms are denoted by colours. lllustration from Capo et al. (2023).

The meroperon

As mentioned above, MMHg demethylation can be biotically mediated by the action of a
diverse group of prokaryotic organisms, harboring the mer operon, and could be the main
way of MMHg demethylation in the aphotic layers of the ocean. Biological demethylation is
usually followed by the reduction of Hg'", so the final products would be a methyl group (CHs*)
and Hg°. This chain reaction is mediated by two enzymes coded in the mer operon: merA
and merB (Barkay et al., 2003). Gene merA encodes for a mercuric reductase (MerA) and is
a cytosolic flavin-dependent disulfide oxidoreductase (Furukawa & Tonomura, 1972). MerA
is responsible for transforming Hg" into Hg® and confers narrow-spectrum resistance
(resistance only to inorganic mercury) (Figure 4) (Furukawa & Tonomura, 1972; |zaki et al.,
1974; Summers & Lewis, 1973). Gene merB encodes for an organomercurial or alkylmercury
lyase and is responsible for breaking the bond between the carbon and Hg (Figure 4)
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(Schottel, 1978; Tezuka & Tonomura, 1976). There are different variants of these enzymes,
with more affinity to certain substrates , e.g. in Pseudomonas sp. K62, variant S-1 can use
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Figure 4: A. Generic mer operon with all possible genes. Note that not all genes need to be present
in the operon to be functional and confer Hg resistance. B. Cellular mer -encoded Hg resistance
mechanisms. The outer membrane is dashed, illustrating that is not present in all prokaryotes. The
colors of various Mer proteins correspond with the colors of the genes that encode for these proteins
in panel A. PMA: phenylmercuric acetate. MMHg: Monomethylmercury. PM: phenylmercury. Modified
from Lin et al., (2011).
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phenylmercuric acetate (PMA), p-chloromercuric benzoate (PCMB) and MMHg as
substrates, while S-2 variant utilizes PMA and PCMB as well, but no activity was reported with
MMHg (Tezuka & Tonomura, 1976, 1978). MerB confers broad-spectrum resistance and
historically it was assumed that merB could only appear as part of the merA containing
operon; nonetheless, a large number of merB genes have been recently found in microbial
genomes without the merA (Christakis et al., 2021).

The regulating components of the mer operon are MerR (coded in merA), a transcriptional
activator-repressor (O’Halloran et al., 1989; O’Halloran & Walsh, 1987), MerD (encoded in
merD) which is antagonist of MerR (Mukhopadhyay et al., 1991; Nucifora et al., 1989) and
MerO, an operator laying between the promotor and the structural genes. In ‘normal
conditions’ with no Hg" present, MerR forms a non-transcriptional complex with RNA
polymerase and binds to MerO, blocking the promotor of the meroperon. On the other hand,
in the presence of Hg", it binds to MerR, changing its conformation and liberating the
promotor, thus allowing for the transcription to begin (Figure 4) (Brown et al., 2003). MerD is
transcribed alongside the rest of the meroperon components but in small amounts and binds
to MerO and to MerR, blocking again the promotor and stopping the transcription (Champier
et al., 2004).

The mer operon can have one or multiple transporters, either membranal, cytosolic or
periplasmic. The membrane located proteins can have a different number of transmembrane
helices: MerT (with a variant number of transmembrane helices), MerC (with four) and MerF
and MerE (with two) are inner membrane transporters of mercuric compounds (Figure 4)
(Barkay et al., 2003; Lin et al., 2011; Sone et al., 2013). MerP, a periplasmatic protein,
enhances the uptake of Hg, promoting the entrance of Hg" when coupled with membrane
transporter MerF or MerT, and the uptake of phenylmercury (CeHsHg*) when coupled with
MerE or MerC (Sone et al., 2013). MerG, as well as MerP, is a periplasmatic protein and it
targets the specific compound phenylmercuric acetate (PMA) (Lin et al., 2011). Additionally,
a new transporter, MerH, has been described as a cytoplasmic metallochaperone, that may
play two roles in mercury resistance: facilitate the transport of Hg" to MerA and coregulate
the transcription with MerR (Figure 4) (Schelert et al., 2013).

A wide diversity of bacteria are able to resist and transform Hg due to the presence of
plasmids (Clark et al., 1977; Foster, 1987; Miki et al., 1978; Novick & Roth, 1968; Olson et al.,
1979; Schottel, 1978; Smith, 1967; Weiss et al., 1977) which makes prokaryotes containing
the operon mer very diverse taxonomically. Additionally, mer genes as well as other
resistance genes (to other metals or to antibiotics) have been associated with the presence
of genomic islands (Ivars-Martinez et al., 2008; Pathak et al., 2020), mobile genomic elements
that can be horizontally transferred to make bacteria more versatile. Christakis et al. (2021)
compiled a database with 7544 merA genes distributed among 49 phyla (12 archaeal and
37 bacterial, Figure 5) and 1936 merB genes assigned to 17 phyla (2 archaeal and 15
bacterial). Most of the studied merA genes belong to Pseudomonadota (53 %), and specially
to Gammaproteobacteria, while most of the studied merB genes belong to Bacillota (41 %).
Some of the genomes reported in Christakis et al. (2021) contained up to eight copies of
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merA or merB gene, a phenomenon most likely to occur when the microorganism lives in a
contaminated site.

S E89q
EEEREE R R R
geR3fft: o
s 838R5EEs & T ge. s
(& FoBNEESS o & L5238
S T'o8eR8855 5 £ SsF o0
5 %5 5 8 BB EESS § §F5S S
2 ¢ 2 ' Pogsfidas s ST
B 5 B S 2 T g 3 %852"’.‘5.“, $ §J:Q$§?§$ S
> 3 Fopecn ; e
Tree scale: 1 ————i S %‘? %“é G(‘% % ;% %; < %%g*%é?ﬁ 8 55’3‘?5 'g‘e &{, &
] g : v
S0 % 2 %2 7 %3 583 "ﬂﬁm&’a LSRR S S &
B % B B 2 B % 28383330935 FIeSS & & S
0, g
. B % B % B % % B g_gaggg&e So&ise & & &
5, 0% o % G Y S g BERERNNAILY I8 g & &
o, 2,20 % % 88 eSS &
G, . % < G X 3 'S
Dy S B @GS Kl @
%2, S, G2 o (©)
CRENA N SN o
N, ey 07 o R
o, /) oy ONIPE RO
A 4 = oy RN
gy 4 2° 9 o e
%, AN o
Uy ot N
2 p, i naed® &
o’herp':[ % *1_'7, ‘,};\omc
er, :
Wia 8 3[735] P \ @2 -
K61 ey
61 Nitrogp; \\ (/( w25 o anvarchae® "
K60 Ca. Roupger. - 2 WA Bathyarcheet
- NOkubactey; 0914715977 ginarchaeotd
2784402725 i 2 141 (= 1387935 Ca O
22_Nitros; 4
2540849795_Ca. Bipolaricagiosg = K27 5-Proteobacteria 4]
K59 Verrucomicrobia [4] — K26 Euryarchaeaota [36)
K58 ca. division GAL1S (3] —\ (=< 5299792761_01 Kryptonia

hioroflext 8 Chlorofiey;
40232_C! ST 74140, lexi [7)

21437
2264940084_Ca, 1,
B K \ 2 9. 9930\‘:3 larch,
oot &\ g 5785932950 ot DiaDherey, 0t
a { 27598655.98_Cq aeo,
get® 7 ‘ :W‘u"“}allgba & r;.l:
30, 20903 Nitrg it
= ; 2 Ry O5pi
,196617‘1\991\% 0@“?@ :'eg J.p%s" e”'h,%;:e
PR @@‘5& ot gy,
A€ WY e @ 35 0, X3
V82 Y b’p@‘vg)g A RN T
S 2.0, 2y, b, Sy,
X T 2.7 %, o, 08,
& K N & 5y, s %,
e A, o %,
@ @ g / 2 5%°% % 5, %,
O &&@gg?, O I 2% 2 %%% % “,%%Q %
G PO F S TFo8tEy s §?»’%“«é%‘% 250 b %
© o & AT SF§ITE8 e & B BRI 2 9% % % &)
F SN L L3S By o 3 O, N4 ®
SN SR S Rt 1030 Y
P& & ® XS LEES5E & agels 3 =% v
T 0 ¢ Y §S5E9o 8 >3 @ %P %
& Fesese30 S 59128 &
FEef Ty § 13835 %
F&°F 88§ 1%%% %
) g N N © 2 e %.4 o S
S vog 8 288 %
X S 3 8%
% w

Figure 5: Phylogenetic tree of MerA protein homologs (plasmid MerA not included). Archaeal clade
are colored in blue and bacterial clades in red, while purple-colored clades denote mixed lineages.
The colors covering the labels denote the three main groups of MerA: group A in light blue, group B
in orange and group C in green. The outgroup consists of 6 bacterial and archaeal dihydrolipoamide
dehydrogenase sequences. Tree scale is in amino acid substitutions per site. Yellow stars mark
lineages in which MerA activity has been confirmed. lllustration from Christakis et al. (2021).
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Approaches to study microorganisms involved in the mercury cycle

Traditionally, many of the first microbial-related discoveries were possible thanks to cultures
(microorganisms that can grow under laboratory conditions). Culture-dependent techniques
include traditional methods such as enrichment cultures and more innovative methods like
microencapsulation. Classical enrichment cultures assume a defined group of conditions
(temperature, nutrients, oxygen, etc) to enrich or select for certain microorganisms
(Overmann et al., 2017). The first Hg-resistant bacteria, a clinical isolate of Staphylococcus
aureus, was discovered in 1960 (Moore, 1960). Green (1962) and Smith (1962) started to
study Hg resistance in pathogens causing epidemics in hospitals and concluded that the
mercury resistant strains were more common in the “epidemic” strains. In 1964, Magos et al.
demonstrated for the first time that bacteria can volatilize Hg, and in 1967, Smith used 55
isolates to describe the R factors (later called plasmids), which were responsible for Hg as
well as other metals resistance. During the 1970’s and 1980’s many studies were done to
characterize the Hg resistance and the mer genes. Thus, the mechanism of MerA was
unveiled by using protein extracted and purified from Escherichia coli (Izaki et al., 1974;
Komura et al., 1971; Komura & lIzaki, 1971). The functioning of MerB was discovered in
Pseudomonas (Furukawa & Tonomura, 1971) and further characterized as a group of
proteins (Tezuka & Tonomura, 1976, 1978), while mer containing plasmids were studied with
the purpose of understanding diversity and ecology of Hg resistant microorganisms (Clark et
al., 1977; Miki et al., 1978; Schottel, 1978; Summers & Lewis, 1973; Summers & Silver, 1972;
Weiss et al., 1977). While most people focused on the molecular biology aspect, some
researchers started to investigate the ecology of the Hg resistant bacteria in aquatic systems,
(Nelson & Colwell, 1975; Spangler, Spigarelli, Rose, & Miller, 1973) or the effects of Hg in the
physiology and growth of the cells (Vaituzis et al., 1975). Later molecular studies centered
on the transporters and regulation, like for example the role of MerT and MerP in the Hg
resistance (Hamlett et al., 1992; Lund & Brown, 1987) or the discovery and characterization
of the regulators MerR (I. W. Lee et al., 1993; O’Halloran et al., 1989; O’Halloran & Walsh,
1987) and MerD (Champier et al., 2004; Mukhopadhyay et al., 1991; Nucifora et al., 1989).

Simultaneously, the biological formation of MMHg was also studied (Jensen & Jerneldv, 1969;
Wood et al., 1968). In the mid 80’s, Compeau and Bartha associated Hg methylation in
sediments to sulfate reducing bacteria (Compeau & Bartha, 1985). Other studies further
proved the connection between sulfate reduction and Hg'" methylation (Gilmour et al., 1992;
King et al., 2001) but during the early 2000’s other two groups of prokaryotes proved to be
methylators, i.e., FeRB (Fleming et al., 2006) and methanogens (Hamelin et al., 2011; Yu et
al., 2013). While the genetic bases of Hg resistance (/mer operon) were heavily studied last
century, the genes responsible for methylation (hgcAB genes) were not discovered until 2013
by Parks et al. in which they used Desulfovibrio desulfuricans ND132 and Geobacter
Sulfurreducens to demonstrate that the knockout’'s of the AgcAB genes (same bacteria
without the genes) did not methylate. After the AgcAB genes were found, Gilmour et al. (2013)
preselected cultures with AgcAB genes, as well as genomes closely related to them and
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tested their methylation capacities, increasing the number (from 6 to 20) and the diversity
(from only Deltaproteobacteria to Firmicutes and Archaea) of Hg" methylators.

Culture-dependent techniques are necessary in many fields of both research and industry,
and they might provide an incredible and invaluable source of information about the
morphology, physiology, and metabolic characteristics of prokaryotes. Cultures allow to
answer fundamental questions of how Hg can affect prokaryotes at a cellular level.
Additionally, isolates can be used in different industrial processes, including bioremediation,
which is defined as the use of either naturally occurring or deliberately introduced
microorganisms to consume and break down environmental pollutants, in order to clean a
polluted site. As series of studies have proposed the use of microorganisms like
Pseudomonas sp. (Chang & Law, 1998; Horn et al., 1994; Okino et al., 2000; von Canstein et
al., 1999) or Bacillus sp. (Dash et al., 2014; Huang et al., 1999; Kaur et al., 2022) as Hg
bioremediators for different contaminated environments or wastes.

On the other hand, the so-called culture-independent methodologies revolutionized in the
80’s the study of microbial diversity, previously constrained by our inability to grow the
majority of microorganisms, and allowed their identification circumventing cultivation. Thus,
culture-independent methods allow a more complete picture of the diversity of microbial
assemblages. In the 80’s, Barkay and colleagues designed and used in environmental
samples the first DNA probe to detect mer genes by DNA-DNA hybridization without prior
isolation (Barkay et al., 1985, 1989). Environmental studies continued with the development
of PCR (Polymerase Chain Reaction), which was first used to find merR7P genes in soils
(Bruce et al., 1992, 1995) and later used to measure the expression of merA and merB by
real time PCR (RT-PCR) (Jeffrey et al., 1994, 1996; Nazaret et al., 1994; Schaefer et al., 2004).
The use of PCR for studying AgcAB genes was delayed because the gene was not
discovered until 2013 (Parks et al., 2013). Some of the first studies analyzed the diversity of
hgcA in wetlands (Schaefer, Kronberg, et al., 2014) and the relationship among methylation
rates and AgcA transcripts (through RT-gPCR) (Bravo et al., 2016). The primers were
improved to obtain as much diversity as possible (Christensen et al., 2016; Gilmour et al.,
2018; Gionfriddo et al., 2020). Recent advances (early 2000’s) in technology, such as high-
throughput sequencing and the development of bioinformatic tools, allowed to analyze
massive amounts of microbial genes (DNA) or transcripts (RNA) (i.e. metagenomics or
metatranscriptomics) to study all genes present in a microbial community. Thus, molecular
techniques allowed to study not only the mer but also the AgcAB genes in unexplored
environments like the Antarctic sea ice (Gionfriddo et al., 2016), or open ocean (Bowman, et
al., 2020), obtaining incredibly large datasets from around the world for both merAB
(Christakis et al.,, 2021) and hgcAB (Podar et al., 2015; Villar et al., 2020). Moreover,
metagenomic reads can be assembled into contigs and later binned into genomes, the so-
called Metagenomic Assembled Genomes (MAGs). MAGs are composite genomes of
populations from natural communities that provide insights into the ecology, function and
evolution of marine microbial taxa. Using this approach, Lin et al. (2021) found in the Saanich
inlet (Canada) a previously overlooked phylum (Marinimicrobia) that might be an important
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methylator. Furthermore, Capo et al. (2022) was able to reconstructed 10 MAGs with AgcA
from the Baltic sea water column and was able to conclude that the methylating community
is more metabolically versatile than previously thought, presenting different metabolisms
among the different redox conditions.

More recently, studies have combined cultures with a multi-omics approach to better
understand Hg methylation and Hg detoxification processes inside the cell. LaVoie &
Summers (2018) used £. colito characterize the transcriptomics changes in the presence of
PMA and HgCl,. Some have used culturable methylators to found the biological function of
hgcAB (Gionfriddo et al., 2023; Qian et al., 2016). Others have evaluated different aspects of
the physiology of Hg resistance (An et al., 2019; Zheng et al., 2018). However, none of them
assessed the demethylation of MMHg and the transcriptomic changes that might occur in
this process.

Mercury and the global change

Our world is enduring extreme situations, like over-population or immense exploitation of the
change. There are chemical, physical and anthropogenic drivers that affect and will continue
to affect the Hg cycle and MMHg formation in the environment (Krabbenhoft & Sunderland,
2013). Many of the global change effects are irreversible, especially in the ocean and sea
ice (IPCC, 2021). Global change effects are becoming more intense in the recent years, and
they affect directly and indirectly the Hg cycle. Direct effects like higher temperatures or
droughts will mobilize Hg due to wildfires (Kumar et al., 2018) or loss of permafrost and sea
ice (Dastoor et al., 2022; Lim et al., 2020; Schuster et al., 2018) which accounts for an
incredible large reservoir — 49,000 Mg compared with the 4000 Mg of Hg found in the
atmosphere (Sonke et al., 2023). It is unknown what percentage will be re-mobilized and end
in the ocean, but it may very well be a factor of global importance in the upcoming decades.

Increasing sea temperature (Cheng et al., 2019) decreases oxygen solubility in the oceans
(Breitburg et al., 2018; Schmidtko et al., 2017), disrupts the distribution of nutrients, which
can cause the stratification of the water (Hutchins & Fu, 2017; Sonke et al., 2023), and change
the microbial community which further contributes to the two prior consequences (Sonke et
al., 2023). Both the expansion of oxygen minimum zones and the eutrophication might
enhance hypoxic conditions in the ocean and specially in coastal areas (Breitburg et al.,
2018) which will favor anaerobic metabolisms prone to Hg'" methylation (Sonke et al., 2023).

Although Hg emissions have been regulated under the Minamata convention, a directive
which is supposed to decrease Hg levels in the environment, it has been modeled that the
MMHg concentrations in fish (Atlantic bluefin tuna) tissues would increase with the
temperature rise, even taking into consideration the expected decrease in MMHg
concentrations in waters (Schartup et al., 2019). Additionally to modeling the scenarios of
higher temperature and lower MMHg concentrations, Schartup et al. (2019) analysed the
impact of chanes in the food web structure in MMHg concentration of two commercially
interesting species (Atlantic cod and Spiny dogfish). Due to overharvesting clupeids, both
species had to change their diet, but cod changed it to larger fish or lobster (with less MMHg
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than clupeids) and dogfish changed it to squid and other cephalopods (with more MMHg
than clupeids). The changes in diet resulted in changes in the bioaccumulation pattern,
having a cod population with less MMHg in their tissues and a dogfish with a heavier load of
MMHg. This study showed that the consequences of current human actions (e.g. overfishing)
can determine human exposure to MMHg.

Lastly, sea level rise is expected to increase the risk of flooding in coastal areas (Vousdoukas
et al., 2018) which is known to release Hg as well as nutrients (Singer et al., 2016). The risk
and cost of flooding can be managed by hard protection structures, like barriers or dikes,
and soft or ecosystem-based protection systems such as beach nourishment. Another
adaptative measures that can be taken are accommodation of the areas at risk (e.g. elevating
buildings or land reclamation) and retreat (e.g. temporal or permanent relocations) which are
highly unlikely due to their economic cost (Dedekorkut-Howes et al., 2020). These
adaptations, especially the protective ones either hard or soft, may affect the environmental
conditions and Hg cycling in the area.

All in all, the monitoring of MMHg concentrations in biota and environmental samples, the
measurement of Hg'" methylation potentials and the study of methylating and MMHg
demethylating bacterial communities is of great importance in the context of global change.
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Hypothesis and Objectives

The general aim of this thesis is to improve the current understanding of the ecology and
physiology of marine bacteria involved in the Hg cycle and evaluate their potential role in
biological transformations (methylation, demethylation, and reduction) from both an
environmental and a cellular perspective.

To achieve this major goal, this thesis addresses specific objectives summarized in Figure 6
and is structured into four chapters aimed to:

- Measure the Hg methylation of sediments in the Venice Lagoon and assess the risk
of increased MMHg concentrations in coastal areas due to global change (Chapter
1).

- Explore the ecology and functional capacity of Hg-resistant prokaryotes, especially
for demethylating and reducing microbial taxa (Chapter 2).

- Isolate and characterize the candidate with the best performance for bioremediation
of Hg polluted environments (Chapter 3).

- Establish the transcriptional patterns during the demethylation of MMHg to improve
our understanding of this process at a cellular level (Chapter 4).

In a current scenario of an increase of Hg environmental levels produced during the last
century, combined with the urban development in coastal areas and the expected increase
in water temperature and decrease in oxygen caused by the global change, | hypothesize
that MMHg levels might raise in the ocean at a global change. To test this hypothesis,
Chapter 1 focuses on the Venice Lagoon (ltaly), a unique study site extremely affected by
human-induced alterations and global change. To prevent flooding during high tides or ‘Aqua
altas’ in Venice, the government built a system of barriers (MOSE) that can close the lagoon
and reduce its communication to the Adriatic Sea. The number of high tides has dramatically
increased in the last century and thus the risk of flooding and the number of times that the
lagoon needs to be closed. While the lagoon is isolated, the water exchange diminishes and
oxygen concentration in the water column may decrease. Additionally, higher sea
temperatures and enhanced bacterial activity can contribute to further deoxygenate the
waters of the Venice Lagoon. These conditions could potentially boost the growth of
anaerobic methylating bacteria and thus increase MMHg concentrations. In this chapter, by
combining a field study with laboratory experiments, | showed enhanced MMHg formation in
sediments and MMHg concentrations in water during a simulated MOSE-closing event in the
Venice Lagoon.

It has been established that methylation occurs mainly in the sediment, and the advances in
microbial communities sequencing approaches have provided the opportunity to study the
ecology and function of prokaryotes involved in this process in great detail. However,
information on the performance of the demethylating community in marine sediments is still
lacking. Chapter 2 describes the composition, abundance, and activity of the demethylating
and reducing prokaryotes in contaminated sediments from three areas of the coast of Europe
(Cantabrian Sea, Mediterranean Sea and Baltic Sea) involved in the Hg cycle through ‘omics’
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approaches. Using metagenomics, | was able to reconstruct Metagenome-Assembled
Genomes (MAGs) and characterize them at a taxonomic, functional, and metabolic level.
Furthermore, using metatranscriptomics, | investigated how these microbial genomes
(MAGs) were actively transcribed as whole genomes and at the level of the mer genes. A
total of 45 MAGs with Hg related genes (merAB) associated to phylogenetic diverse taxa and
with different transcriptional patterns, were found in the studied sediments. This study thus
showed that demethylating and reducing communities were conducted by diverse taxa and
potentially active in sediments.

In a global scenario of increased MMHg concentrations and in the context of the legally
binding Minamata Convention, it is necessary to develop management strategies that
decrease Hg levels in the environment. | hypothesized that bacteria isolated from different
Hg-impacted marine compartments (seawater and sediments) could potentially be used to
decrease MMHg and Hg in controlled conditions and be applied for bioremediation. The
objective of Chapter 3 was to find the best candidate for marine sediment Hg bioremediation.
Using the same Hg-contaminated sediments from chapter 2, a large culture collection was
obtained. The Hg detoxification capacity was tested and characterized in a total of 46 Hg
resistant bacteria from the MERCLUB Culture Collection (MERCC). For one of this strains, the
conditions for Hg detoxification were optimized using the continuous culture technique, a
highly efficient methodology utilized to study bacterial physiology under controlled
environmental parameters. This chapter pointed that the strain Pseudomonas putida
MERCC_1942 was the best candidate for Hg bioremediation under continuous culture
conditions when grown at high growth rates.

The physiology and expression patterns of a mer operon might help to better predict the
occurrence and relevance of this process in the ocean at a global scale. In Chapter 4, taking
advantage of the large bacterial heterotrophic culture collection (MARINHET), | performed a
genomic characterization of the strain Alteromonas mediterranea 1SS312, a bacterium with
multiple mer operons that is globally and vertically distributed in the ocean. In this chapter,
the transcriptional changes in expression patterns during different growth phases were
described for the four different meroperons.
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Figure 6: Graphic representation of the main research question or objective of each chapter of this
thesis.
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Chapter 1: Potential impact of tide-regulation barriers on the

formation of methylmercury

Abstract

Monomethylmercury (MMHg), one of the most toxic pollutants, is formed mainly under
anaerobic conditions. The “Modulo Sperimentale Elettromeccanico” (MOSE), built to
temporarily close the Venice Lagoon and to protect the city from high tide events, induces
changes in the hydrological regime, reducing water circulation with the subsequent decrease
in the dissolved oxygen concentrations of the lagoon. In this study, we assessed the potential
changes in sediment and overlying water physico-chemistry in a simulated MOSE closing-
event by incubating intact sediment cores for 48h in the laboratory and installing in situ
benthic chambers. A significant increase in total dissolved Hg and MMHg concentrations in
the water column was observed, associated with an increase in MMHg formation rates in
incubated cores. In particular, MMHg formation rates doubled during the simulated MOSE
closing-event. A release of dissolved organic carbon and an enrichment of proteinaceous
substances and reactive humic acids in the overlying waters was also observed during
incubation, which could explain the increase in MMHg accumulation in the overlying waters.
Our study highlights that hydrological changes caused by the MOSE closure may increase
MMHg concentrations within the Venice Lagoon and thus favor the accumulation of Hg in
aquatic food webs.

Impact of Venice lagoon closure on Hg cycle

OPEN CLOSED
Inlet , Inlet
+ Dissolved Hg and MeHg
Venice  Adriatic| + DOC Venice  Adriatic
Lagoon Sea Lagoon ea

NO Water
exchange

Figure 7: Graphical abstract of Chapter 1; left half represents the normal conditions of the lagoon with
the MOSE open, and right half represents the changes in conditions when the MOSE is closed. An:
Hg" methylation rate constant. DOC: Dissolved organic carbon.
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Introduction

Mercury (Hg) is one of the top ten chemicals of public health concern (World Health
Organization, 2020), and particularly its methylated form (monomethylmercury — MMHQ)
which has the greatest potential for environmental and human health detriment. MMHg can
be bioaccumulated and biomagnified through the aquatic food webs, making fish
consumption the major source of human exposure to Hg. The methylation of inorganic Hg to
MMHg occurs mainly under anoxic conditions (Eckley & Hintelmann, 2006; Pak & Bartha,
1998) and it is mediated by the activity of anaerobic microorganisms carrying specific genes
(hcgAB) (Parks et al., 2013). Sediments, prone to anoxic conditions, stand out as a favored
environment for Hg methylation. Other factors such as organic matter (OM) concentration
and composition also influence Hg methylation in sediments. For example, fresh or
autochthonous OM rich in proteins or low molecular mass molecules favor Hg methylation
(Bouchet et al., 2018; Bravo et al., 2017; Chiasson-Gould et al., 2014; Schaefer et al., 2014).
Meanwhile, recalcitrant OM enriched in high molecular mass or aromatic molecules strongly
binds Hg, making it less bioavailable and thus reducing Hg methylation rates (Bravo et al.,
2017; Chiasson-Gould et al., 2014; Graham et al., 2013; Herrero et al., 2018; Soerensen et
al., 2017).

Coastal areas and coastal lagoons are under increasing human pressure from activities such
as port operations and industrial development. Additionally, they are vulnerable to the effects
of climate change, including rising sea levels and increased temperature. An increase of only
1to 10 cmin sea level could double flooding events in areas with a narrow water levels range
in only 5 years (Taherkhani et al., 2020), dramatically affecting coastal areas. These coastal
environments have significant economic importance due to fisheries and mariculture
activities, and thus is imperative to install or strengthen flood protection to safeguard the
coastline and prevent massive population displacement (Vousdoukas et al., 2018). Current
trends show that sea temperature is rising at an accelerated rate due to climate change
(Cheng et al., 2019). Increasing temperature leads to higher consumption of dissolved
oxygen (DO) due to the higher bacterial respiration activity (Nydahl et al., 2013) and reduced
DO solubility in the surface ocean (Schmidtko et al., 2017), both causing a decline in the DO
concentration in the oceans (Breitburg et al., 2018), especially in coastal areas (Amos et al.,
2017; Pitcher et al., 2021).

An exemplary illustration of the multifaceted challenges these areas confront can be found
in the Venice Lagoon, where all these diverse concerns converge with the installation of the
high tides protection system, “Modulo Sperimentale Elettromeccanico” (MOSE, Experimental
Electromechanical Moadule). The Venice Lagoon has long been recognized as a Hg
contaminated area (Bloom et al., 2004; Pavoni et al., 1992; Rosati et al., 2020) with an
important MMHg biomagnification (Dominik et al. 2014). The high tides that submerge Venice
are becoming more aggressive and more frequent due to sea level rise and local
geodynamics (Lionello, 2012; Lionello et al., 2021; Scarascia & Lionello, 2013). As protection
against flooding, the construction of the MOSE began in 2003. These mobile barriers isolate
for hours or days the lagoon from the sea, stopping water exchange between them. Under
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these new hydrological conditions of the lagoon, the water renewal time is expected to
increase as a whole (Ferrarin et al., 2013) with a potential risk of nutrients and contaminants
accumulation in the water column (National Research Council, 2000). Increased frequency
of high tides and thus longer duration of lagoon closure is expected to result in water
stagnation, stratification, and eventually the occurrence of hypoxic or anoxic events in the
lagoon (Leoni et al., 2022), favorable for enhanced Hg methylation.

To test the potential consequences of mobile flood protection barriers (MOSE), we combined
field sampling (sediment coring, benthic chambers) with laboratory experiments and studied
the impact of hydrodynamic and biogeochemical changes in the production and release of
MMHg from the sediments to the water column. We simulated a MOSE closing-event by
collecting sediment cores at two contrasted sites of the Venice lagoon, Osellino (OS) and
San Giuliano (SG), which were incubated for 48h to assess the changes in sediment and
porewater chemistry including the concentration of MMHg, Hg'" methylation rate constants,
and the organic matter concentration and composition. Our study provides new insights into
the risks of increasing MMHg concentrations in a context of MOSE where DO depletion
events in the lagoon are expected to occur more frequently.

Methods

Site of Study

The Venice Lagoon (Figure 8) is the largest wetland system in Italy, and it has been widely
described in the literature in terms of functioning and ecosystem characteristics (e.g., Zonta
et al., 2018 - and references therein). The surface area is 550 km?, including mudflats, tidal
marshes, islands and a complex network of channels and tidal creeks. The average depth is
1.2 m and shallow water areas account for 75 % of the total surface area, but the depth
increases to over 10 m in the main channels. The lagoon has three inlets that connect it to
the Adriatic Sea with water residence times ranging from 24 h close to the inlets to 20 days
in the more confined areas of the lagoon (Ferrarin et al., 2013). Releases from a chlor-alkali
plant operating in the industrial area of Porto Marghera emitted Hg into the Venice Lagoon
(Figure 8) during the second half of the 20" century (Zonta et al., 2007). Tides have a strong
influence in the complex distribution of Hg and other contaminants along the lagoon and also
between the sediment and the water column (Guédron et al., 2012). The average surface
water temperature of the lagoon is 17.6 °C with a large seasonal variation; the lowest
temperatures are in January (7.8 °C) and the highest in July (26.3 °C) (Amos et al., 2017 -
and references therein).

The MOSE system (Trincardi et al., 2016) was operated for the first time in October 2020 (Mel
et al., 2021) and with it, the Venice Lagoon has become the first large lagoon in the world
with a regulated flow. Up to December 2023, MOSE has been activated 66 times, and barrier
closures have lasted from a few hours to 2 days, with a typical closure time of 4 to 5 hours
(Alberti et al., 2023) mainly in autumn, when flood conditions occur more frequently due to
weather-marine forcing factors (Camuffo, 1993).
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Sampling sites

Two shallow sites with different continental influences were selected (Figure 8): i) Osellino
(OS), located very close to the mainland and at about 300 m from the mouth of a freshwater
tributary of the lagoon, the Canale Osellino, although not directly affected by the outflow of
this watercourse; ii) San Giuliano (SG), located at about 1.3 km south of the mouth of Canale
Osellino, in a sector with greater water exchange and a water depth of 56 cm, compared to
24 cm at OS, as referred to the zero level of the tide gauge for the lagoon. OS is more confined
than SG, presenting a higher water renewal time, lower hydrodynamics, and finer sediment
grain size with higher organic carbon content (Leoni et al., 2022). Both sites belong to areas
characterized by a high Hg accumulation in surface sediments (Zonta et al., 2018).
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Figure 8: Location of the two studied sites Osellino (OS, 45.4750°, 12.2859°) and San Giuliano (SG,
45.4638°, 12.2949°) in the Venice Lagoon (in the insert).

Sampling, core processing and incubations

Sampling campaigns were performed in November 2019 and in September 2021. In both
periods, seven sediment cores (core number: 6-11 in Nov 2019 and 13-18 Sep 2021) were
collected at each site by a diver driving manually Plexiglas tubes (13.4 cm internal diameter)
into the sediment. Cores were collected with 28 cm of overlying water, immediately sealed to
avoid contact with atmospheric O, and carefully transported to the laboratory avoiding
resuspension. Three cores from each sampling site were directly processed under an inert
atmosphere (N2- filled glove box) to avoid oxidation of sediment and pore water; these cores
represent the initial, pre-closing conditions of the lagoon (“fresh cores”). Prior to core
sectioning, 750 mL of overlying water was collected with a peristaltic pump and filtered
(Sterivex filter 0.45 pm) for dissolved organic matter characterization and trace element
analysis, including total mercury (THg) and MMHg. Then sediment was vertically extruded,
and two sediment layers were subsampled, corresponding to 0-2 and 2-4 cm depths.
Aliguots of sediment were used for direct determination of water content and grain size. The
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remaining sediment was centrifuged in metal-free tubes (4000 rpm, for 60 min at 4 °C) to
extract porewater. Supernatant was filtered (Sterivex filter 0.45 pm) in the No-filled glove box
and directly fixed with HCI (Ultrex, 0.4 %). The pellets were freeze-dried for organic matter
characterization (C and N content, hydrogen (HI) and oxygen (OIl) indices), and
determination of THg, MMHg, and trace element content. Four sediment cores from each site
were incubated in a dark room at the lagoon water temperature at the time of collection, i.e.,
14°C in Nov 2019 and 24°C in Sep 2021, to simulate stagnation of the water column. After
approximately 48h of incubation in a N. atmosphere, other three cores (incubated cores)
were processed in the glove box as described for fresh cores (Figure 9). The fourth core from
each site was used for in-situ core profiling (see below).
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Figure 9: Scheme of the methodology pipeline for incubations and core processing.

Benthic Chambers

Concurrent with coring, a PVC cylindrical benthic chamber (described in Leoni et al., 2022)
was deployed at both sites for about 48h in Sep 2021. The chamber was 30 cm in diameter
and 27 cm high, with 6 cm of the chamber driven into the sediment (Figure 10). A multi-
parameter water probe (Aquaprobe AP 2000; Aquaread Ltd, England) was placed in the
center of the chamber to determine the DO concentration in the isolated water over time. At
the end of the exposure period, water samples were collected from each benthic chamber.
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Figure 10: Drawing (left) and photo (right) of the benthic chamber.

Laboratory Analyses

In situ core profiling in September 20271

The fourth incubated core (for each site) was used to measure DO and H.S concentrations
and redox potential (E4) along a water-sediment vertical profile, by means of a 500-um
microelectrodes (Unisense®, Denmark). The vertical profiles were measured with a
resolution of 500 um, with double measurement for each point and a conditioning time of 25
seconds. The profile analysis started from a position such as to intercept both the well-mixed
water phase and the diffusive boundary layer (about 5 mm above the surface of the
sediment). For each subsequent profile (at 24 and 48 hours of incubation), the sensors were
moved a few millimeters to avoid insertion into the borehole resulting from the previous
analysis.

Sedimentological and geochemical analyses

Water content was determined by weighing samples before and after oven drying at 60 °C.
Particle grain size distribution was determined on wet sediments using a laser diffraction
Coulter LS-100 analyzer following the procedure described by Loizeau et al. (1994).
Characterization and quantification of the organic matter (OM) were performed on dry,
powdered bulk sediment using Rock-Eval 6 following the method described by Behar et al.
(2001) and Espitalié et al. (1985, 1986). The standard used was IFP 160000 Rock-Eval, and
the analyses were carried out on 50-100 mg of powdered dry sediment under standard
conditions. Analytical precision was higher than 0.05 wt % for Total Organic Carbon (TOC)
and Mineral Carbon (MINC),10 mg HC g TOC for the hydrogen index (HI), and 10 mg CO
g TOC for the oxygen index (Ol). Total nitrogen (TN) concentrations were analyzed in a CHN
Elemental Analyzer (Carlo Erba Flash EA 1112 HNS/MAS200) using approximately 10 mg of
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dry powdered sediment. The precision was better than 1 % based on an internal standard
and replicate samples.

Hg, MMHg and trace element analyses

THg in sediments was analyzed by Cold Vapor Atomic Absorption Spectrophotometry
(CVAAS) using a Direct Mercury Analyzer (DMA-80 Il, MWS GmbH, Switzerland). All analyses
were run in triplicate. The limit of detection (LOD) and working range were 0.01 ng and 0.05-
600 ng, respectively. The relative error was usually +5 % and always less than 10 %. The
concentrations obtained for repeated analyses of the certified reference material never
exceeded the specified range of concentrations given for SRM 2702 (NIST). THg on water
samples was analyzed by Cold Vapor Atomic Fluorescence Spectrometry (CVAFS) (Merx
Model IlI, Brooks Rand, USA) following the EPA Method, revision E 1631 (US-EPA, 2002),
with a calculated LOD of 0.06 ng/L and a calculated limit of quantification (LOQ) of 0.2 ng/L.
To control the quality of the analysis, two different reference materials were used: ORMS-5
(National Council Research Canada), 26.2 ng/L, which gave a recovery percentage of 88.8
% = 1.2 %, and a standard solution purchased from Brooks Rand (USA), diluted at 4 ng/L.
The percentage of recovery of repeated analyses was between 94.1 % + 2.5 % and 96.3 %
+ 1.3 %. Field and filtration blanks were measured to evaluate the possible contamination
during sampling; they reached 0.17 + 0.04 ng/L in Nov 2019 and 1.0 = 0.1 ng/L in Sep 2021.

MMHg analysis on sediment were carried out using a HNOs leaching/CH.Cl. extraction
method (Bloom 1989). The solution was analyzed by CVAFS following the EPA Method 1631
(US-EPA, 2002). The certified reference material used in the MMHg analysis (ERM-CC580,
European Commission) showed between 91.8 % + 5.2 % and 98.7 % + 1.6 % recovery.
MMHg analysis on water samples collected in Nov 2019 (overlying water, porewater and
water from benthic chambers) was carried out by CVAFS (Merx Model I, Brooks Rand, USA)
after distillation following the EPA Method 1630 analysis procedure (US-EPA, 2001), with a
calculated LOQ of 0.09 ng/L. To check the accuracy of the analysis we used a spiked sample
of a known concentration that showed a recovery efficiency between 89.5 % = 8.2 % and
96.6 % + 1.0 %. As this LOQ was close to or higher than the MMHg concentrations observed
in some samples, MMHg analyses in pore and overlying waters of samples collected in Sep
2021 were performed at the University of Grenoble. Filtered MMHg concentrations were
analyzed using an ethylation purge and trap-gas chromatograph-AFS analyzer (Tekran®
2700 Methyl Mercury Auto-Analysis System) following published protocols (Bowman &
Hammerschmidt, 2011; Guédron et al., 2014). All samples were run in duplicate and
quantified using the standard addition technique. The calculated LOQ was 0.02 ng/L.

Trace elements in water (filtered and acidified with 1 % suprapure HNOs) and in sediments
were analyzed using quadrupole-based inductively coupled plasma mass spectrometry
(ICP-MS, model 7700 series, Agilent). Sediment digestion was performed in Teflon bombs
heated to 150 °C in analytical grade 2 M HNO; according to the Swiss Soil Protection
Ordinance (OSol, OFEV, 1998). The total variation coefficients for triplicate sample
measurements were better than 10 %.
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Potential Hg methylation rate constants

A slurry (sediment and overlaying water) of each core, fresh and incubated, were amended
with *Hg (ISC Science, Spain) in a glove box and were either directly frozen (1 aliquot, to)
or incubated in a dark room for 24h before to be frozen (3 replicates). Determination of Hg
transformation rate constants were carried out according to Rodriguez-Gonzalez et al.,
(2013). These determined rate constants are potential methylation rate constants (4m). Briefly,
inorganic Hg and MMHg were extracted from 50 mg of freeze-dried sediments with 5 mL
HNQO; (6 N) under focused microwave treatment and analyzed by species specific isotope
dilution gas chromatography (GC, Trace GC Thermofisher) hyphenated to an inductively
coupled plasma mass spectrometer (ICP-MS, X Series Thermofisher). Methodological
detection limits for Hg species were 0.03 ng/g. The extraction and quantification were
validated with a CRM (IAEA-405) and recoveries were 102 + 7 and 97 + 4 % for MMHg and
inorganic Hg, respectively. The concentration of the formed MMHg deriving from the
enriched isotope '*®*Hg was calculated by isotopic pattern deconvolution methodology
(Rodriguez-Gonzalez et al., 2013).

Fluorescent and Colored Dissolved Organic Matter

The filtered overlaying water samples were used for the characterization of optical properties
of dissolved organic matter (DOM). Fluorescent and Colored Dissolved Organic Matter
(FDOM and CDOM) were measured simultaneously using a Horiba Aqualog
spectrofluorometer. Duplicate fluorescence excitation emission matrices (EEMs) were
collected for each sample in a 1-cm pathlength quartz cuvette using freshly produced MilliQ
water as blank. Fluorescence was recorded from 240 to 600 nm of excitation at 3 nm
increments, emission was recorded in the same range (240-600 nm) every 8 pixels (~3 nm)
using the instrument CCD detector, and the signal integration time was set to 2 seconds
using the medium gain setting. Absorbance spectra were collected simultaneously to EEMs
using the same wavelength range and increments used for EEM excitation.

Data processing was performed in R using the staRdom and pavo packages (Maia et al.,
2013; Pucher et al., 2019). Briefly, CDOM spectra were inspected, and noise was manually
removed before interpolation of the deleted wavelengths, the spectra were then base-
corrected by subtracting the average absorbance between 580-600 nm. Spectral slopes
were calculated in the ranges 275-295 nm (S275:295) and 350-400 nm (S350:400) and the
slope ratio (SR) between them (Helms et al., 2008). Absorbance values at selected
wavelengths were extracted from the spectra (abs254, abs300) and the absorbance ratio
E2:E3 (abs250/abs365) was calculated (P. Li & Hur, 2017). For FDOM processing, MilliQ
blank fluorescence was first subtracted and the regions of the EEMs affected by Raman and
Rayleigh scatter excluded and values interpolated (Lawaetz & Stedmon, 2009). Inner filter
effects were corrected using the absorbance of each sample (Kothawala et al., 2013).
Several FDOM parameters were calculated (Table S1): fluorescence index (Fl), humification
index (HIX) and biological index (BIX), as well as the common fluorescence peaks A, C, M,
T, and B, which were normalized by total fluorescence and are presented as relative
abundances (Coble, 1996; Huguet et al., 2009; McKnight et al., 2001; Ohno, 2002).
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Statistical analysis and data visualization

The statistical analyses (PCA and ANOVA analysis) were performed with package stats 4.3.2
and visualization was generated with ggplot2 3.4.4. (Wickham, 2016) and multi-panels with
gridExtra 2.3 (Auguie, 2015) of R (R Core Team, 2013). The figures were combined and post-
processed using Illustrator 24.0.1. The map of the study sites was drawn with CorelDraw.

Results

Characteristics of the two contrasted sampling sites
Geochemical sites description

A Principal Component Analysis (PCA, Figure 11) was performed to explore the differences
and similarities between sediments at the two sites (OS and SG), between sampling
campaigns (Nov 2019 and Sep 2021) and conditions (fresh and incubated). This analysis
resulted in two main components explaining ~66 % of the variability and showing a greater
difference between years in SG compared to OS. The variables used to characterize
sediment showed no significant differences between depths (0-2 and 2-4 cm) or conditions
and thus the data were combined using means and standard deviation (n=12) (Table S2).
No significant differences were found at OS site between sediments sampled at the two
periods (Figure 11; Table S2). In contrast, at site SG, all variables except mean particle
diameter showed significantly different values between the two periods: lower water content,
TOC, N, HI, Ol and higher for C/N ratio, MinC in 2021 than in 2019 (Table S2, Figure 11). The
comparison between sites for 2019 and 2021 is shown in table S2 using OS/SG ratio of the
respective values. In 2019 only TOC was significantly higher, but the differences between
sites were considerable in 2021 (Figure 11, Table S2). The dissolved organic carbon (DOC)
measured in the overlying water was 2.31+0.13 and 2.37+0.22 mg/L in OS and SG
respectively in 2019. In 2021, the DOC was higher at both sites, 4.17 in OS and 4.07 mg/L in
SG (Table S3).

THg and MMHg concentrations in sediments, and overlying and pore waters in fresh cores

Concentrations of THg in sediments were similar between years and depths but differed

across sites, being 0.86 + 0.06 (n=12) and 0.93 + 0.05 (n=12) mg/kg in OS and SG
respectively. Between Nov 2019 and Sep 2021, MMHg levels experienced a notable decline
at both sites. In Sep 2021, the values, with a maximum of 0.25 ug/kg, were at least 50 % lower
than those recorded in Nov 2019, where the maximum value was 0.56 pg/kg. Moreover,
concentrations of MMHg decreased with depth (Table S4).

THg concentrations in porewaters and overlying waters were significantly lower in Nov 2019
compared with Sep 2021 (Table S5) in both sites. In porewaters from Nov 2019, we found
THg concentrations ranged from 1.9 to 6.2 ng/L, with the exception of OS 2-4 cm sample that
reached 17.1 ng/L. In Sep 2021, THg concentrations in porewaters varied across depths and
sites (Figure 12A and 12B), ranging from 7.7 to 20.4 ng/L and from 8.9 to 23.4 ng/L in OS
and SG, respectively. THg concentrations peaked in the 2-4 cm layer, reaching 14.0 + 5.6
ng/L (n=3, Sep 2021 in fresh cores) in OS, while in SG they peaked at 0-2 cm, reaching 14.8
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+ 7.6 ng/L (n=3, Sep 2021 in fresh cores). In filtered overlying waters, THg concentrations
measured during the 2019 sampling campaign were close or below the detection limits (LOD
= 0.06 ng/L), but during the 2021 campaign they increased up to 3.2 + 0.1 ng/L in OS and
4.4 +0.4.
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Figure 11: Principal Component Analysis (PCA) of fresh sediments (n = 24) showing the explained
variability arising from principal components 1 (PC1) and 2 (PC2) based on general sediment
attributes, mercury concentrations (THg and MMHg) and organic matter traits, as presented in (A) the
scores plot displaying the 24 samples and (B) the loadings plot displaying the characteristics used.
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Figure 12: Vertical profiles of THg (A and B) and MMHg (C and D) concentrations in overlying water
and porewater of six sediment cores from OS site (A and C, purple) and SG site (B and D, orange)
collected in Sep 2021. Open symbols represent the measurements performed in fresh cores (cores
number 13, 14 and 15) and closed symbols refer to the incubated cores (cores number 16, 17 and
18). Error bars correspond to the standard deviation of analytical triplicates.

Experiments with oxygen limitation: changes in THg, MMHg, A, and sediment
properties.

Oxygen, redox and hydrogen sulfide

Sediment cores were incubated to simulate a MOSE-closing event in two different periods
(Nov 2019 and Sep 2021). In 2019, at the end of incubation, DO levels at the sediment-water
interface dropped to 0.07 and 0.3 mg/L in OS and SG cores, respectively. Concentrations of
Mn in the overlying waters did not vary indicating no significant changes in the redox
conditions during the 2019 incubations. THg and MMHg concentrations did not vary after
48h incubation. In contrast, in 2021, relevant changes in DO, redox potential (En) and H.S
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(only in OS) profiles were observed after 24h and 48h of incubation (Figure S1). Although
both sites had similar DO concentrations (5.12 mg/L) at 5 mm above the sediments, in OS
the DO concentrations decreased progressively to a value of 0.4 mg/L at the sediment-water
interface, while in SG, DO concentrations were fairly constant but dropped drastically to a
value of 1.9 mg/L at the sediment-water interface. In both sites, the DO decreased in
overlying waters and sediments after 24h. The En profiles agreed with O, profiles. In OS, the
core reached negative En values at ~5 mm depth and decreased progressively with depth
to a minimum value at 2 cm depth (Figure S1). In SG, negative En values started at 10 mm
depth below the sediment-water interface after 24h incubation time (-164 mV) and continued
decreasing with depth. Concomitant to the decrease in O, and Ex, we observed an important
increase of dissolved Mn in the overlying water of OS and SG (Table S6). Lastly, H.S profiles
also concurred with the En, accordingly, higher H.S concentrations were observed in OS
compared with SG. In OS, H,S appeared at 5 mm depth and continued increasing with depth
and over time (24h and 48h, Figure S1).

THg and MMHg concentrations and Hg methylation rate constants

In Nov 2019, THg and MMHg concentrations did not significantly changed in porewater after
48h of incubation (Table S5), but this observation should be tempered by the relatively large
LOQ on the MMHg analyses. In contrast, in Sep 2021, THg concentrations increased
significantly from 3.2 to 10.8 ng/L in the OS overlying waters after 48h of incubation while
they remained similar in SG (4.4 and 5.3 ng/L); however, the high variability of replicates
makes comparisons difficult. MMHg concentrations rose in both overlying water and
porewater of OS after incubation (Figure 12 and Table S5). In SG, the rise in MMHg
concentrations occurred in the overlying waters — reaching approximately the same value as
in OS (around 0.1 ng/L, Figure 13) but remained within the same range in porewater before
and after incubation (Figure 12 and Table S5).

In Nov 2019, differences in potential methylation rate constants (4m; i.e. MMHg formation rate
constants) between fresh and incubated cores were not prominent (Figure 13A and 13C). In
contrast, in Sep 2021, A~ almost doubled at both sites after 48 h. Surface sediments (0-2 cm)
presented an increase from 0.017 to 0.029 d-' in OS and from 0.009 to 0.017 d"in SG (Figure
13B and 13D). In the 2 - 4 cm sediment layer, a similar trend was observed, with a smaller
increase compared to surface sediments.

48



A k. (d7) B k. (d7)

000 001 002 003 004 000 001 002 003 004
—~0-2 cm+ A B —0-2 cmA AT W Ae
& &
o o
= =
o o
o) )
Qoscm{ O MM D2-40mH B4
C k_(d7) D k_(d7)
O.IOO 0.91 O.IOZ 0.93 0.94 O.IOO 0.91 O.IOZ O.IOS O'.O4
___0-2. cmA L9[1-AE —~0-2 cm- D Wme
& -
O )
< <
a )
()] 2-4 cmH a A D2-4 Ccm- A QD.

Nov2019 Sep2021
[]13 M
' @® Osellino
Core QO 14 | Fresh @® 17 | Incubated Site
A 15 A s @ San Giuliano

Figure 13: Potential Hg methylation rate constants (Am, d-1) determined in both sites (OS in purple and
SG in orange) during the 2019 (A and C) and 2021 (B and D) incubations. Open and close symbols

refer to fresh and incubated cores respectively. Error bars correspond to the standard deviation of the
three replicates per core.

DOC content and DOM properties in overlying water

In Nov 2019, no significant changes in the concentration of dissolved organic carbon (DOC)
or the composition of the dissolved organic matter (DOM) were found after incubation of the
sediment cores (Table S3). By contrast, in Sep 2021, DOC in the overlying waters of OS
increased significantly from 4.2 mg/L to 10.6 mg/L during the incubation (Figure 14 and Table

S3). A smaller increase in DOC from 4.1 to 6.0 mg/L was also observed in SG (Figure 14 and
Table S3).

Regarding the optical properties of DOM in the overlying water, the fluorescence index (Fl)
was ~1.40 with no differences between years or sites, and a slight increase after incubation
for the 2021 sampling reaching ~1.48 (Table S3). The humification index (HIX) was similar
between sites and condition but showed differences between years, being ~0.85 in 2019
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water collected in the Sep 2021 sampling campaign. Values of fresh (open symbols) and incubated
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and ~0.71 in 2021 (Table S3). Different DOM fluorescent peaks showed changes during the
2021 incubations (Figure 14). Humic peak A and marine peak M decreased significantly after
incubation in OS overlying water. Humic peak C, remained unchanged after incubation. In
contrast, a different trend was observed in SG, as peaks A, C and M were not affected by
the incubation (Figure 14 and Table S3). Both sites, and especially OS, presented a smaller
A/C peak ratio after incubation (Figure 14). An increase in the C/M ratio was also observed
(Table S3). Peaks T and B, associated to tryptophane and tyrosine respectively, increased
in overlying waters during the incubation in both sites (Figure 14 and Table S3). The T/C ratio,
used as a proxy of the proportion of proteinaceous substances (often more available for
bacteria) over the humic substances also increased during the incubation, with a greater
increase in OS than in SG (Figure 14).

Taken together DOC and optical properties of DOM, our results hint towards a release of
organic matter from the sediments to the overlying waters, with an associated enrichment in
labile/available substances (more proteinaceous), and a higher proportion of reactive humic
substances (decrease in A/C ratio), all likely promoting MMHg formation in surface sediments
and overlying waters.

Changes in THg and MMHg in benthic chambers

In Sep 2021, benthic chambers were deployed at OS and SG to measure in sifu DO
consumption and to complement the incubations performed in laboratory conditions. The
confined overlying water reached total anoxia after 11 and 18 h in OS and SG, respectively
(Figure 15). After 48h, concentrations of THg, MMHg and DOC and organic matter
composition were measured in the overlying water. THg concentrations were 13.5 ng/L in OS
and 10.4 ng/L in SG (Table S7). The increment in OS is comparable to the one observed in
the overlying water of the sediment cores during the incubation (THg concentrations
increased from 3.2 to 10.7 ng/L, Figure 12). In the SG benthic chamber, however, THg
concentrations were higher compared to those in the cores (4.4 ng/L in fresh cores and 5.3
ng/L in incubated cores, Figure 12). In benthic chambers, MMHg concentrations after 48h
were 0.07 ng/L in OS and 0.13 ng/L in SG (Table S7). These MMHg concentrations are similar
to those measured in incubated cores (0.11 and 0.13 ng/L in OS and SG respectively, Figure
12), although a lower MMHg concentration was observed in the OS benthic chambers than
in the incubated cores. Both DOC content and DOM composition of the benthic chambers
were similar to the values found in the fresh cores of the experiments (Table S3 and Table
S7). Additionally, Mn, that is released from the sediment to the overlying water when Ex
decreases, increased during benthic camber deployment from 28.5 to 216 pg/L and from 7.4
to 115 pg/L in OS and SG respectively, as observed in incubated sediment cores.
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Discussion

Contrasting SG and OS study sites

The PCA analysis shows that sediments from OS in both sampling years and from SG in Nov
2019 are very similar with respect to the analyzed sedimentological characteristics (grain
size and organic matter content and composition). Surface sediments from SG in Sep 2021
are different, with lower water content, OM and HI (indicating more degraded OM). Additional
observations of sediment cores (CT image, trace element profiles — not shown) strongly
suggests more dynamic sedimentary conditions at site SG, which, furthermore, is located in
an area with a greater probability of sediment disturbance by anthropogenic activities.

THg concentrations in sediments are slightly lower than those measured by Zonta et al.,
(2018) in the vicinity of Osellino canal, being 1.66 mg/kg in Zonta et al. and ranging between
0.8 to 0.98 mg/kg in this study. In the overlying and pore waters, the differences between
sampling campaigns could be a result of the tides. In Nov 2019, the samples were taken
during an ebb tide, while in Sep 2021, they were collected during a flood tide. This
interpretation agrees with the results of Guédron etal. (2012), who observed higher
concentrations of THg in both locations during the flood tide. Guédron et al. (2012) reported
the same trend with MMHg concentrations, but we do not observe a higher MMHg
concentration in flood tide than in ebb.
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Figure 156: Conceptual figure coupling the consumption of dissolved oxygen (DO, lines) in benthic
chambers in Sep 2021 with the simultaneous increase in methylmercury concentration (MMHg,
squares) in the overlying waters of fresh (t0) and incubated cores (48h).
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Increase in methylmercury formation and concentration in a simulated MOSE closing-
event

Our study consistently showed an increase in MMHg concentrations in overlying waters after
both simulations of the MOSE closing-event: benthic chambers (Table S7) and incubation of
sediment cores (Figure 12C and 12D). This increase in MMHg concentrations was associated
with oxygen depletion and a decrease in Ey (Figure 15, Table S2), as observed in 2021.
Decreases in E4 have been associated with a release of DOC and an enrichment of humic
substances in porewaters, especially under sulfate-reducing conditions (Gan et al., 2020).
Indeed, Hg is strongly bound to sulfur sites of organic matter, in particular humic acids
(Skyllberg et al., 2006) and, as a consequence, positive correlations between THg and DOC
concentrations have often been reported in aquatic systems (Bravo et al.,, 2017, 2018;
Herrero Ortega et al., 2018; Schartup et al., 2015; Taylor et al., 2019) and in our experiments
(Figure 16, r = 0.96, p-value < 0.001). In our incubations, DOC concentrations in overlying
waters doubled and reached up to ~ 6 and 10 mg/L in SG and OS, respectively. A previous
study conducted under laboratory conditions, showed that an increase in DOC led to a raise
in Hg-availability until ~ 11 mg/L and then to a decline at higher DOC concentrations
(Chiasson-Gould et al., 2014). The increase of DOC could have thus similarly increased Hg
availability during the simulated MOSE-closing event. Moreover, we observed in the present
DOC
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Figure 16: Pearson correlation matrix between A», Hg and MMHg concentrations and organic matter
composition. Data from both fresh and incubated cores from Sep 2021 sampling were used to
construct the Pearson correlation matrix. Only significant (p<0.05) correlations are shown.
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study a decrease of humic peak A but also of the A/C peak ratio (Figure 14 and Table S3),
indicating an enrichment in degraded humic compounds of porewater which could result
from an intense sulfate reduction (Gan et al., 2020). Indeed, the A/C ratio correlated
negatively with the A (r =-0.75 and p-value = 0.0054, Figure 16). After 48h, we also observed
an enrichment in labile protein-like substances (peak T, Figure 14), generally produced by
the activity of bacteria and phytoplankton (Coble, 1996b; Lanborg et al., 2010; Romera-
Castillo et al., 2011) and was positively correlated to the A, measured in surface sediments
(Figure 16, r = 0.63). Taking all this into consideration, it is plausible that the increase in
MMHg concentrations in overlying waters observed in this study resulted from an enhanced
in situ Hg" methylation (Figure 13), fostered by the release of available Hg, associated to the
increase in DOC (Bravo et al., 2017; Chiasson-Gould et al., 2014; Soerensen et al., 2017),
and labile dissolved organic matter (peak T) (Figure 14) (Herrero Ortega et al., 2018).

Noteworthy to mention that Hg" methylation and MMHg demethylation after 48h incubation
have likely reached a steady state (Bouchet et al., 2013; Rodriguez-Gonzalez et al., 2013)
and we can assume that measured potential methylation reflect the net MMHg formation in
sediment. Hg methylation rate constants measured in this study were higher than pristine
coastal sediments such as those of the Gulf of Trieste (Bratkic et al., 2017), but ranged within
the known limits for the Venice Lagoon described in previous studies (Guédron et al., 2012;
Han et al., 2007) and other urban coastal areas (Bouchet et al., 2013; Cesario et al., 2017).
Bouchet et al. (2013) also measured higher values of A, during the warmer season in the
Arcachon Bay (France).

The observed increase in MMHg concentrations in the overlying water in our experiments of
Sep 2021 could impact MMHg biomagnification because filter-feeding benthic bivalves have
been identified as key organisms in the transfer of MMHg from sediments to higher levels of
the food chain in the Venice Lagoon (Bloom et al., 2004; Dominik et al., 2014) and in other
Mediterranean lagoons, like Grado and Marano (Giani et al., 2012). Furthermore, the
bioavailability of Hg might have increased at the measured DOC concentrations and thus
could lead to enhanced Hg accumulation in food webs (French et al., 2014).

Negative consequences of oxygen depletion events on coastal Hg cycling

Temperature is one of the key factors to consider in the current situation of the Venice Lagoon.
To study the potential impact of MOSE closing-events in different times of the year, we
performed the same experiment in different seasons. In 2019, we collected the sediments in
November, and incubated them at the water temperature (14°C) simulating the autumn
conditions. In 2021, we collected the cores in September and incubated them at 24 °C,
simulating the end of summer conditions. These differences in setup helped us to understand
what could potentially happen if the MOSE closes when temperatures are higher, either
because closure occurs earlier in the year with respect to the present situation or because
temperatures increase during the fall due to climate change. During the Nov 2019 campaign,
we did not observe any significant changes in the concentration or composition of organic
matter or in Ay, after incubation. In contrast, the results of the Sep 2021 campaign showed a
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different outcome. In Nov 2019, there was still some DO in the water after 45h, whereas in
Sep 2021 there was no DO after only 11 or 18h (OS and SG respectively; Figure 15). Although
we measured similar DO concentrations at both sites at the beginning of the experiment in
2021, we detected a faster reduction of DO in OS than in SG. A considerably lower sediment
oxygen demand (SOD) throughout the year was measured at sites close to SG than near OS
(Leonietal., 2022). This may explain a lower A» at SG compared to OS not only in September,
but during all warm months. Moreover the increase in protein-like substances suggest a
higher bacterial activity. This effect was more pronounced in OS and helps to explain the
faster decrease in DO. Higher bacterial activity, less DO and an enrichment of proteinaceous
OM, potentially caused by MOSE-closing events, are important drivers for Hg methylation
(Bravo et al., 2017). However, the differences observed between SG and OS highlights that
the impact of MOSE-closing events may not be homogeneous across the lagoon, and that
further studies are required to better constrain and predict the effects of MOSE in the increase
in MMHg concentration in the entire lagoon.

As a consequence of rising temperatures, the sea level increases (Lionello et al., 2021;
Trincardi et al., 2016), a fact that has been observed in the Venice Lagoon, where the number
of flooding events have doubled in the last decade (2010s) (Lionello et al., 2021). Currently,
the MOSE closes for short periods of time and during cold months of the year, minimizing the
impact of the MOSE on the sediment oxygen demand (Leoni et al., 2022) but the ongoing
global change could modify the situation. As sea temperature rises (Amos et al., 2017; Cheng
etal., 2019), the SOD will start to increase, more rapidly in confined areas (such as OS) where
unusually high values of SOD were already found (Leoni et al., 2022). At the same time, higher
temperature might lead to a decline in oxygen solubility (Schmidtko et al., 2017) and
enhanced bacterial activity (Nydahl et al., 2013), also favoring MMHg formation in the lagoon.

Overall, our study shows that the difference in MMHg formation and MMHQg concentrations
found after incubation between the two assessed seasons would be intensified by the rising
temperature and this may result in periods of MMHg formation as the MOSE closes more
often and for longer periods. As well, a larger increase of MMHg formation in marginal sites
such as OS during a MOSE closing event, may act as a hot spot for MMHg formation to then
be redistributed across the lagoon during the tidal cycling (Guédron et al., 2012) and
potentially enter the food web.

Conclusions

The MOSE was built to isolate temporarily the Venice Lagoon from the Adriatic Sea during
high tide events and protect the city of Venice and its cultural heritage from flooding. In this
study, we simulated the potential effect of a prolonged MOSE-closing event and showed that
MMHg concentrations increased in porewaters and overlying waters as a result of an
enhanced MMHg formation caused by a release of labile DOC. This increase might have a
relevant impact on MMHg accumulation in the Venice Lagoon biota. In the context of global
change, with rising temperatures and declining oxygen concentrations in coastal areas prone
to MMHg methylation, our study highlights the need to monitor the MMHg concentrations
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after activation of the MOSE system, especially during warm months. Low water temperatures
do not foster a relevant DO consumption and therefore do not enhance MMHg formation but
long-lasting MOSE closure at higher temperatures in the future may lead to an increase in
MMHg concentrations in water and food webs of the Venice Lagoon.
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Chapter 2: Novelty and metabolic versatility of uncultured
bacteria with capacity to detoxify inorganic mercury and

methylmercury from marine sediments

Abstract

Monomethylmercury (MMHQ) is one of the most worrisome contaminants nowadays; it is
neurotoxic for humans, and it can bioaccumulate and biomagnify through aquatic food webs.
Despite the global relevance of marine sediments as repositories of Hg pollution, there is
limited information available on ecologically relevant taxa involved in Hg" reduction and
MMHg demethylation in these ecosystems. One of the microbial strategies for the
detoxification of MMHg is through the mer operon that contains two enzymes, the merB,
organomercurial lyase, and the merA, mercuric reductase, which enable MMHg
demethylation and Hg" reduction, sequentially transforming this toxic into the volatile form
HgP. In this study, we sequenced 30 microbial metagenomes and 24 metatranscriptomes
from marine sediments collected from 10 different Hg-impacted sites of three marine regions:
Bay of Biscay (Nervion and Suances), the Mediterranean (Barcelona) and Baltic Sea
(Képmalhlmen) to unveil the ecologically relevant microbial taxa responsible for MMHg
detoxification. Here, we built the Hg-detoxification Reference Gene Catalogue (Hg_RGC)
with 74 and 188 merA/merBB genes respectively derived from our MERCLUB Reference gene
Catalogue and applied genome-resolved metagenomics to assemble 803 Metagenome-
Assembled Genomes (MAGs) of medium and high quality named as MERCLUB Microbial
MAGs. From those, we detected 45 bacterial MAGs containing the merA and/or merB genes
to evaluate the ecology, biogeography, metabolic and potential activity of MMHg detoxifying
bacteria and archaea from contaminated sediments. Two MAGs with almost complete
genomes contained both merA and merB genes and were related to Actinomycetales
(Microbacterium sp.) and Rhodobacterales. We also recovered MAGs containing merA or
merB genes from previously overlooked phyla such as Krumholzibacteriota or
Abyssubacteria. A comprehensive phylogenetic analysis for merA and merB was performed
integrating merAB genes from our Hg_RGC catalogue and MERCLUB MAGs from the same
sites, allowed us to infer their phylogenetic diversity and highlighted the need of both
approaches (catalog and MAGs) to have a more complete view of the abundant and rare
microbial taxa involved in Hg detoxification. Finally, we identified which taxa actively
transcribed merA/merB in the sediments studied, pointing to Gammaproteobacteria as
relevant active taxa. Our results emphasize the complexity and metabolic versatility of
bacteria involved in Hg" reduction and MMHg demethylation within marine sediments,
influencing the overall Hg bioavailability and ecological impacts, which is key for exploring
Hg removal strategies.

61



Introduction

Bacterial and archaeal taxa involved in mercury (Hg) detoxification in aquatic sediments have
garnered significant attention due to their pivotal role in mitigating Hg toxicity in these
ecosystems. Hg in aquatic environments binds to fine sediment particles through different
mechanisms (Scanu et al., 2016), establishing coastal sediments as both a sink (Chakraborty
et al., 2014) and a source of Hg to offshore pelagic food webs (Fitzgerald et al., 2007).
Microorganisms play a key role not only in the formation of monomethylmercury (MMHg), but
also in detoxification and MMHg degradation in the environment (Grégoire & Poulain, 2018).
These microorganisms possess specific genetic mechanisms, such as the mer genes, that
enable them to demethylate MMHg and reduce Hg'", transforming it into the volatile form Hg°
(Boyd & Barkay, 2012). In particular, the merB gene, coding for organomercurial lyase, is
responsible for the transformation of MMHg into Hg", followed by the reduction of Hg" to Hg®
by the action of the mercuric reductase enzyme, encoded by the merA gene (Barkay & Gu,
2022; Boyd & Barkay, 2012). One or both enzymes can be found in the meroperon, which is
considered a key mechanism for microbial mercury resistance (Boyd & Barkay, 2012; Naguib
et al., 2018; Nascimento & Chartone-Souza, 2003; Norambuena et al., 2020) and has also a
great value in bioremediation approaches (Dash et al., 2014; Joshi et al., 2021;
Priyadarshanee et al., 2022; Saranya et al., 2017).

The mer genes are distributed globally and present in multiple environments: researchers
found merA in Antarctic sea-ice (Gionfriddo et al., 2016), merB and merR (Bowman et al.,
2020) and merA in the Arctic(Maller et al., 2014), merAB in European lagoons (Vigneron, et
al., 2021), merA in American thermal springs (Wang et al., 2011), merAB across all oceans
(Sanz-Saez, et al., 2021) and merAB in marine sediments from around the globe (Narita et
al., 1999; Ni Chadhain et al., 2006; Pepi et al., 2011; Rincon-Tomés et al., 2023). Additionally,
the microorganisms carrying mer genes are widely distributed across the prokaryotic tree of
life (Christakis et al., 2021).

Despite the global relevance of marine sediments as repositories of Hg, the information
available on Hg'" reduction and MMHg demethylation in these systems is limited because the
reactions catalyzed by merAE have been originally associated with oxygenated
environments and therefore the exploration of the merAB genes in more anoxic marine
sediments ecosystems has been overlooked. Spangler et al. (1973) found facultative
anaerobes with the capacity to demethylate MMHg and Schaefer et al. (2002) demonstrated
that mer genes could be expressed anaerobically, still most of the studies have been
conducted in aerobic environments like the seawater column (e.g. Bowman et al., 2020;
Sanz-Séez et al., 2022) or freshwaters (e.g. Maller et al., 2014; Sadhukhan et al., 1997).
Traditionally, MMHg demethylators and Hg" reducers have been studied in culture either
aerobic (Narita et al., 2003; Pepi et al., 2011, 2013; Spangler et al., 1973) or anaerobic
(Spangler et al., 1973) however, the role and importance of these cultures in the Hg cycle
remains unknown. The few published studies reporting /merA genes in culturable bacteria
from marine sediments have identified Bacillota (formerly Firmicutes), Gammaproteobacteria,
and some Archaea (Binish et al., 2021; Narita et al., 1999; Pepi et al., 2011, 2013).
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Within the omics era, the use of metagenomics and metatranscriptomics analyses have
allowed the identification of ecologically relevant uncultured bacteria containing mer genes
(Rincon-Tomas et al., 2023; Vigneron et al., 2021). A recent metagenomic study in three
estuaries located in the Bay of Biscay, highly impacted by Hg pollution due to industrial
activities, pointed out the role of Desulfobacterota, a phylum previously associated only with
Hg" methylation, as Hg" reducers, since merA genes were identified in some
Desulfobacterota genomes (Rincén-Tomas et al., 2023).

Bacterial MMHg degradation was previously found in sediments (Oremland et al., 1991) and
more recently, Rincon-Tomas et al. (2023) found ten merB genes in estuarine sediment
samples but the number of studies researching the merB mediated demethylation are very
limited. It is still unknown how prevalent prokaryotes involved in Hg detoxification, both Hg'"
reduction and MMHg demethylation, are in different marine sediments. Thus, our study
focused on i) the identification of specific microbial groups with the genetic capability to
demethylate MMHg and reduce Hg'" and ii) the study of their potential transcriptional activity
in sediments with contrasting Hg concentrations and different geographical locations to
provide a better understanding of Hg cycling.

Material and Methods

Sample collection, DNA/RNA extraction and library preparation

Surface sediment samples (n = 30, including 10 samples with triplicates) were collected in
2019-2020 at four coastal sites in three locations (Figure S2 and Table S8): Bay of Biscay
(Nervion and Saja river estuaries in Spain; stations CS14, CS3, CS4, CS7, EN15, EN17,
ENAsua, ENAxpe), Mediterranean (BCN4 station, Barcelona, Spain) and Baltic Sea (KPH
station, Kbpmanholmen, Sweden). Samples were kept at -80 °C until further processing for
DNA/RNA extraction. Total environmental RNA and DNA was extracted using the RNEasy
PowerSoil Total RNA kit followed by the PowerSoil DNA Elution kit (Qiagen), following the
manufacturer’s protocol.

The libraries for the metagenomes were prepared with TruSeq DNA PCR-free preparation kit
and the libraries for the metatranscriptomics were prepared with TruSeq stranded mRNA
library preparation kit without polyA selection (lllumina). Both sets of samples, metagenomic
and metatranscriptomics, were sequenced paired-ended in one NovaSeqg 6000 S4 lane
(Figure 17).

The MERCLUB Microbial Gene Catalogue
Metagenome processing

A total of 30 metagenomes from 10 locations were processed to obtain a redundant gene set
to build the gene catalog. Raw reads were cleaned and trimmed with fastp v0.21 (Chen et
al., 2018) (options --length_required 50 --adapter_sequence=
CTGTCTCTTATACACATCTCCGAGCCCACGAGACATGTGTATAAGAGACA -
adapter_sequence_r2=

CTGTCTCTTATACACATCTCGCAGGGGATAGTCAGATGACGCTGCCGACGAATGTGTATA
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AGAGACA --cut_tail --cut_window_size 1 --cut_mean_quality 25 --trim_front1 4 --trim_tail1 1
--correction --overrepresentation_analysis --trim_poly_g). Clean reads were assembled in
megahit v1.2.8 (Li et al., 2016) with options --presets meta-large --min-contig-len 500.

Assembled contigs were processed with prokka v1.14.6 (Seemann, 2014) with options --
metagenome --gcode 11. Prokka provides the gene prediction as well as a basal annotation,
that comprises identification of coding DNA sequences (CDS), annotated as clusters of
orthologous groups (COGs) and Enzyme Comission numbers (EC). Prokka also identifies and
annotates transfer RNAs (tRNAs and tmRNAs), ribosomal RNAs (rRNAs) and CRISPR arrays.
Amino acid sequences from all predicted CDS were further annotated against the KEGG
orthology database (KO, release 98.0, Kanehisa & Goto, 2000) with kofamscan v1.3.0
(Aramaki et al., 2019) and against the Pfam database (El-Gebali et al., 2019; release 34.0)
with HMMR v3.3 (Eddy, 2011) with options --domtblout -E 0.1 and then filtered accordingly,
so that the best hit for each model aligned with no overlaps to the target CDS.

MERCLURB Microbial Gene Catalog generation

The MER-CLUB Microbial Gene Catalogue was obtained by clustering all DNA coding
sequences larger than 100 bp predicted in each metagenome (n = 28,676,531) at 95 % of
similarity in mmseqgs2 (Steinegger & Séding, 2017; commit 13-45111) with options -¢ 0.9 --
min-seqg-id 0.95 --cluster-mode 2 --cov-mode 1. The MERCLUB Microbial Gene Catalogue
currently counts with over 16 million non-redundant genes (16,102,394). The annotation of
each gene cluster was inherited from the annotation of the seed of the gene cluster obtained
previously. Our catalogue displayed high novelty with many genes eluding annotation: 46 %
of genes were annotated with PFAM, and 17.4 % were annotated with KEGG Kos.

Generation of MERCLUB Hg-detoxification Reference Gene Catalogue (Hg-RGC).
Extracting merA and merB genes from MERCLUB Microbial Gene Catalogue.

Custom Hidden Markov Models (HMM) for merA and merB genes in the amino acid space
were built querying UniProtKB for the KEGG orthologs (KO) identifier KO0520 and K00221,
respectively (BioStudies accession number S-BSST1154; Rincon-Tomas et al., 2023). We
examined our MER-CLUB Microbial Gene Catalog for merA and merB gene candidates by
selecting sequences annotated with the custom HMMs (HMMR v3.3; Eddy, 2011), plus all
sequences annotated as either merA (K00520) or merB (PF03243, KO0221). Annotation as
merA or merBB genes was confirmed by checking the presence of conserved amino acids (a
cysteine pair at positions 207 and 212, numbered based on the MerA from Bacillus sp.
RC607, and a cysteine pair at positions 96 and 159 based on the MerB on plasmid R831b;
(Gionfriddo et al., 2016).

Taxonomy of merA and merB genes

The merA and merB genes taxonomy was estimated by comparing the amino acid
sequences to UniRef90 (mmseqgs?2) selecting the taxonomic assignation of the best hit.
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MERCLUB Metagenome Assembled Genomes (MAGs) construction

Clean reads from each site were assembled on megahit v 1.2.8 (Li et al., 2016 ; options --
min-contig-len 2000 --meta-large) and then all individual metagenomes were back-mapped
to each of the 10 site co-assemblies in bowtie v2.3.2 (Langmead & Salzberg, 2012) allowing
all matches. The 30 mapping files for each site were used to calculate an abundance profile
of each contig across all metagenomes metabat v2.12.2 (Kang et al., 2019) and this
information, together with the tetranucleotide frequencies, was used to group the contigs into
a total of 2885 genomic bins. These 2885 genomic bins were assessed for genome
completeness and contamination using single copy gene sets in checkM v 1.1.3 (Parks et
al., 2015). All bins which were more than 50 % complete and had less than 10 % of
contamination were estimated to be medium quality MAGs (Bowers et al., 2017) and used
for downstream processing. A total of 803 medium quality MAGs were annotated using
prokka v 1.14.6 (Seemann, 2014), supplemented with protein families (PFAM v34.0, HMMER
v3.3) (Wheeler et al., 2012) and KEGG orthologs (KO; kofamscan v1.3.0, KEGG release 98)
(Aramaki et al., 2019).

We identified merA and merB genes within the MER-CLUB MAGs dataset (Figure 17) using
the same procedure used for the MERCLUB Hg-detoxification Reference Gene Catalogue
(Hg-RGC).

Fragment recruitment analysis

MAG abundance and their cumulative transcriptional activity were estimated by fragment
recruitment analysis (FRA). First, we made a blastn v2.13.0 (Altschul, 1997) database with
the concatenated sequences of the assembled contigs of each of the 803 MAGs. Then, the
reads of the 30 metagenomes and 24 metatranscriptomes were randomly subsampled to the
smallest sequencing depth value (61,809,851 fragments reads for metagenomes and
3,719,416 for metatranscriptomes) with bbtools v38.08 (reformat.sh;
https://sourceforge.net/projects/bbmap/). Only reads with alignment coverage larger than 90
% and sequence identity larger than 95 % were kept for downstream analyses. In addition,
we discarded reads mapping any region annotated as rRNA to avoid spurious hits to highly
conserved regions. Only MAGs with at least 20 % of horizontal genomic coverage (meaning
that at least 20 % of their assembled contigs were covered by recruited reads) were assumed
to be present in the samples (Royo-Llonch et al., 2021). MAGs with less than 20 % horizontal
genome coverage were thus considered spurious mappings and absent from the samples.
Consequently, metatranscriptomics reads mapping to the latter MAGs were as well
discarded from further analysis. The abundance and the total transcriptional activity of each
MAG were expressed as the number of mapped reads per genomic (MAG size) kilobase
(RPKG), as the normalization per metagenome size was previously done by subsampling the
metagenomes.
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Phylogenetic analysis

The MerA and MerB protein sequences extracted for both the gene catalog and MAGs
catalog were used to construct a phylogenetic tree (Figure 17). The phylogenetic analysis
was performed with MEGAX (Kumar et al., 2018). The alignment was created with the default
options of MUSCLE within MEGAX. Maximum-likelihood phylogenetic reconstruction
(bootstrap: 1000) was done using the Jones—Taylor-Thornton model by MEGAX (Kumar et
al., 2018). In the same manner, the phylogenetic analysis was done for the genes of the
MAGs. Phylogenetic tree editing was done in R (R Core Team, 2013) using the following
packages, ggtree v.3.10 (G. Yu et al., 2017), ggtreeExtra v.1.12 (Xu et al., 2021) and ggplot2
v.3.4.4 (Wickham, 2016). Post-processing was done in lllustrator CC 2020 (Adobe).

Functional and metabolic analysis of MAGs.

The KEGG orthologs of the MAGs were obtained (KO; kofamscan v1.3.0, KEGG release 98;
Aramaki et al., 2019). To explore the metabolic capabilities of the MAGs, we used KEGG-
Decoder (Graham et al., 2018) to study their metabolic capacities (carbon fixation, hydrogen
oxidation, sulfur, nitrogen and methane metabolisms) as well as other functional genes
related to mobility, biofilm formation and other metal resistances genes.

Data visualizations.

All data visualizations included in this manuscript have been generated with the R package
ggplot2v.3.4.4 (R Core Team, 2013; Wickham, 2016). Multi-panels and post-processing were
done in Illustrator CC 2020 (Adobe).
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Figure 17: Diagram of the methodology used in Chapter 2, from sample collection to assembling and
post analyses.

67



Results and Discussion

A deep look into the microbial taxa involved in Hg" reduction and MMHg
demethylation in Hg-impacted marine sediments

We sequenced 30 microbial metagenomes from marine sediments collected from 10 different
Hg-impacted sites of three marine regions: Bay of Biscay (Nervion and Suances), the
Mediterranean Sea (Barcelona) and Baltic Sea (Képmanholmen). Our analysis showed that
the three replicates of each of the 10 sampling points were very similar in terms of both
taxonomic (mTag analysis) and k-mer composition. Due to the high complexity of sediment
metagenomes, we decided to co-assemble the replicates of each site to increase the
sequencing space. These metagenomes were co-assembled to generate the MERCLUB
Microbial Gene Catalog with a total of 16,102,394 non-redundant genes. Using a custom
Hidden Markov Models (HMM) for merA and merB genes (see details in M&M), we identified
74 merA and 188 merB genes conforming the Hg-Reference Gene catalogue (Hg-RGC).
Using the same HMM models for merA and merB genes we identified a total of 45 bacterial
MAGs (Figure 18) having merAE genes from our MER-CLUB MAGs database with a total of
803 MAGs. Of those, 16 MAGs contained the merA gene and 35 had the merB gene.
Phylogenetic analyses were performed integrating a total of 90 merA (Figure 19) and 223
merB (Figure 20) genes derived from both approaches (Hg-RGC and MERCLUB MAGs
dataset). Only 20 % and 18.6 % of the merA and merB genes of the Hg-RGC catalog were
later found in the MAGs respectively, while only one merA (EN17.27_02336) was recovered
in the MAGs dataset but was not present in the catalog (its highest identity was 83.33 % with
MERCLUB-RGC-v1.1_003126404).
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Out of the 90 merA genes, 88 of them belonged to 8 different phyla: Actinomycetota,
Armatimonadota, Bacillota_A, Chloroflexota, Gemmatimonadota, Krumholzibacteriota,
Pseudomonadota and Verrucomicrobiota (Figure 19), while two of them were not assigned
to any phylum. Krumholzibacteriota was not previously found as a merA containing phyla
(Christakis et al., 2021). Out of the 90 merA, 58.8 % of them (53) were assigned to the phylum
Pseudomonadota, in the same range as the 53.7 % (4050 out of 7544) found in the study
from Christakis et al. (2021). Among one of the Pseudomonadota clusters, we found two merA
genes belonging to the same MAG (CS7.241) assigned to Krumholzibacteriota (Figure 19).
The homologs of these two genes in the Hg-RGC were assigned as Pseudomonadota with
no further assignation. The taxonomy in the catalog is based only on mer gene sequences,
and mer genes can be horizontally transferred, so it is plausible that the assignation in the
catalog was misleading. No other genes belonging to Krumholzibacteriota were found in the
Hg-RGC, this phylum was only found in the MAGs dataset. However, four of the phyla were
only found in the Hg-RGC catalog, Armatimonadota, Bacillota_A, Gemmatimonadota, and
Verrucomicrobiota, and the last two have not been described in the previous database from
Christakis et al. (2021). However, Vigneron et al. (2021) found Verrucomicrobiota in their
MAGs. Overall, Pseudomonadota was the most prevalent phylum, present in the ten stations,
with four sequences belonging to the catalog and two belonging to the MAGs. Besides, other
Pseudomonadota (Alphaproteobacteria and Gammaproteobacteria), Krumholzibacteriota,
and 12 out of the 15 Actinomycetota were present in most (eight or nine) stations (Figure 19).

On the other hand, most merB genes (198) belonged to 12 phyla: Abyssobacteria,
Acidobacteriota, Actinomycetota, Candidatus Dadabacteria, Chloroflexota,
Desulfobacterota, Desulfobacterota_F, Euryarchaeota (Archaea), Gemmatimonadota,
Nitrospirota, Pseudomonadota, Zixibacteria (Figure 20); other 25 merB genes were not
assigned to any phylum. Three of them (Abyssobacteria, Acidobacteriota and Candidatus
Dadabacteria) were not present in the previous database from Christakis et al. (2021) and
two of them, Desulfobacterota and Desulfobacterota_F, were previously categorized as
Deltaproteobacteria (phylum Pseudomonadota). Almost three thirds (73.37 %) of merBgenes
were assigned to the phylum Pseudomonadota compared to the 26.62 % found in Christakis
et al. (2021). Such differences may be linked to the fact that the dataset built in Christakis et
al. (2021) integrated a wide variety of habitats while our study is mainly focused on marine
sediments. Among the Pseudomonadota clusters, we found three genes taxonomically
assigned to Archaea instead of Bacteria (Figure 20). Although /merB genes were identified in
archaea in the Hg-RGC, we did not find them among the archaeal MAGs. As well, we found
in the catalog Chloroflexota (adding 7 genes to the 7 already described in Christakis dataset)
and Gemmatimonadota (adding two new genes to the single gene present in Christakis
dataset) which were not present in the merA and/or merB containing MAGs. Only 6 genes,
all belonging to MAGs, were present in the ten stations. They all belong to the same genus
UBA9214 from the order Thiohalobacterales (Gammaproteobacteria). Actinomycetota,
Desulfobacterota, Desulfobacterota_F and Psedomonadota are the other taxa corresponding
to the most prevalent genes (present in eight/nine stations) (Figure 20).
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Tree scale: 0.5

Type Class Phylum
| Catalog 0 Actinomycetia Actinomycetota
Isolate . Alphaproteobacteria Armatimonadota

. MAG . Anaerolineae Bacillota_A
| Betaproteobacteria Chloroflexota
. Clostridia Gemmatimonadota
. Gammaproteobacteria Krumholzibacteriota
. Krumholzibacteria Pseudomonadota
. Verrucomocrobiae Verrucomicrobiota
I NA NA

Figure 19: Phylogenetic analysis integrating 90 MerA amino acid sequences retrieved from both Hg-
RGC and MERCLUB MAGs datasets. The analysis includes 3 extra sequences from isolates of the
MERCLUB Culture Collection. The histogram (in grey) represents the number of sites in which the
sequence was found. The colors of the lines in the phylogenetic tree correspond to the phylum.
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Figure 20: Phylogenetic analyses integrating 223 MerB amino acid sequences retrieved from both Hg-
RGC and MERCLUB MAGs datasets. The histogram (in grey) represents the number of sites in which
the sequence was found. The colors of the lines in the phylogenetic tree correspond to the phylum.
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The Hg-RGC catalog provided a greater diversity of merAB genes, with the identification of
a higher number of classes, which is relevant to get a deeper view of the microbial taxa
involved in the reduction and demethylation of mercury. However, it lacked the genomic
context of those taxa. For that reason, the reconstructed metagenomic assembled genomes
(MAGs) provided essential genomic information to infer a deeper understanding of the metabolic
and functional traits of these ecologically relevant taxa.

Diversity and novelty of microbial MAGs containing merAB genes

From the MERCLUB MAGs database, 45 bacterial MAGs were identified as having merA
and/or merB genes, and in six of them an entire operon was reconstructed (Figure S3). No
merA and/or merB genes were retrieved from the 27 archaeal MAGs, suggesting that Hg
detoxifying archaea were rare or absent. Two MAGs contained both merA and merB genes
(EN17-bin.27 and EN17-bin.60), 13 had only merA (1 had two merA genes) and the other 30,
had only merB (three had two merB genes). They belonged to 9 phyla: Abyssubacteria,
Acidobacteriota, Actinobacteriota, Chloroflexota, Desulfobacterota, Krumholzibacteriota,
Nitrospirota, Proteobacteria and Zixibacteria (Figure 21). As summary, 62.2 % of the
identified MER-CLUB MAGs with merA and/or merB genes belonged to Proteobacteria, 28
out of the 45, with most of them (26) associated to Gammaproteobacteria and affiliated to 6
different orders, such as Arenicellales, Burkholderiales, Chromatiales Pseudomonadales,
Thiohalobacterales, and SZUA-229 (Figure 21). The phylogenetic analysis of the merA of the
MAGs allows us to identify three clusters, one with the enzymes belonging to
Actinobacteriota, one with the Gammaproteobacteria and the Krumholzibacteriota, which we
already mention as a possible horizontal gene transfer, and one the Alphaproteobacteria and
one Aerolineae (Figure S4A). For merB, we also found three clusters: one with all the
Gammaproteobacteria and three more sequences (Zixibacteria, Nitrospirota and
Alphaproteobacteria), one with a few different taxa and one with just one sequence belonging
to Desulfobacteriota (Figure S4B).

Only two of the MAGs were classified at the species level (Figure 21), while 95.5 % of the
merA and/or merB containing MAGs remained unclassified at this level, suggesting that the
novelty within the MERCLUB MAGs containing merA and/or merB genes from Hg-impacted
sediments was higher than other studies, which showed lower percentages of unclassified
MAGs within the archaea and bacteria, ranging between 80-85 % (Alneberg et al., 2020;
Royo-Llonch et al., 2021) or 58-68 % (Acinas et al., 2021).

As we mentioned before, merA nor merB genes from Krumholzibacteriota were included in
the latest database made by Christakis et al. (2021), although in a very recent study, Ma et
al. (2023) reconstructed three Krumholzibacteriota MAGs with the merA gene in soil samples
(GenBank assembly ID: GCA_035649275.1, GCA_035649435.1 and GCA_036398135.1).
The MAG belonging to Krumholzibacteriota from our work (CS7-bin.241) was recovered from
station CS7 (Bay of Biscay), with a Hg concentration of 1315 + 214 ng of Hg/g total. Even
though CS7-bin.241 was recreated from a station in the Suances area, it is present in 9 out
of 10 sampling sites, only missing in Sweden (KPHOto2cm). This MAG is 78.62 % complete
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and 3.35 % contaminated. It has two merA genes; for one of the genes, we were able to
reconstruct the entire operon (Figure S3). This phylum’s first representative,
Krumholzibacterium zodletonense, was recovered from an anoxic sulfide and sulfur-rich
spring (Zodletone spring) in southwestern Oklahoma (Youssef et al., 2019) and the phylum
has no culture representative.

The Abyssubacteria MAG (EN17-bin.217) is 98.9 % complete and only 3.48 % contaminated.
Even though it is almost 100 % complete, it has <71 % ANI with the three available genomes
from this phylum (GenBank assembly ID: GCA_016215705.1, GCA_003598085.1 and
GCA_003598055.1) (He et al., 2021; Momper et al., 2018) pointing out to represent a different
species and even genera (Sangal et al., 2016). Even though this taxon was neither included
in Christakis et al. (2021) study, all three public genomes have the merA gene, and only one
has merBas well (GCA_003598055.1). On the other hand, the representatives for Zixibacteria
among our MAGs did not have merA, but only merB, as previously reported (Christakis et al.,
2021). Curiously, one of the three sequences from Zixibacteria is in one cluster and two in
the other (Figure S4B). We also detected one MAG identified as Desulfosudaceae (EN17-
bin.295), a family with a single genus (Desulfosudis) that belongs to the Desulbacterota
phylum. This MAG displayed a genome completeness of 79.25 % and displayed the merB
gene but no merA, as recently observed in some Desulbacterota MAGs related to
Desulfuromonadia in similar sediments (Rincon-Tomas et al., 2023).

Lastly, the two MAGs containing both merA an merB genes were reconstructed from station
EN17 (the station with the second highest Hg concentration, 6601 + 179 ng Hg/g total): one
(EN17-bin.27) is a 2.5 Mbp MAG (100 % complete, 0.69 % contamination) from order
Actinomycetales (Microbacterium sp.) and the other (EN17-bin.60) is a 3.8 Mpb MAG (90.6
% complete, 3.3 % contamination) from order Rhodobacterales. We reconstructed an entire
operon in EN17-bin.60 which has both enzymes (Figure S3). It was in the EN17 station where
the highest number of MAGs was recovered and also where the highest taxonomic diversity
of MAGs with merA and/or merB genes was found, from 5 different phyla including
Abyssubacteria, Actinobacteriota, Desulfobacterota, Proteobacteria and Zixibacteria.
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Figure 21: Taxonomic annotation and novelty of the MERCLUB MAGs containing merA and/or B
genes. A) Phylogenomic-based taxonomy of the 45 MERCLUB MAGs dataset at the phylum level
(except for Proteobacteria that were split at the class level). Gammaproteobacteria were further
visualized at the order level as well. The figures indicate the number of MAGs for each taxonomic level.
B) Stacked bar plot for novelty quantification of the merAB containing MERCLUB MAGs (x-axis) at
different taxonomic ranks (y-axis). The taxonomically unclassified portion is depicted in white; the
taxonomically classified portion is shown in dark magenta.

Metabolic and functional diversity of the merA and merB MAGs genomes

The metabolic diversity of the MAGs harboring merA anad/or merB genes was investigated to
determine what metabolisms were more prevalent among the bacterial genomes with the
genetic potential for Hg" reduction and MMHg demethylation in coastal marine sediments
(Figures 22 and 23). We observed that chemolithoautotrophic metabolisms were associated
with most of the MAGs related to Gammaproteobateria, and present in Arenicellales,
Burkholderiales, Chromatiales, and Thiohalobacterales. These MAGs represented 62.2 % (26
out 45) of the MAGs containing either merA or merB genes (Figure 23) and only 4 of them
showed merA, while 22 harbored merB and none of them had both genes. These results
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highlight the importance of studying merB genes not only as a complement of merA
(Christakis et al., 2021). The Calvin Cycle pathway was present (with the essential RubisCo
genes) in 11 MAGs (24.4 %) mostly associated to Arenicellales, although two MAG were
assigned to Burkholderiales and Thiohalobacterales. These bacteria are potentially capable
of fixing CO, and produce new organic biomass using as energy source either the thiosulfate
oxidation by the SOX complex or the H oxidation by NiFe and NAD-reducing hydrogenases.
Both sources of energy were present in almost all the Gammaproteobacterial MAGs (Figure
23). Interestingly, many of the above-mentioned MAGs also displayed the key marker genes
for multiple steps of denitrification, dissimilatory nitrate reduction or dissimilatory sulfate
reduction, pointing out their metabolic versatility. Some of them showed the capacity for
chemotaxis or flagellar development but none of them showed the potential for biofilm
formation (Figure 24).

The metabolic reconstruction of the three merB containing MAGs, assigned to the phylum
Zixibacteria (previously known as RGB-1 lineage), included mtfB gene for methanogenesis
via trimethylamine, hao gene for nitrification and dissimilatory sulfur reduction, reflecting a
mixotrophic lifestyle (Figure 23). The phylum Zixibacteria has been also found in sediments
from aquifers and contains pathways and complexes involved in aerobic growth, oxidation
or reduction of ferric/ferrous iron, arsenate/arenite and nitrate/nitrite, hydrogen metabolism,
and anaerobic respiration via nitrite reduction, as well as fermentation to propionate, acetate,
ethanol, and butyrate (Castelle et al., 2013). Thus, overall, their versatile metabolism enables
Zixibacteria to thrive in changing redox environments. Additionally, all three genomes of
Zixibacteria have the necessary genes for flagellar development and for chemotaxis, as well
as the arsenic resistance operon (arsCBRA) and cobalt and ferrous iron transporters (corA
and feoB) (Figure 24).
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Figure 22: Metabolic pathways of the 45 MAGs harboring merA and/or merB genes involved in
inorganic carbon fixation (yellow), nitrogen (green), sulfur (blue), hydrogen (purple) and methane
(red), shown with the names of the genes. A complete list of the KO involved in all represented
pathways is indicated in Table S9 as well as in github.com/bjtully/BioData/tree/master/KEGGDecoder
(Graham et al., 2018)
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Figure 23: Metabolic potential of the 45 MAGs containing merA and/or merB genes. Each MAG is
colored based on its taxonomic affiliation at the highest possible resolution. Different pathways
associated with Sulfur, Nitrogen, Methene, Hydrogen, and Carbon metabolism are shown in different
colors.

77



Other genes
(metal related genes,
mobility and biofilm)

Flagellum (fli, flh, flg & mot families)
Chemotaxis (cheRYBAVW / mcp)

Biofilm PGA Synthesis protein

(p) Abyssubacteria - EN17.bin.217 |Jil] | \
(f) Aminicenantaceae - CS14.bin.72
(c) Thermoanaerobaculia - ENAXPE.bin. 158
CS3.bin.125
i CS3.bin. 147
(0} Nanopelagicales ENT5.bin 95 Pathway completeness (%)
AU 0 25 50 75 100
(o) Actinomycetales | ENAXPE.bin.108 “
EN17.bin.27
(0) Anaerolineales - EN17.bin.328
c) Krumholzibacteria - CS7.bin.241 1 merA
(f) Nitrospiraceae - CS3.bin.96 2 merA
(f) Hyphomicrobiaceae - CS14.bin.306 1 merB
(f) Rhodobacteracea - EN17.bin.60
CS14.bin. 135 2 merB
(c) Gammaproteobacteria EN15'b'“_‘81
EN15.bin.9 . .
CS4 bin 421 Taxonomic annotation
Cséééb‘t;rﬂgg (p) Abyssubacteria
CS4.bin.409 (c) Aminicenantia
CS4 .bin.84 (c) Thermoanaerobaculia
(o) Arenicellales CS7.bin.273 ; ;
EN15.bin. 152 (c) Actinomycetia
ENASUA.bin.191 (c) Aerolineae

ENAXPE.bin.275

Arsenic reduction (asrBCRA)

Cobalt transporter (CbiMQ)

Cobalt transporter (CorA)

Copper transporter (CopA)

Ferrous iron transporter (FeoB)

Ferric iron ABC type substrate binding (AfuA)
Fe/Mn transporter (MntH)

merB

merA

N5 bin 24 ¢) Krumholzibacteria
CS14.bin.184 R Seee
(0) Burkholderiales CS3.bin.109 c) Nitrospiria
ENASUA .bin.35

(o) Chromatiales - CS4.bin.374
(o) Pseudomonadales - CS7.bin.52 I |

CS14.bin.292

CS3.bin.228

CS4.bin.77

CS7.bin.163
EN17.bin.137
ENASUA.bin.188

(o) Thiohalobacterales

ENASUA.bin.357

ENAXPE.bin.75
| EN17.bin.23
(p) Zixibacteria | EN17.bin.246
I EN17.bin.75

Figure 24: Functional traits associated to metal metabolism, motility, and biofiim formation of the 45
merAB MAGs. Each MAG is colored based on its taxonomic affiliation at the highest possible

resolution.
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The phylum Krumholzibacteriota (MAG CS7.bin.241) has never been described to contain
merB but as mentioned earlier, three genomes with merA have been recently reconstructed
(Ma et al.,, 2023). Even though CS7.bin.241 has a 78 % completeness, it has a quite
incomplete metabolism (Figure 23). The only complete route is part of the methane
metabolism (methanogenesis via trimethylamine; mitB gene) which hints at a restrictive
lifestyle. It displayed a quite complete flagellum but no chemotaxis and no biofilm formation,
as well as arsenic reduction (~50 % completeness) and a ferrous iron transporter (FeoB).

The only two MAGs that contained both merAB genes in their genomes, associated with
Actinomycetales (EN17.bin27) and Rhodobacteracea (EN17.bin60), presented the enzymes
required for dissimilatory nitrate reduction to ammonium (DNRA). The different
Actinomycetales (except EN17.bin.27), displayed the responsible genes for dissimilatory
nitrate and nitrite reduction and additional sulfur pathways (sulfhydrogenase and sulfur
assimilation) (Figure 23) but they had no genes for biofilm or flagellum formation nor
chemotaxis (Figure 24). On the other hand, EN17.bin60 displayed a higher metabolic
versatility with multiple routes involved in nitrate, sulfur and methane metabolisms (Figure 23).

Our results indicate that chemolithoautotrophic metabolism may significantly contribute to
the primary production of organic matter in the marine sediments studied as previously
suggested by other studies (Boschker et al., 2014; Lipsewers et al., 2017). It has even been
reported that chemolithoautotrophic bacterial production may even equal or exceed
organoheterotroph  bacterial production in  sediments (Howarth, 1984). Thus,
chemolithoautotrophic bacteria may be involved in key geochemical processes, including
sulfur, nitrogen, and carbon cycling, while they are adapted to survive in the dark, often in
anoxic marine sediments.

Prevalence and transcriptional activity of the merA and/or merB MAGs

We evaluated the abundance and transcriptional activity of those 45 MAGs with merA and/or
merB genes exploring their biogeography and prevalence in different Hg-impacted
sediments. Our results indicated that all recovered MAGs exhibited transcriptional activity
(Figure 25), with the exception of stations EN17 and CS14, where metatranscriptomic data
could not be obtained. Among the most abundant MAGs we found EN17.bin.217
(Abyssubacteria), EN17.bin.27 (Actinomycetales), EN17.bin.75 (Zixibacteria), CS14.bin.72
(Aminicenantaceae), and CS3.bin.125 (Nanopelagicales), all of them in the station in which
they were recovered. In contrast, the highest transcriptional abundance was found in BCN4,
from which no merA containing MAGs were recovered; EN17.bin.137 (Thiohalobacterales),
CS14.bin.135 and EN15.bin.81 (Gammaproteobacteria) had the highest transcriptional
activity.

Most of the Gammaproteobacteria were present in all samples, both in the metagenomes
and the metatranscriptomes, except for Sweden (KPHOto2cm) that only had 9
Gammaproteobacteria MAGs present (Figure 25). In Sweden, we only found one additional
MAG, Desulfosudaceae, which was present in all samples from Biscay (Nervion and
Suances) but not in Barcelona. Two MAGs, ENAXPE.bin.158 (Thermoanaerobaculia) and
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EN17.bin.60 (Rhodobacteraceae), were present in all Nervion samples (EN15, EN17,
ENAXPE and ENASUA) and in the Barcelona sample (BCN4) but not in Suances or
Képmanholmen. Additionally, there was one MAG, CS14.bin.72 (Aminicenantaceae) that was
present only in Suances samples (CS14, CS3, CS4 and CS7), and one in the Nervion samples
(EN17) (Figure 25). The seven Actinomycetia were present in all samples from Biscay, and
all but one (CS3.bin.125) were present in Barcelona (Figure 25). The three representatives of
Zixibacteria had different patterns of presence and abundance (Figure 25).

A further detailed analysis revealed that the /merB was transcribed at higher levels than merA
(Figure 26), which could explain why no MMHg could be detected in the samples (Pereira-
Garcia et al., 2024). The highest transcription of merA was related to the Thiohalobacterales
present in two stations, followed by Azonexus and Krumholzibacteria. Interestingly, the two
merA gene copies of the MAG affiliated to Krumholzibacteria displayed different expression
levels in different stations (Figure 26A). On the other hand, the highest expression of merB
gene was assigned to Arenicellales, present in 4 stations, followed by one
Gammaproteobacteria and one Chromatiales. The MAG with two merB gene copies
associated with a gammaproteobacterial MAG (CS4-bin.421) displayed a transcriptional
signal only in one of the gene copies (CS4.421_00314) at the time of sampling. Additionally,
a low expression of other 8 Gammaproteobacteria was detected (Figure 26B). Environmental
MMHg demethylation rates are rarely measured due to the experimental and analytical
challenges involved, but due to the high transcripts per million (TPM) values found in the
metatranscriptomes, we strongly believe that MMHg demethylation is taking place in our
sediments. Curiously, we did not find any expression of merA and merB either in Barcelona
nor Sweden.

Interestingly, the number of merA (90) and merB(223) genes (Hg-RGC and MERCLUB MAGs
Collection) recovered from our sediments differs from previous studies in which the number
of merA genes was always higher than the number of merB genes (Christakis et al., 2021;
Rincon-Tomas et al., 2023; Vigneron et al., 2021). In general, merA tends to be more
prevalent likely because the percentage of MMHg in total Hg tends to be low (Bowman et al.,
2020). Furthermore, until recently, studies have focused only in merA and the merB gene is
only mentioned as part of the same operon (Jeffrey et al., 1996; Nakamura et al., 2001; Ni
Chadhain et al., 2006), but we recovered 30 MAGs (12 high-quality and 18 medium-quality)
in which there is only merB. The enzymatic activity of only merB containing MAGs is further
supported by the transcriptional activity of such MAGs and especially by the TPM of the merB
genes (Figure 26B). The functional transcription of a only merB operon has already been
demonstrated in a culturable Altermononas mediterranea 155312 (Pereira-Garcia et al.,
2024) and Escherichia coli(Krout et al., 2022). Lin et al. (2023) proposed that merB appeared
as a defense mechanism to AgcAB activity of Hg" methylation and therefore, we would expect
a higher abundance and activity of /merB in environments with a high production of MMHg
such as in marine sediments.

80



EN17.bin.217 -
CS14.bin.72 -
ENAXPE.bin.158 -

CS3.bin. 147 - (
EN15.bin.95 - (o
ENAXPE.bin.53 - (o

vv

CS3.bin.186 - (0) Actinomycetales -
ENAXPE.bin.108 - (0) Actinomycetales -
EN17.bin.27 - (0) Actinomycetales -
EN17.bin.328 - (0) Anaerolineales A

EN17.bin.295

CS14.bin.306 -
EN17.bin.60 -
CS14.bin. 135 - (
EN15.bin.81 - (
EN15.bin.9 - (c
CS4.bin.421 - (
CS14.bin. 108 -
CS3.bin.12 - (0
CS4.bin.409 - (o
CS4.bin.84 - (o
CS7.bin.273 - (o
EN15.bin.152 - (0
ENASUA.bin.191 - (o
ENAXPE.bin.275 - (o
EN15.bin.24 -
CS14.bin. 184 -
CS3.bin. 109 -
ENASUA.bin.35 -
CS4.bin.374 -
CS7.bin.52 -

CS14.bin.292 - (0) Thiohalobacterales 1
CS3.bin.228 - (0) Thiohalobacterales 1
CS4.bin.77 - (0) Thiohalobacterales 1
CS7.bin. 163 - (0) Thiohalobacterales 1
EN17.bin.137 - (0) Thiohalobacterales 1
ENASUA.bin.188 - (0) Thiohalobacterales 1
ENASUA .bin.357 - (0) Thiohalobacterales 1
ENAXPE.bin.75 - (0) Thiohalobacterales 1
EN17.bin.23 - (p) Zixibacteria -
EN17.bin.246 - (p) Zixibacteria 1
EN17.bin.75 - (p) Zixibacteria 1

(p) Abyssubacteria -
(f) Aminicenantaceae -
(c) Thermoanaerobaculia -
CS3.bin.125 - (0) Nanopelagicales -
o) Nanopelagicales -
Nanopelagicales -
Nanopelagicales -

- (f) Desulfosudaceae A
CS7.bin.241 - (c) Krumholzibacteria -

CS3.bin.96 - (f) Nitrospiraceae A
(f) Hyphomicrobiaceae -
(f) Rhodobacteracea -
c) Gammaproteobacteria -
c) Gammaproteobacteria -
) Gammaproteobacteria -
c) Gammaproteobacteria -
(0) Arenicellales A
0) Arenicellales A
) Arenicellales -
) Arenicellales A
) Arenicellales 4
) Arenicellales -
) Arenicellales -
) Arenicellales -
(o) Arenicellales A
(o) Burkholderiales -
(o) Burkholderiales -
(o) Burkholderiales 1
(o) Chromatiales 1
(0) Pseudomonadales 1

BCN4
CS14
Cs3
Cs4
Cs7

i

]

EN15

EN17

4

ENASUA
ENAXPE

-

YV

KPHOto2cm

merB
merA

Abundance as mean metaG
or metaT RPkGs per station

A Metagenomic data

5 50 75

0 2

N Metatranscriptomic data

Taxonomic annotation

Abyssubacteria
Aminicenantia

c) Thermoanaerobaculia
c) Actinomycetia

c) Aerolineae

c) Krumholzibacteria

c) Nitrospiria

c) Alphaproteobacteria

c) Gammaproteobacteria

()
(c)
(c)
(c)
(c)
(c) Desulfobacteria
(c)
(c)
(c)
(c)
(p)

p) Zixibacteria

[Ha] ppm
20
1 merA
6 2 merA
4 1 merB
2 merB
- 2

Figure 25: Abundance and transcriptional activity measured by RPKG for each MAG and across the
different Hg-impacted sediments. The metatranscriptomes of stations CS14 and EN17 were absent

due to their low quality.
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Figure 26: Transcriptional level of merA (A) and merB (B) genes expressed by Transcript Per Million
(TPM).

Conclusion

Our findings highlight the crucial role of the transcription of the merB gene in sediments to
maintain low MMHg concentrations and the importance of studying /merB genes even in the
absence of merA since the highest merB transcriptional activity belonged to MAGs without
the merA present in its genome. We demonstrated that Gammaproteobacteria have a key
role in the demethylation of Hg in marine sediments and we described a new phyla
(Krumholzibacteria) with the ability to reduce Hg" and proved they are transcriptionally
relevant. Overall, we showed that the bacteria involved in Hg" reduction and MMHg
demethylation are metabolically diverse, pointing out that the mechanisms involved in these
processes in marine sediments are highly complex and need to be revisited to include new
bacterial key players that are not only present but also actively expressing the merA and
merB genes. Our results emphasize the complexity and metabolic versatility of bacteria
involved in these processes within marine sediments, influencing the overall mercury
bioavailability and ecological impacts, which is key for exploring Hg removal strategies.
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Chapter 3: Unmasking the physiology of mercury detoxifying

bacteria from polluted sediments

Abstract

Marine sediments polluted from anthropogenic activities can be major reservoirs of toxic
mercury species. Some microorganisms in these environments have the capacity to detoxify
these pollutants, by using the meroperon. In this study, we characterized microbial cultures
isolated from polluted marine sediments growing under diverse environmental conditions of
salinity, oxygen availability and mercury tolerance. Specific growth rates and percentage of
mercury removal were measured in batch cultures for a selection of isolates. A culture
affiliated with Pseudormonas putida (MERCC_1942), which contained a mer operon as well
as other genes related to metal resistances, was selected as the best candidate for mercury
elimination. In order to optimize mercury detoxification conditions for strain MERCC_1942 in
continuous culture, three different dilution rates were tested in bioreactors until the cultures
achieved steady state, and they were subsequently exposed to a mercury spike; after 24 h,
strain MERCC_1942 removed up to 76 % of the total mercury. Moreover, when adapted to
high growth rates in bioreactors, this strain exhibited the highest specific mercury
detoxification rates. Finally, an immobilization protocol using the sol-gel technology was
optimized. These results highlight that some sediment bacteria show capacity to detoxify
mercury and could be used for bioremediation applications (Figure 27).

Pseudomonas sp. MERCC_1942 is the best candidate for bioremediation
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Figure 27: Graphical abstract for Chapter 3. From left to right: growth curve (optical density: OD.) at 4
uM and Hg concentrations over time, schematic of continuous culture set up and specific degradation
rate from the three continuous culture conditions.
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Introduction

Many natural processes, e.g. volcan eruptions, emit mercury (Hg) — an extremely toxic heavy
metal — to the environment (Priyadarshanee et al., 2022) but the majority of current releases
originate from historical Hg and anthropogenic activities, such as mining and coal
combustion (Kocman et al.,, 2017). Hg in aquatic environments binds to fine sediment
particles through different processes (Scanu et al., 2016), making coastal sediments both a
sink (Chakraborty et al., 2014) and a source of Hg to offshore pelagic food webs (Fitzgerald
et al., 2007). Once the environment is contaminated, Hg removal is a significant challenge
for environmental management. Various conventional approaches have been used for
mercury remediation, e.g. adsorption or soil washing, but they have serious drawbacks
because they are costly, time-consuming, and produce a large quantity of sludge (Mahbub
et al.,, 2017). In contrast, bioremediation by means of bacteria is a cost-efficient and
environmentally supportive technique for the remediation of Hg pollution. Bacteria can
withstand many selection pressures, making them efficient for converting and degrading Hg
compounds to a safe environmental level (Mosa et al., 2016).

Hg-resistant bacteria exhibit different Hg tolerance mechanisms, such as the direct efflux of
Hg (Naik & Dubey, 2017), its extracellular/intracellular sequestration (Kaur et al., 2022), and
enzymatic transformation of Hg compounds (Barkay et al., 2003). This enzymatic
transformation can be encoded in the meroperon, which consists of regulatory genes (merR
and merD), transporters (merT, merP, merD, merF, merC) and two enzymes, which presence
differs between microorganisms (merA and merB). Gene merA codes for a mercuric
reductase, which converts Hg" (reactive mercury) to Hg® (volatile elemental mercury) and
gives the bacteria a narrow spectrum resistance (only to inorganic compounds) (Boyd &
Barkay, 2012). Gene merB codes for organomercurial lyase, which breaks the bond between
carbon and Hg, and confers a broader spectrum resistance to organomercurials (Boyd &
Barkay, 2012). The taxonomic distribution of Hg resistant bacteria is very wide (Matsui et al.,
2016; Naik & Dubey, 2017; Nath et al., 2019; Sanz-Séez et al., 2022; Yang et al., 2017; Yu et
al., 2016; Zheng et al., 2018a) as the mer operon can be horizontally transferred (Boyd &
Barkay, 2012; Matsui et al., 2016).

Many studies have isolated and characterized Hg resistant bacteria, and their Hg removal
capabilities have usually been determined using the batch culture technique (Ma et al., 2018;
Naik & Dubey, 2017; Nath et al., 2019; Yang et al., 2017; Yu et al., 2016; Zheng et al., 2018a).
This technique is simple and does not require any special setup, thus incurring low costs
(Sandberg et al., 2019). However, population density, which depends on the residual amount
of nutrients, and parameters such as pH or dissolved oxygen may vary along time during the
growth cycle of a batch culture (Lee & Kim, 2020). Instead, continuous culture, in which the
growth medium is continuously fed with a pump into a culture vessel at a steady flow rate,
maintains consistent environmental conditions and a constant nutrient supply, managing to
keep cell density and growth rate invariable along time. Thus, continuous culture can
reproducibly cultivate microorganisms at submaximal growth rates under different growth
limitations, maintaining culture conditions virtually constant (in “steady state”) over extended
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periods of time. In this steady state, the growth of organisms can be studied in great detail
under precisely controlled physiochemical conditions (Kuenen, 2019). Although continuous
culture is the best tool for studying the physiology of microorganisms at different growth rates
and under different controlled conditions, very few studies have used it to optimize the growth
conditions of Hg resistant bacteria (Chang & Law, 1998).

In this study, our primary objective was the isolation and characterization of a culturable
microorganism from Hg-polluted sediments with potential for efficient mercury removal
capabilities under diverse growth conditions. For this purpose, we generated a large culture
collection in the context of the MERCLUB project (www.mer-club.eu), which included marine
bacterial strains isolated from sediment samples collected at different Hg polluted locations.
Additionally, using the continuous culture technique, we aimed at investigating the influence
of growth rate on this selected microorganism to determine the optimal settings for mercury
detoxification. We also tested the best conditions to immobilize the selected candidate on an
versatile carrier to enable field deployment and potential use at industrial scale
bioremediation actions.

Methods

Study areas and isolation

Coastal sediment samples were collected at different stations from Hg-contaminated
sediment locations (Figure S2) in (i) the Bay of Biscay (estuaries Nervion (EN) and Suances
(CS)) in the Basque Country and Cantabria, Spain, (ii) the Gulf of Bothnia (KPH), in
Képmanholmen, Sweden, and (iii) the Mediterranean coast (BCN), in Barcelona, Spain.
Sediment samples from the Gulf of Bothnia were obtained during November 2019, while Bay
of Biscay and Mediterranean locations were sampled during February and March 2020
(Table S8). The concentration of total Hg as well as the redox of the sediment samples have
also been included in Table S8. Determination of total Hg concentration in the latter samples
was carried out by thermo-desorption atomic absorption spectrometry (AMA-254, Altec).

For the isolation of bacterial strains, we used an advanced cultivation methodology, the Soil
Substrate Membrane System (SSMS), based on the growth of microcolony-forming units
using the original sediment as the culture medium (Rasmussen et al., 2008), in combination
with a more classical isolation on agar plates with different media (i.e. Marine agar; Becton
Dickinson, USA) and 10 % Zobell agar , in order to maximize the number of bacterial species
recovered from the sediment. Briefly, sediment sub-samples (1 g) were transferred to sterile
tubes with 9 mL 1x Phosphate Buffered Saline (PBS), and microorganisms were suspended
by vigorous vortex for 3 min. This sediment-PBS mix was serially diluted and 100 uL of each
dilution was used to inoculate 0.2 um pore filters placed onto polycarbonate inserts in contact
with the original sediment, as well as to plate Marine agar and 10 % Zobell agar plates. After
7 days, the 0.2 um pore filters were mixed with 9 mL 1x PBS, serially diluted and 100 uL of
each dilution was used to plate new Marine agar and 10 % Zobell agar plates.
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On the other hand, to ensure the retrieval of mercury resistant bacterial species, an additional
pre-treatment with HgCl, was also performed prior to isolation for samples from stations
BCN_4, EN_17, CS_7 and KPH. Briefly, one mL of the sediment-PBS mix was inoculated into
liquid 40 mL Zobell with three different concentrations of Hg (12.5, 25 and 50 uM) and

incubated for 48 hours. After 2 days, the incubated samples were serially diluted and 100 pl

of each dilution was plated on Zobell agar plates. All samples were incubated at room
temperature (RT).

All agar plates, i.e. from the classical isolation approach and from the SSMS cultivation
approach, were incubated at RT for 4 days. Plates showing between 10 and 60 colonies were
selected and colonies were picked for further purification of the isolates in fresh medium. All
selected isolates were cryopreserved in glycerol at -80°C. From the total number of isolates
obtained, a selection was performed according to: i) taxonomic affiliation, ii) results from a
PCR screening for detecting merA genes (Rincon-Tomas et al., 2023), iii) the isolation method
(pre-treatment with HgCl, before isolation or not) and iv) presence of same species in multiple
sites. Those isolated selected were further analyzed by salinity, anaerobiosis and Hg
tolerance tests as described below.

Physiological tests

An assay was performed on the selected isolates to analyze their ability to grow in a wide
range of salinities. For this purpose, two different media, a marine medium with a typical
salinity of 3.5 %, and a brackish medium (0.5 % salinity), modified from the medium of Zech
et al. (2009) were tested (Tables S10 and S11). The isolates were inoculated in both media
at RT in 24-well plates. Growth was measured as optical density (OD) at 600 nm after 38 h
using an automated plate reader (Infinite M200, Tecan), and data were collected using the
Magellan Data Analysis Software (Tecan Diagnostics). Moreover, negative controls (medium
without microorganisms) were performed to check for potential contamination.

For those isolates able to grow in both media, a second selection was made based on their
ability to grow or tolerate anoxic conditions as well as different concentrations of Hg. In brief,
100 pL of a liquid culture of the selected strains grown overnight at RT with Zobell medium
were spread onto Zobell agar plates and incubated in an anaerobiosis box with a reagent
mixture (Anaerocult A, Merck Millipore) to generate an anoxic environment. On the other
hand, Hg tolerance was determined measuring the minimum inhibitory concentration (MIC)
in inorganic mercury (mercury (II) chloride, HgClz) and organic mercury (methyl-mercury
chloride, CHsHgCI or MMHQCI) in 24-well plates, which allowed the detection of candidates
able to grow at high Hg concentrations. MIC assays were designed based on previous
studies (Sanz-Saez et al., 2022) including different concentrations of HgCl, and CHsHgCl,
and thus related to the activity of merA and merB genes, respectively. Zobell broth with HgCl»
at concentration of 5, 10, 50, 100 and 200 pM were inoculated with a fresh culture of the
different candidates. The tolerance to CHsHgCI was also tested at concentrations of 0.5, 1,
2, 5 and 15 pM. For each candidate, both positive (liquid culture of the strains without
amendment of HgCl, or CHsHgCI) and a negative control (broth medium without the
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inoculation of bacteria to check for possible environmental contamination) were also included
in the assays. Liquid cultures were sealed with parafilm and incubated at RT in the dark for
72 h. Visual examination was done at 24, 48 and 72 h. Finally, those candidates able to grow
under aerobic and anaerobic conditions and at high Hg concentrations were selected for
further analysis. (strains MERCC_1069, MERCC_1942 and MERCC_2833).

Growth curves

For measuring growth rates of strains MERCC_1069, MERCC_1942 and MERCC_2833 at
different concentrations of HgCl,, the microorganisms were grown in 500 mL liquid cultures
with the marine medium (modified from Zech et al., (2009)) described above, supplemented
with HgCl» at 4 and 12 pM (concentrations equivalent to contaminated locations). No further
tests were done in the presence of MMHg due to negligible or very low MMHg concentration
found at our selected sites. A positive control without HgCl» was also included for each strain,
as well as an abiotic control with Hg but without cells. The experiments with the different
strains started with an initial OD at 600 nm of 0.05. Every 2 hours, samples (1 mL) were taken
and OD at a wavelength of 600 nm was measured with a spectrophotometer (Biorad
SmartSpec Plus). The OD readings allowed the determination of the specific growth rates
using the slope of the regression between the In of OD versus time, for the time interval during
which exponential growth was observed.

Continuous culture experiments

The continuous culture setup was performed with the best candidate selected from previous
experiments in 1 L bioreactors at room temperature. The modified marine medium described
above from Zech et al., (2009) was used, and the culture was continuously stirred by means
of a magnetic stirrer. Aerobic conditions were chosen to perform the experiment as the best
candidate (MERCC_1942) showed better growth in the presence of oxygen. Furthermore,
anaerobic conditions could lead to the production of MMHg, causing a potential challenge
in future bioremediation plants designed to treat polluted sediments. To maintain aerobic
conditions, the culture vessel was bubbled with filtered air at a pressure of 0.1 bar. The
dilution rate was determined by collecting the overflow of the culture over an extended period
of time; three dilution rates were used for the experiments (0.2, 0.1 and 0.05 h'). The
conditions of the culture remained unchanged until it reached steady state, which was
periodically checked by the measurement of the OD at 600 nm. Once steady state was
achieved, triplicate 300 mL samples were taken directly from the culture vessel and
distributed into three different 500 mL bottles supplemented with 4 uM HgCl; for batch
experiments. The three bottles were incubated in the dark at RT at 120 rom and samples
were taken at different time intervals (0, 0.5, 1, 2, 6 and 24 h).

Five mL samples were collected from the effluent of the continuous culture or directly from
the 500 mL bottles and centrifuged at 3500 rpm for 20 minutes and 4°C for further DNA and
RNA extractions. After discarding the supernatants, the pellets were frozen and kept at -80°C
until analysis. Additional aliquots of the effluent and from the bottles were fixed in
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Figure 28: Schematics of the methodology of chapter 3.
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formaldehyde (2 % final concentration), stained with DAPI (4,6 -diamino-2-phenylindole),
and counted using a Zeiss AXIO Imager A1 epifluorescence microscope, following previously
described statistical recommendations (Kirchman et al., 1982).

Measurement of Hg concentration and Hg detoxification rates

In order to determine Hg concentrations in the different experiments (growth curves and
experiments derived from continuous culture), 990 uL samples were taken from the cultures
at different time intervals to measure the concentration of total Hg along time. Negative
controls were used as abiotic controls for Hg removal. To fix Hg, 10 pL of HCI were added to
each sample, which was kept at 4°C until Hg was measured with an Advanced Mercury
Analyzer AMA254. In the experiments from the continuous culture, mercury removal rates
were calculated using the time course measurements and derived from the slope of the linear
regression between Hg concentration versus time.

DNA and BNA extraction

DNA and RNA were extracted from samples obtained from the effluent in the continuous
culture and the subsequent batch incubations spiked with mercury explained above. Cells
were pelletized from 5 mL samples by 10 minutes centrifugation at 3000 rpm before nucleic
acid extraction. RNA was extracted from approximately 108 cells of the culture pellets using
the TRIzol Max Bacterial RNA Isolation Kit (Ambion, USA). Coextracted DNA was cleaned up
from RNA extracts by using the DNase digestion and RNA Cleanup protocols of RNeasy Mini
Kit (QIAGEN, Germany). cDNA was synthesized with the High Capacity cDNA Reverse
Transcription kit (Applied Biosystems, USA) according to the manufacturer’s instructions. The
extracts were distributed in aliquots and stored at -80 °C. DNA and RNA concentration and
purity were checked using a Nanodrop spectrophotometer (NanoDrop Technologies, Inc.,
Wilmington, DE).

Measurement of merA gene transcription

To quantify the expression of merA gene in the selected candidate (strain MERCC_1942),
digital PCR (dPCR) was performed using the QIAcuity Digital PCR system (Qiagen).
Reactions were prepared in a volume of 12 uL using the QlAcuity EG PCR kit (Qiagen), an
amount of cDNA template ranging from 2 to 20 ng and the pair of merA primers NsfF-NsfR
(Wang et al., 2011). The dPCR reactions were carried out with the following thermal cycling
parameters: initial denaturation at 95°C for 2 min, followed by 40 cycles of denaturation (95°C,
30 s), annealing (59°C, 30 s) and elongation (72°C, 30 s), and finished with a 5 min final
elongation at 72°C. QlAcuity Software Suite was used to analyze the results. Imported files
were individually assessed and fluorescence thresholds were set manually to obtain
estimates of merA copies/uL, which were finally converted to merA copies/ng cDNA.

Genome assembly and annotation of the selected candidate

DNA from the selected candidate (strain MERCC_1942) was extracted using the Blood &
Tissue DNA ® extraction kit (Qiagen) following the manufacture’s protocol for bacterial cells.
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DNA was sequenced and raw sequencing reads were checked with fastQC v0.11.7 and
trimmed in fastp v0.21.0 (options --length_required 50 --adapter_sequence=
CTGTCTCTTATACACATCTCCGAGCCCACGAGACATGTGTATAAGAGACA -
adapter_sequence_r2=
CTGTCTCTTATACACATCTCGCAGGGGATAGTCAGATGACGCTGCCGACGAATGTGTATA
AGAGACA --cut_tall --cut_window_size 1 --cut_mean_quality 25 --trim_front1 15 --trim_tail1
1 --correction --overrepresentation_analysis). Clean reads were then assembled in shovill
v1.1.0 (options --depth 150 --minlen O --assembler spades --opts --isolate) and contigs
shorter than 1000bp were discarded from the final assembly. The taxonomy of the isolate
was estimated using a phylogenomic approach with GTDB-Tk v1.7 against the Genome
Taxonomy Database release 207_v2 (Chaumeil et al., 2020), and genome completeness and
contamination was estimated with checkM v1.1.3 (Parks et al., 2015).

We used prokka v1.14.6 (Seemann, 2014) with options --gcode 11 --kingdom Bacteria to
make the gene prediction as well as a basal annotation, that comprises identification of
coding DNA sequences (CDS) annotated as clusters of orthologous groups (COGs) and
Enzyme Comission numbers (EC). Prokka also identifies and annotates transfer RNAs (tRNAs
and tmRNAs), ribosomal RNAs (rRNAs) and CRISPR arrays. Amino acid sequences from all
predicted CDS were further annotated against the KEGG orthology database KO, release
98.0 (Kanehisa & Goto, 2000) with kofamscan v1.3.0 (Aramaki et al., 2019) and against the
Pfam database release 34.0 (El-Gebali et al., 2019) with HMMR v3.3 (Eddy, 2011) with
options --domtblout -E 0.7 and then filtered accordingly so that the best hit for each model
aligned with no overlaps to the target CDS. Finally, carbohydrate active enzymes (CAZy)
were annotated using HMMER v3.3 against dbCAN v10 (Yin et al., 2012). Predicted 16S rRNA
genes were aligned to NCBIl's rRNA/ITS database in the blastn web server
(https://blast.ncbi.nim.nih.gov/Blast.cai, September 2022) to confirm taxonomy.

Genes involved in mercury detoxification merA and merB are often missed or misannotated
by the KO and Pfam databases due to their similarity to other paralogs that also bind to
divalent metallic ions (like Cu?*). A further annotation step of all amino acid sequences of the
predicted CDS was carried out using custom MerA and MerB hidden Markov models (HMM)
BioStudies accession number S-BSST1154 (Rincon-Tomas et al., 2023). Sequences
annotated with the custom HMMs, plus all sequences previously annotated as either merA
(KO0520) or merB (PF03243, K00221) were confirmed by checking the presence of
conserved amino acids: a cysteine pair at positions 207 and 212, numbered based on the
MerA from Bacillus sp. RC607, and a cysteine pair at positions 96 and 159 based on the
MerB on plasmid R831b (Gionfriddo et al., 2016). The final assembly was used to calculate
the average nucleotide identity (ANI) to public genomes of Pseudomonas sp. on the NCBI
using online tool JSpeciesWS (Richter et al., 2016).
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Results

Preliminary selection of candidates and physiological assays

From a total of 2878 pure isolates obtained from all sampling sites and sequenced based on
16S rRNA, 46 isolates were initially selected for further characterization (Table S12). Among
this selection, 31 isolates were obtained by the enrichment protocol with HgCl» thus showing
tolerance to high Hg concentrations, and 22 presented positive results in a PCR screening
indicating that they contained /merA genes (Table S12). However, 9 isolates did not survive
cryopreservation and we finally ended with a selection of 37 isolates for next steps.

Salinity assays

We carried out the salinity assay for 37 isolates, in which we aimed to select those candidates
able to grow under both brackish and marine conditions (0.5 and 3.5 % NaCl, respectively)
(Table S13). We established a minimal OD threshold of 0.1 after an overnight incubation to
consider that the candidate was able to grow in the corresponding medium. The maximum
ODs in brackish and marine media were 0.484 and 0.553 respectively and they were
measured in isolate MERCC_2129 (Arthobacter humicola). Other candidates like
Pseudomonas sp. (MERCC_403 and MERCC_1942), Bacillus pumilus (MERCC_2020) and
Shewanella baltica(MERCC_2023) grew well in both media with ODs between 0.45 and 0.35.
Some candidates grew well only under one salinity condition, like MERCC_2702 (Dietzia sp.),
which showed an OD of 0.41 in brackish conditions but only 0.13 in the marine medium, or
MERCC_2833 (Bacillus sp.) with an OD of 0.16 in brackish and 0.34 in marine conditions.
Based on these findings, we selected 22 isolates which exhibited high OD at 600 nm in both,
marine and brackish media after 38 h of incubation, considering also the taxonomy of the
candidate.

Anaerobiosis and MIC assays

The results for anaerobiosis and Minimum Inhibitory Concentration (MIC) assays are
summarized in Table 1. A total of 22 candidates were tested in the anaerobiosis assay. Most
of the candidates were able to tolerate anaerobic conditions, showing growth capacity after
being in the anaerobic box for three weeks. Only 3 candidates did not grow under these
conditions.

MIC assays were then performed for both organic (CHsHgCl or MMHQg) and inorganic (HgCls
or IHg) mercury in these 22 isolates. Visual assessments of well plates were done after 24,
48 and 72 hours. As the aim of the study was to select candidates with the highest tolerance
to Hg and fastest growth, as they may be better suited for bioremediation, good results after
24 were prioritized. Fourteen isolates showed virtually no tolerance for IHg (MIC values of 5
uM), although we observed a variety of MIC values for MMHg, ranging from 1 pM up to 15
uM, this last value shown by MERCC_498 (Citrobacter freundji). Four candidates displayed
MIC values of 10 uM for IHg, and three of them presented a MIC value up to 5 uM for MMHg
(MERCC_473, MERCC_491 and MERCC_2124) while only one showed a MIC value of 1uM
for MMHg (MERCC_2063). The highest MIC recorded for IHg was 50 pM; it was found in
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MERCC_1069, MERCC_1942, MERCC_2833 and MERCC_2702. These four isolates had a
MIC of 5 uM for MMHg.

Table 1: Results from anaerobiosis tolerance and Minimum Inhibitory Concentration (MIC) assay at 24
h for the studied isolates. In bold, those candidates selected for the characterization of growth rate
and Hg removal assay.

Anaerobiosis MIC (24h)  MIC 24 h

Taxonomy MERCC ID code tolerance  HgCl (uM) MMHg (uM)
Acinetobacter equi MERCC_2063 No 10 1
Acinetobacter johnsonii MERCC_491 Yes 10 5
Aeromonas hydrophila MERCC_1069 Yes 50 5
Arthrobacter humicola MERCC_2129 No 5
Bacillus pumilus MERCC_2020 Yes 1
Bacillus sp. MERCC_2833 Yes 50 5
Bacillus sp. MERCC_2054 Yes 5
Citrobacter freundi MERCC_498 Yes 15
Dietzia sp. MERCC_2702 Yes 50 5
Klebsiella michiganensis MERCC_473 Yes 10 5
Marinobacter sp. MERCC_1908 Yes 5
Micrococcaceae sp. MERCC_2873 Yes 1
Micrococcaceae sp. MERCC_2865 Yes 5
Pseudomonas fluorescens MERCC_2124 No 10 5
Pseudomonas fluorescens MERCC_403 Yes - 2
Pseudomonas migulae MERCC_2147 Yes 5 5
Pseudomonas putida MERCC_1942 Yes 50 5
FPseudormonas sp. MERCC_2037 Yes 5 5
Shewanella balfica MERCC_2023 Yes - 1
Shewanella balfica MERCC_2088 Yes 5 5
Shewaneélla sp. MERCC_2048 Yes 5 5
Vibrionaceae MERCC_2796 Yes 5 5
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Growth curves and specific growth rates of selected candidates

After all the physiological assays, we finally selected three candidates (MERCC_1069,
MERCC_1942 and MERCC_2833) that were all able to grow at a wide range of salinity and
oxygen concentrations, and also had high MIC value for HgCl, (50 uM). They were identified
as Aeromonas hydrophila (strain MERCC_1069), Bacillus sp. (strain MERCC_2833) and
Pseudomonas putiaa. (strain MERCC_1942), according to 16S rRNA. We then characterized
their growth curves and calculated their specific growth rates at two different concentrations
of HgCl, (4 and 12 uM), together with a control without HgCl, (not amended culture).

Figure 29 shows the growth curves and the values of the growth rates calculated from the
slope of the exponential phase from the three isolates grown at different HgCl,
concentrations. Two of the isolates (Aeromonas hydrophila MERCC_1069 and Bacillus sp.
MERCC_2833) formed aggregates, which compromised the validity of OD measurements.
Thus, in Figure 29 we only included the value of growth rates for those experiments not
affected by the presence of aggregates. In the case of strain MERCC_1069, we observed
that it developed small filamentous aggregates after a first initial exponential growth at 0 and
4 uM HgCl,, subsequently observing a decrease in OD (att = 8-10 hours), which raised again
as the aggregates increased in size and number. This drop in OD was more pronounced at
4 uM HgCl.. We did not observe this trend at 12 pM, although in this case a great variability
in the OD measurements of the replicates was found. On the other hand, for strain Bacillus
sp. MERCC_2833, the formation of aggregates was only noticed when HgCl, was present,
so that the measurements of OD in the control experiment without Hg were not interfered by
their presence. Finally, we did not observe the presence of aggregates for strain
Pseudomonas putida MERCC_1942 at any concentration, and the growth rate of this strain
was not impacted by the presence of Hg (ca. 0.11 h'' in all treatments) (Figure 29). Even
though the growth rates were similar, a rather long lag phase (22 hours) was observed when
growing at 12 uM HgCl; at the beginning of the curve, coincident with a decrease in Hg
concentration (see below), suggesting that this strain was performing the detoxification of Hg
before starting exponential growth (Figure 30).

Mercury removal from selected candidates

The variations in Hg concentration along time in the incubations was measured for each
candidate for the two concentrations of HgCl, tested (4 and 12 uM, Figure 30). To assess the
detoxification capability of the candidates, we calculated the percentage of removal after 24
hours of incubation, which is also presented in Figure 30. A control without cells was
additionally included in this experiment to account for the abiotic losses, which were only 10
% in the 4 uM but they increased significantly in the 12 uM reaching almost 36 %.

The candidates Aeromonas hydrophila MERCC_1069 and Pseudomonas putida
MERCC_1942 presented the highest mean percentages of removal at 4 uM HgCl; after 24 h
incubation, with values of 79.0 and 74.6 % respectively. At 12 uM HgCl,, the mean % of
removal was 53.8 % and 24.1 % for both strains respectively after 24 h of growth, although
Pseudomonas putida MERCC_1942 reached a value of 67.0 % of removal after 66 h.
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Figure 29: Growth curves of the three isolates studied in this work exposed to different concentrations
of HgCl, (0, 4 and 12 uM). The different symbols correspond to individual replicates within each
condition. The mean growth rate + standard deviation was calculated when possible. MERCC_1069:
Aeromonas hydrophila, MERCC_1942. Pseudormonas putida, and MERCC_2833: Bacillus sp.
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Figure 30: Concentration of total Hg (uM) along time of an abiotic control and the three isolates studied
in this work exposed to different concentrations of HgCl, (4 and 12 uM). The different symbols
correspond to individual replicates within each condition. MERCC_1069: Aeromonas hydrophila,
MERCC_1942: Pseudomonas putida, and MERCC_2833: Bacillus sp.
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This suggests that both strains were able to detoxify HgCl, at similar levels, although strain
MERCC_1942 seemed to need slightly more time. Bacillus sp. strain MERCC_2833 showed
removal rates similar to the abiotic control, 11 % (4 uM) and 33 % (12 uM) (Figure 30). In
summary, the candidates which presented the best capacity for mercury detoxification were
strains MERCC_1069 and MERCC_1942; however, as Aeromonas sp. MERCC_1069
developed aggregates, this feature made it unsuitable for continuous culture growth, and
Pseudomonas putida MERCC_1942 was selected to be further characterized.

Growth in continuous culture and measurement of Hg detoxification rates

Pseudomonas putica MERCC_1942 was grown in bioreactors at three different dilution rates
(0.2, 0.1 and 0.05 h'), until reaching steady state, where the culture adjusts their specific
growth rate (equal to the dilution rate, D). According to the cell counts performed under the
microscope, a decrease in biomass was observed at steady state as the dilution rate
increased, from 1.61-108 (D=0.05 h'") t0 2.59-107 cells'mL" (D = 0.2 h'"). On the other hand,
the visualization of DAPI stained cells (Figure S5) interestingly showed that the isolate was
able to develop filaments, particularly when it was growing faster (at 0.2 h'").

After reaching steady state, 4 uM of HgCl, was added to strain MERCC_1942, and changes
in concentration of Hg over time was measured from cells grown in bioreactors at the three
different dilution rates and thus adapted to grow at a high (0.2 h''), medium (0.1 h") and low
(0.05 h''") growth rates. The percentage of removal after 2 and 24 h of incubation as well as
the Hg removal rates (Table 2) were determined. Although there was a certain reduction of
Hg due to abiotic losses (up to 20 % after 24 h), most of the Hg was removed biotically.
Pseudomonas putida MERCC_1942 showed high detoxification rates (Table 2), which were
virtually identical for the three growth rates (around 1 uM-h), and after 2 h, the % of Hg
removal was very similar between experiments (55.6 % - 58.4 %). After 24 h Pseudomonas
sp. was able to detoxify in average 75.8 % of the total Hg.

Mercury detoxification rates correspond to bulk removal rates of the metal from the whole
community. However, for the sake of comparison among samples, the concentration of Hg
was normalized by the biomass (cell number in cell-mL™") in order to obtain the specific
amount of Hg detoxified per cell (pmolHg-cell") for each experiment (Figure 31). The specific
concentration of Hg along time allowed the calculation of the specific rate of Hg detoxification
for each growth rate (Table 2). Interestingly, the highest detoxification rate per cell was
achieved at high growth rates (0.2 h'') and corresponded to 36.8 + 14.9 pmol Hg-cell'-h-.
The microorganism increased its specific mercury detoxification rate as the growth rate
increased.
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Table 2: Mean percentage of Hg removal from abiotic control and Pseudomonas putida strain
MERCC_1942 grown at different dilution rates (D) in the continuous culture after 2 and 24 h of
incubation with HgCl,. In the case of the isolate, results from Hg detoxification rates and specific Hg

detoxification rates per cell are shown (sd: standard deviation).

% Hg removal
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Figure 31: THg detoxified per cell of Pseudomonas sp. MERCC_1942 previously grown at different
growth rates in bioreactors and spiked with 4 uM HgClI2. D = dilution rate = growth rate (see equation

in Figure 28).
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merA gene transcription

The expression of the merA gene from Pseudomonas putida MERCC_1942 under steady
state and after adding HgCl, along time was analyzed to verify that this isolate was inducing
the meroperon for Hg removal (Figure 32). dPCR results revealed that merA expression was
low when there was no Hg in the medium, i.e., the merA gene was detected at very low levels
before the addition of Hg to the medium in any case (< 1 copy of merA transcript/ng cDNA).
After adding the spike of Hg to the culture, a rapid increase in /merA gene transcription was
observed, with the highest values detected during the first hour of incubation and decreasing
after that point. The maximum number of merA transcripts was found at 0.5 hours (around
150 merA copies/ng cDNA) when the growth rate was 0.1 h'', while for 0.2 h”', the maximum
expression value was in average 16 merA copies/ng cDNA (Figure 32). On the other hand,
merA expression was significantly lower when growth rate was 0.05 h™'. After 24 hours of
incubation values were rather low in all treatments (0.49 + 0.29, 19.15 + 2.96 and 5.48 + 1.19
copies/ng cDNA when growth rate was 0.05, 0.1 and 0.2 h', respectively).
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Figure 32: Average number of mMRNA copies of the merA gene normalized by ng of cDNA (circles)
and average Hg concentration along time (squares) from Pseudomonas putida MERCC_1942
previously grown at three different dilution rates in bioreactors and spiked with 4 uM HgCI2. SS: steady
state in continuous culture. D = dilution rate = growth rate (see equation in Figure 28).
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Genomic analysis of Pseudomonas putida MERCC_1942

In order to have a broader comprehension of the potential metal tolerance and metabolic
traits of our chosen candidate, the genome of Pseudomonas putida MERCC_1942 was
sequenced and assembled. We observed a 98.18 % average nucleotide identity (ANI) with
Pseudomonas putida Simmons01 (GCF_001542955.1). We found one unique /mer operon
with merA, four transporters (mer7, merP, merC and merE) and the two regulators (/mer/R and
merD) (Figure 33), while no merBwas detected in the genome. Additionally, we found genes
related to other metal and antibiotic resistances, including complete arsenic and gold
resistance operons, partial silver and tellurium operons as well as essential genes for
cadmium, cobalt and zinc resistance. Additionally, multiple drug resistance genes were
found, including vanAB, strAB and su/1. In terms of metabolism, the genomic analysis
showed that Pseudomonas putida MERCC_1942 has the typical metabolism of a
heterotrophic bacteriumi.e. glycolysis, citrate cycle, amino acid biosynthesis, as well as other
genes related to metabolisms like dissimilatory nitrite reduction, C1 metabolism or thiosulfate

Pseudomonas putida MERCC_1942

merT merC merD
(T = = - =
merR merP merA merkE
500 nt

oxidation by the SOX complex.

Figure 33: Synteny of the mer operon found in Pseudomonas putida strain MERCC_1942 genome.

Discussion

From a screening of 37 sediment isolates provided with mechanisms for Hg tolerance and/or
detoxification, our results identified a novel strain (strain MERCC_1942) with high potential
for Hg bioremediation affiliated with Pseudomonas putida. Previous studies have already
shown the tolerance of other members of Pseudomonas sp. to Hg and other metals (Cabral
et al., 2013; Deng & Wang, 2012; Fortunato et al., 2005; Horn et al., 1994, Joshi et al., 2021;
Kiyono et al., 1997; Pepi et al., 2011; von Canstein et al., 1999). For instance, a Pseudomonas
sp. culture isolated from Chesapeake Bay sediment was reported to exhibit the highest
resistance to HgCl» (up to 185 pM) among all isolated bacteria (Walker & Colwell, 1974). The
isolation of Pseudomonas sp. with high tolerance to Hg" and MMHg has been also
successfully achieved from various contaminated environments, such as a landfarming soil
in Brazil (Cabral et al., 2013; Giovanella et al., 2016, 2017), the deep Central Indian Ocean
(Joshi et al., 2021; Kiyono et al., 1997) or seawater and sediments of a mangrove in China
(Deng & Wang, 2012), showing an interesting potential to detoxify polluted sites by this
bacterial genus. In previous studies using Pseudomonas sp. isolates, mercury removal
typically ranged from 37 % to 80 % when using culture media (Cabral et al., 2013; Giovanella
et al., 2016; Joshi et al., 2021; Tanwer et al., 2022), which is similar to the value obtained for

103



the strain Pseudomonas putida MERCC_1942 reported here. Notably, MERCC_1942 was
able to tolerate a wide range of salinity and anaerobic conditions, suggesting that it could be
potentially used for Hg bioremediation under different environmental conditions.

On the other hand, our work contributes to the limited pool of research that has examined
mercury detoxification with environmental isolates grown under continuous culture
conditions. This type of culture is typically reserved for the removal of Hg in bioreactors and
pilot plants used in wastewater treatment. For instance, von Canstein et al. (1999) isolated
Pseudomonas putida from contaminated river sediments, loaded on a porous bioreactor
containing chloralkali wastewater. After treatment, 90 % to 98 % of the total mercury content
was effectively removed from the medium. This method has also been applied in treating
industrial wastewater (Wagner-Débler, 2003) and environmentally polluted water (Okino et
al., 2000), with Pseudomonas sp. being one of the main organisms used in such bioreactors
due to its ability to grow in continuous culture and remove Hg. Continuous reactors enable
microorganisms to handle higher mercury loadings compared to batch cultures since the
microorganisms are never exposed to high mercury concentrations for extended periods of
time due to the continuous outflow of the medium (Leonhauser et al., 2006). In an experiment
using a hydrophobic polyvinylidene fluoride (PVDF) membrane as a support for
Pseudomonas stutzerito decontaminate agueous solutions containing heavy metals, a better
efficiency in the removal of the pollutants was found in a continuous culture than in a batch
culture (Manirethan et al., 2020). Besides, Chang & Law, (1998) showed that Pseudomonas
aeruginosa, when grown in continuous culture, was able to remove the same amount of
mercury and with similar efficiency once the culture reached steady state regardless of the
growth rate. By contrast, strain MERCC_1942 showed a better removal specific rate at a high
growth rate.

Another isolate considered in our study, Aeromonas hydrophila MERCC_1069, also proved
to be a good candidate for bioremediation in experiments performed in batch culture.
However, due to the formation of exceptionally large aggregates, it would not be a good
candidate for growth on a chemostat, as achieving steady state would be challenging.
Nevertheless, this strain could be potentially considered for a different type of bioreactor,
such as immobilized cells in a column, as previously performed by von Canstein et al. (1999)
with P. putida. However, to the best of our knowledge, there are no studies with Aeromonas
sp. as a candidate for Hg bioremediation, probably due to high number of species within this
genus that are human-pathogenic and show antibiotic multi-resistance genes (Ahmad, 2018;
Fernandez-Bravo & Figueras, 2020).

On the other hand, candidate Bacillus sp. MERCC_2833 was not able to detoxify Hg in batch
cultures. Thus, this strain was not an option for our present study, although it is important to
highlight its exceptional high MIC for Hg, 50 uM in culture medium. Further studies would be
needed to elucidate what mechanism this strain is using to tolerate this pollutant, since merA
gene was not detected in this strain. A possibility is the Hg biosorption capacity due to the
secretion of exopolysaccharides (EPS) as previously reported for other Bacillus sp. strains
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(Francois et al., 2012; Kalpana et al., 2018). Candidate MERCC_2833 also showed a mucoid
phenotype, which is consistent with EPS production (Francois et al., 2012).

As in the case of Pseudomonas putida MERCC_1942 we assumed that Hg tolerance was
conferred by the components of the mer operon encoded in its genome, we analyzed
whether the marker gene merA was expressed when exposed to Hg. The rapid increase in
merA gene transcription after adding a spike of Hg to the culture in Pseudomonas putiaa
MERCC_1942 confirmed the mercury resistance mechanism mediated by mer genes. Chen
& Chang (2000) reported that lower growth rates were correlated with compromised Hg-
resistance in Pseudomonas aeruginosa, suggesting a potentially more efficient mer operon
at high growth rates. In our case, a lower number of merA transcripts was initially found in
the incubation with Hg when Pseudomonas sp. was growing at a rate of 0.2 h”' compared
with 0.1 h''. However, it is important to note that merA transcripts were generally immediately
induced after the spike, and rapid changes in the transcript inventory were measured over
time. Thus, at the time resolution of our sampling, we may have missed the maximum number
of transcripts in the case of 0.2 h'' samples. In any case, it is clear that the mer operon did
not show a constitutive expression, but it was induced by the presence of mercury in the
culture medium as previously reported in different isolates, Pseudomonas sp. among them
(Giovanella et al., 2016), and the expression of the merA gene may decrease or even be
suppressed when there is a deficiency or absence of Hg in the culture medium over the
course of incubation. Overall, our analyses showed a similar trend to that observed by other
authors in environmental samples (Nazaret et al., 1994) or in pure cultures of Marinomonas
sp. (Al-Ansari, 2022), with an initial peak of expression of the merA gene followed by a
significant decrease over time.

Conclusion

In this study, we have successfully isolated mercury-resistant bacteria from polluted
sediments and highlighted the importance of understanding their physiological properties for
potential bioremediation applications. We have obtained an isolate, Pseudomonas putida
MERCC_1942, capable of growing in a wide range of mercury concentrations, oxygen levels
and salinity conditions. The presence and active expression of the merA gene in this strain
further supports its suitability for bioremediation, consistent with previous findings involving
other Pseudomonas strains.

Furthermore, our investigation, focused on the impact of growth rate on the efficiency of
mercury removal in this detoxifying strain, revealed interesting insights. We observed that
Pseudomonas putida MERCC_1942 mercury removal was affected by the growth rate, with
higher growth rates leading to an increase of specific Hg detoxification rates.

Thus, the findings from our study hold promise for potential future bioremediation
applications, including pilot plant experiments and /n s/fu bioremediation assays, to help
mitigate problems associated with mercury pollution in marine sediments.
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Chapter 4: Genomic and transcriptomic characterization of
methylmercury detoxification in a deep ocean Alteromonas

mediterranea 1SS312

Abstract

Monomethylmercury (MMHGQ) is one of the most worrisome pollutants in marine systems.
MMHg detoxification is mediated by merB and merA genes, responsible for the
demethylation of MMHg and the reduction of inorganic mercury, respectively. Little is known
about the biological capacity to detoxify this compound in marine environments, and even
less the bacterial transcriptional changes during MMHg detoxification. This study provides
the genomic and transcriptomic characterization of the deep ocean bacteria Alteromonas
mediterranea 1SS312 with capacity for MMHg degradation. Its genome sequence revealed
four mer operons containing three merA gene and two meB gene copies, that could be
horizontally transferred among distant related genomes by mobile genetic elements. The
transcriptomic profiling in the presence of 5 uM MMHg showed that merA and merB genes
are within the most expressed genes, although not all /mer genes were equally transcribed.
Besides, we aimed to identify functional orthologous genes that displayed expression profiles
highly similar or identical to those genes within the mer operons, which could indicate they
are under the same regulatory controls. We found contrasting expression profiles for each
mer operon that were positively correlated with a wide array of functions mostly related to
amino acid metabolism, but also to flagellar assembly or two component systems. Also, this
study highlights that all /merAB genes of the four operons were globally distributed across
oceans layers with higher transcriptional activity in the mesopelagic deeper waters. Our study
provides new insights about the transcriptional patterns related to the capacity of marine
bacteria to detoxify MMHg, with important implications for the understanding of this process
in marine ecosystems (Figure 34).
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Introduction

Hg is one of the most toxic and widespread trace metals found in the environment and its
levels have increased since the 1850’s due to anthropogenic activities, such as fossil fuel
combustion, metal industries, and sewage treatments, among others (Pirrone et al., 2010;
Streets et al., 2017). The concentration of Hg in the oceans has raised accordingly, however
a matter of special concern is its organic form monomethylmercury (MMHg), which
bioaccumulates and biomagnifies in aquatic food webs. As a consequence, marine fish
consumption is one of the major sources of human exposure to MMHg (Chen et al., 2012;
Kim & Zoh, 2012; Mason et al., 2012). Therefore, the cellular processes and metabolic
pathways of MMHg degradation and mercury reduction in bacteria of the water column need
to be studied.

Once released, Hg is transported and recycled through air, soil and water. Elemental mercury
(Hg®) and divalent mercury (Hg") can travel long distances in the atmosphere until they are
deposited onto the surface of different water bodies. Once in the water column, Hg" can: i)
be reduced and reemitted to the atmosphere, ii) be biotically or abiotically methylated
forming MMHg, or iii) bind to other organic forms and then be deposited onto the sediments.
It has been shown that most of the MMHg formation in aquatic systems is mediated by
microorganisms carrying the hgcA and hgcB genes (Parks etal., 2013). These
microorganisms are widely spread across different aquatic environments such as anoxic
marine water columns, fresh waters, and marine sediments (Bowman et al., 2020; Gionfriddo
et al., 2016; Podar et al., 2015). While many studies focused on biological MMHg formation,
very few have studied the processes involved in MMHg degradation, particularly in the
ocean. Sunlight can demethylate MMHg, but in the oceans sunlight only reaches down to
200 m, i.e. the photic zone. However, in the aphotic zone of the ocean, the biological
processes likely govern MMHg degradation (Bowman, et al., 2020; Sanz-Saez et al., 2022).

The biological degradation of MMHg is mediated by proteins encoded in the mer operon,
which can be found in both Gram-positive and Gram-negative bacteria. Some of the mer
components are membrane proteins or transporters (MerC, MerE, MerF, MerP and MerT).
The meroperon has two regulators: MerR and MerD, being the first a transcriptional activator-
repressor while MerD is an antagonist of MerR, (Barkay et al., 2003). The key catalytic
enzymes encoded by the operon are MerA and MerB. The merA gene codes for a mercuric
reductase, a cytosolic flavin disulfide oxidoreductase that converts Hg" in a volatile,
uncharged and lipid-soluble Hg® form, that diffuses through the cell membranes. The other
enzyme of the operon is an organomercurial lyase encoded by merB. This enzyme confers
organic mercurial resistance to the bacterium by transferring a proton to a C-H bond in alkyl-
mercurial, liberating ionic mercury that will then be reduced to Hg® by the mercuric reductase
(Barkay et al., 2003). The mer operon has been studied in different species; its interspecific
diversity is very high, and its evolution is unclear — a new theory proposes merB evolving as
a mechanistic defense to MMHg produced by AgcAB (Lin et al., 2023).
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Some studies have shown that the merAB genes are present in different environments such
as Antarctic sea-ice (Gionfriddo et al., 2016), the Arctic(Bowman, et al., 2020; Mgller et al.,
2014), lagoons (Vigneron et al., 2021), thermal springs (Wang et al., 2011) and across all
oceans (Sanz-Saez et al., 2022; Tada et al., 2023). Metagenomics and metatranscriptomics
analyses have allowed the identification of new phyla containing mer genes. Christakis et al.
invested much effort into the taxonomic classification and phylogenetic analyses of the newly
identified genes (Christakis et al., 2021). Also, they revealed that the existence of multiple
merAB gene copies per genome was mostly associated with the bacterial domain, with 12.4
% and 9.2 % of the genomes displaying multiple copies of merA and merB genes respectively
(Christakis et al., 2021). Some of these genomes reached up to 8 merA genes per genome,
as in Cupriavidus metallidurans, which presented known strains isolated from metal and/or
chemically impacted environments (Diels & Mergeay, 1990; Goris et al., 2001), or Bacillus
cereus strain17 , with 8 copies of the merB gene in its genome. However, the majority of MerA
encoding archaeal genomes coded for a single copy (Christakis et al., 2021).

However, metagenomic oriented studies miss the possibility of studying the physiology of
cells under the effect of MMHg and therefore, we lack knowledge about the metabolic
pathways directly or indirectly involved in merE mediated MMHg degradation in the
environment and especially in marine systems.

Previous studies working with bacterial isolates have allowed their physiological
characterization in the presence of mercury (Joshi et al., 2021; Zheng et al., 2018). However,
the isolation of microorganisms able to degrade MMHg from the ocean representing
ecologically relevant taxa remains challenging. Therefore, the capacity of marine bacteria to
degrade this compound from different phylogenetic taxa and the understanding of
transcriptional changes taking place during the process remains unknown. To fill this gap of
knowledge, this study focuses on the genomic and transcriptomic characterization of
Alteromonas sp. 1SS312, a bacterium isolated from the deep South Atlantic Ocean (4,000 m
depth) widely distributed in the ocean. This strain of Alteromonas sp. has the highest
tolerance among the tested isolates in our previous work (Sanz-Séez et al., 2022), and it
showed a very high MMHg removal capacity, 98.2 % of MMHg in 24 h higher than other
previously studied isolates (Cabral et al., 2013; Giovanella et al., 2016, 2017). Our study
provides a detailed genomic characterization of the four mer operons present in this
bacterium, the identification of the genes most upregulated and downregulated in the
presence of MMHg and the mechanistic understanding of the expression profiles for the
different mer operons positively correlated with a broad array of functions.

Materials and methods

Strain selection.

Alteromonas sp. strain 1ISS312 was isolated from the deep South Atlantic Ocean (4,000 m
depth) at station 43 (ST43: 32° 48.8'S 12° 46.2°E) of the Malaspina 2010 Circumnavigation
Expedition (Duarte, 2015). This strain was selected after a functional screening of merAB
genes from a large collection of marine bacterial isolates (Sanz-Saez, et al., 2020), and
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showed a high tolerance to grow on HgCl, and to grow on and degrade MMHg, with a
Minimum Inhibitory Concentration (MIC) of 70 uM and 10 pM for HgCl, and MMHg,
respectively (Sanz-Séez et al., 2022). Additionally, it was demonstrated that A/teromonas sp.
ISS312 was present in the bathypelagic ocean worldwide (Sanz-Séez et al., 2022) thus
making this strain the perfect model organism to study the transcriptional changes in the
presence of MMHg.

Growth curves.

The microorganism was grown in aerobic conditions by triplicate in 2L-bottles in Zobell broth
(5 g/L of bactopeptone, 1 g/L of yeast extract in a ¥4 of MiliQ and % of 0,22 um pre-filtered
seawater per liter) supplemented with O pM (control or not amended) and 5 uM of MMHg.
The starting ODeoonm Was 0.05 in order to ensure enough biomass for growth. The experiment
lasted 73 h. A total of 17 samples for OD. measurements were taken approximately every 2-
3 hours at the beginning of the experiment, when changes were more likely to happen, and
every 12 hours after t=35 h. OD. was measured at 600 nm with a spectrophotometer (Varian
Cary® 100 UV-Vis).

Samples for DNA and RNA extraction were collected at every growth phase in 50 ml Falcons
and centrifuged for 15 minutes at 3,000 rom (1730 g), resuspended in Zobell Broth, aliquoted
and centrifuged for 3 minutes at 12,000 rpm (15294 g). The final pellets were stored at -80
°C until nucleic acid extraction.

DNA and RNA extraction.

The DNeasy Blood&Tissue® kit (Qiagen) was used for DNA extraction. We followed the
manufacturer’s protocol for Gram-negative bacterial DNA extraction. Once it was extracted,
we measured the DNA concentration with a Thermo Scientific NanoDrop™ 1000 UV/VIS
Spectrophotometer and then sent to Sequentia Biotech (Barcelona) for whole genome
sequencing.

RNA was extracted using TRI reagent and treated with Turbo DNase (Ambion Inc., Austin,
TX, USA) following manufacturer instructions. Samples were stored at -80 °C and then sent
to Sequentia Biotech for mRNA sequencing

Genome sequencing and assembly.

The genome of Alteromonas sp. 1SS312 was sequenced with paired-ended 300 bp long
reads by IGA-Tech with a MiSeq Illumina platform. The library was prepared with a Celero™
DNA-seq library system. The sequences were clean, assembled and annotated (further
details in Supplementary Methods). To better understand our strains, we searched for
plasmids and genomic islands within its genome and compared it to public genomes (further
details in Supplementary Methods)
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RNA sequencing and transcriptomic analysis.

The RNA was prepared for sequencing, libraries were made with TruSeq® Stranded Total

RNA and the rRNA was removed with Ribo-Zero™. The RNA sequencing was carried out in
a NextSegb00 with paired-end reads.

A sequence subsampling of the lag and stationary phase samples of the control, and of the
stationary phase sample from the culture grown with MMHg was carried out prior to
transcriptomic analyses with bbtools v38.08 (https://sourceforge.net/projects/bbmap/) by
randomly taking 80 % of the reads three times to obtain three pseudo-replicates. The rest of
the samples had biological triplicates. To check the variability in terms of transcripts
composition through the samples at different growth states, a principal coordinates analysis
(PCoA) was performed using the Trimmed Mean of M-values (TMM, Table S14) with the
vegan package (Oksanen et al., 2020).

The analysis of the RNA sequences was performed with A.l.R transcriptomics software of
Sequentia (https://franscriptomics.sequentiabiotech.com/) that integrates different statistical
packages (DESeqg2, edgeR and NOISeq) allowing a comparison among them (Table S15).
To identify which genes were up- and downregulated in the presence of MMHg, comparative
transcriptomic analyses, using edgeR, were performed at different timings and stages of the
growth curve of Alterormonas sp. 1SS312 with 5 uM and without MMHg. Two sets of analyses
were done: i) comparing all the control samples with all samples from the 5 pM experiment,
and ii) comparing the different growth phases from both conditions.

Aiming to establish how the transcriptional patterns of /mer genes compared to the remaining
genes of the transcriptome, a correlation-based analysis was performed. The TMM values of
all genes in the Alterormonas sp. 1ISS312 transcriptome were compared to the TMM values of
the mer genes, by calculating pairwise Pearson correlation coefficients among them. The
objective was to identify genes that displayed expression profiles that were very similar or
identical to those of mer genes, which could indicate they are under the same regulatory
controls. Thus, only correlations that displayed a positive Pearson coefficients equal or above
0.9 were considered for further analysis. Finally, for each mer gene, we calculated the total
number of correlations (within the aforementioned threshold) that were detected with other
genes in the transcriptome, grouped according to the KEGG modules to which the latter were
assigned. Importantly, many genes were assigned to multiple KEGG modules. In those
cases, correlations were counted multiple times.

Recruitment of Mer enzymes in metatranscriptomics of 7ara Oceans.

Each nucleotide sequence of all five mer gene found in the assembly were searched in the
Tara Oceans Microbiome Reference Gene Catalog v2 + metaG Arctic Inside (OM-RGCv2 +
G) with a minimum e-value of 102, A total of five hits of merAB genes with a 99.5 % identity
were detected and subsequently, their transcriptional abundances were retrieved from the
Tara Oceans Microbiome Reference Gene Catalog v2 + metaT Arctic Inside (OM-RGCv2 +
T) to investigate the transcriptional activity of those genes in the global ocean. The generation
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and annotation of OMRGC.v2, the taxonomic profiling, and the abundance normalization
used for the extraction of the abundance of the merA and merB genes homologous were
thoroughly explained in Salazar et al. (2019). Analyses could be performed thanks to the
Ocean Gene Atlas Web resource (Vernette et al., 2022) and abundance results from
metagenomes and metatranscriptomes were normalized based on the percentage of
mapped reads.

To infer potential statistical differences between merA and merB genes and ocean layers
Kruskal-Wallis test followed by post-hoc Wilcox test was performed. A significative alpha
value of 0.05 was assign.

Data availability

The genome assembly was submitted to the European Nucleotide Archive (ENA) under the
accession number GCA 927797765. The transcriptomic experiment (project: PRIEB61460)
was uploaded to the European Nucleotide Archive (ENA), including the raw RNA sequences
(accession numbers: ERS14940911 to ERS14940928).

Results and Discussion

Genetic characterization of meroperons in Alterormonas sp. 1SS312.

Genome Assembly.

The genome of Alterormonas sp. ISS312 strain was sequenced, and the optimized assembly
resulted in a total of 97 contigs, with a Nso of 145125 bp, a Lspof 8 and a 44.75 GC % content.
A total of 99.94 % of the reads (8.538.875) mapped to the assembly with a coverage of 100X.
Only 60 of the initial 97 contigs remained after the annotation and 4.616.455 pairs of bases
(pb) and 4058 CDs were obtained (Figure 35). The completeness and the contamination of
the genome was obtained with CheckM and was 100 % and 0.85 % respectively.
Alteromonas sp. 1ISS312 genome was compared with other Alteromonas sp. and showed a
high ANI (99,96 %) with Alteromonas mediterranea DE (CP001103) (lvars-Martinez et al.,
2008) and therefore our strain ISS312 was taxonomically assigned as Alferomonas
mediterranea 1ISS312.

The mer operons of Alteromonas mediterranea /SS372.

The analyses of the genome assemblies of the Alteromonas mediterranea 1SS312 showed
the presence of four mer operons (Figure 35). The first operon (/mer_1), located between
gene ID 1SS312_00964 and 1SS312_00969, has 4 structural genes encoded between two
regulators (merF). It has only one catalytic enzyme coded in merA, accompanied by three
transporters: MerC, MerP, and MerT. All six genes of the operon have the same orientation
in the genome, which was surrounded by two transposons (Tn3). Transposons present in
meroperons have been reported in Gram-negative bacteria, including the Tn21-, Tn501- and
Tn5053-lineages, (Bogdanova et al., 2001; Wang et al., 1989; Bogdanova et al., 1998) and
in Gram-positive Bacilli strains (Matsui et al., 2016). This operon had a high identity (96 %)
with the nucleotide sequence of the mer operon from Pseudormonas haloplanktis M1, first
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found in Minamata Bay (lohara et al., 2001) providing further hint on the horizontal gene
transfer events of these genes. The second operon (mer_2) corresponds to gene IDs
ISS312_02735 to 1SS312_02738 and has only four genes: a MerA enzyme (merA), two
transporters (merP and merT) and one regulator (rmerA), all of them in the same orientation.
Operon mer_3 is the most metabolically complete of all meroperons and it has both enzymes,
MerA and MerB, but it lacks most transporters, except merE gene. It encodes two regulators
as well, MerR and MerD. This operon is encoded by genes ID ISS312_03666 to
ISS312_03670. The fourth operon, mer 4 (ID 1SS312_04105 to 1SS312_04108 and
ISS312_04110), is the only one of the four that has genes with different orientations, since the
only enzyme present, merB gene, goes in one direction and the other components in the
opposite direction. Besides merB, it contains two merT and one merP genes (transporters),
as well as a merA regulator. The taxonomic annotation of the genes is highly unreliable due
to the high probability of horizontal gene transfer. The enzymes found in our operons have a
high identity with a wide array of different species from different environments, including one
plasmid (Figure S6).
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Figure 35: Summary of the assembly’s characteristics and synteny of the four mer operons found in
Alteromonas mediterranea strain ISS312 genome. The black arrows are mobile elements
(transposases, integrases...). Grey arrows are genes outside the operon.

Previous studies have shown that in Gram-negative bacteria the operon mer has two
orientations for the genes encoded in it (Naguib et al., 2018). The merRis usually encoded
in the opposite direction to the rest, which means that the mer/ transcription is divergent
from the structural genes, with the exception of Pseudoalterormonas haloplantkis (lohara et
al., 2001; Naguib et al., 2018). In strain ISS312, only mer_4 has genes encoded in different
orientations, showing that although variability among /mer operons of different species has
already been reported (Naguib et al., 2018), our results provide evidence of variability in mer
operons also within the same genome.

Hg detoxification genes are often part of mobile genetic elements (MGE), either transposons
or plasmids (Barkay et al., 2003). Supporting this general trend, the four operons of strain
ISS312 have either upstream or downstream mobility elements, such as recombinases,
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insertion elements, transposases, or integrases (black arrows in Figure 35). As none of
ISS312’s meroperons were found in plasmids (data not shown), we studied the possibility of
mer genes being part of a genomic island (Gl) as previously described for Alteromonas
mediterranea DE (lvars-Martinez et al., 2008). We found that the operon mer 3 and its
surroundings, as well as part of operon mer_4, seem to have the same structure as GI9, a
genomic island with several mergenes encoded on it as previously described (Ivars-Martinez
et al., 2008). Indeed, the existence of a Gl integrating the mer-3 operon was further predicted
with IslandViewr4 (Bertelli et al., 2017).

Physiological responses of Alferomonas mediterranea 1SS312 to MMHg
Effect of MHg on the growth of Alteromonas mediterranea /SS5372

We compared the growth curves (in triplicates) of Alteromonas mediterranea strain 1ISS312
in the presence of MMHg 5 uM vs the control (not-amended) (Figure 36). The length of the
lag phase, when bacteria adapt themselves to the growth conditions, differed between the
exposed isolate and the control (Figure 36). A longer lag phase (20-23 h) was observed at 5
uM MMHg compared to the control, which started to grow immediately after inoculation.
Other studies with taxa related to Pseudomonas and Enterobacter have shown similar
patterns, that is, a longer lag phase depending on the concentration of mercury in the culture
(Deng & Wang, 2012; Sinha & Khare, 2011). For example, Deng & Wang (2012) experiments
showed that Pseudomonas sp. S1 has a minimum of 38 hours lag phase at 30 mg/L of Hg"
and a maximum of more 160 hours in the highest concentration, 140 mg/L. From our previous
study on the same strain, we know that the culture grown with MMHg entered the exponential
phase only after all mercury was removed from the medium (Figure 4 in Sanz-Saez et al.,
2022) and that once both cultures started to grow, their growth rates and maximum carrying
capacity were very similar, regardless of the initial MMHg concentrations (Sanz-Séez et al.,
2022). The stationary phase was reached after 20 hours in the control but almost 50 hours in
the amended cultures differing from what was previously observed in Sanz-Saez et al. (2022).
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Mono-methylmercury affects whole genome transcriptional patterns.

The expression patterns of the whole genome at different growth phases (lag, exponential,
late exponential and stationary phases) were investigated across replicates at both
conditions (control vs 5 pM MMHg). We performed a Principal Coordinates Analysis (PCoA)
based on the normalized abundances (TMM) to evaluate differences in all gene’s
transcription (Figure 37). The first axis explained 84.11 % of the variance in gene expression
composition corresponding to the variance between growth phases. The main transcriptional
differences between the control and the exposed cultures were observed during the
exponential and stationary phase. In particular, PCoA analysis indicated that the lag and
exponential phases of the MMHg-amended culture were similar in terms of the composition
of expressed genes and largely differed from the genomic composition at the exponential
phase of the control. At the end of the incubation, the difference in the gene expression
composition between the control and the MMHg-amended cultures was less prominent
(Figure 37). The gene expression composition of MMHg-amended cultures at the stationary
phase clustered together with the samples collected in the late exponential phase in the
control due to the effect of a longer lag phase (20-23 h) in the MMHg-amended culture.
Therefore, the composition of expressed genes at the stationary phase in the control was
completely different than the rest because at time of sampling (72 h), when both MMHg and
control cultures reached a similar OD, the control was already in stationary phase for almost
10 hours, while the MMHg-exposed were just reaching the plateau of the growth curve, with
transcripts levels closer to late exponential than to stationary phase.
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differences during
growth observed between the control and MMHg-amended treatments (Figure 36), and the
overall changes in the transcriptome (Figure 37), it is likely that the presence of high
concentrations of MMHg affects multiple aspects of bacterial physiology. Thus, we sought to
delve deeper into the effects of this contaminant in the A/feromonas mediterranea 1SS312
transcriptome, and to characterize these transcriptional changes in further detail. A
correlation-based analysis between TMM values of mer genes and TMM values of the
remaining genes in the transcriptome was performed (Figure 38). We aimed to identify
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functional orthologous genes that displayed expression profiles highly similar or identical to
those genes within the /meroperons, pointing to probably similar regulatory controls. Notable
differences were observed between the correlation profiles of the control (Figure S7) and
experimental treatments (Figure 38). Namely, across control treatment samples, a higher
proportion of correlations were detected between mer genes and those assigned to KEGG
modules of energy metabolism, signal molecules and interaction (Figure S7). While across
MMHg treatment samples, a higher proportion of correlations were detected between mer
genes and those assigned to KEGG modules of amino acid metabolism (Figure 38).

We found contrasting expression profiles for each mer operon that were positive correlated
with a wide array of functions mostly related to amino acid and carbohydrate metabolism, but
also to flagellar assembly, quorum sensing or two-component systems. Additionally, we
found similar patterns between transporters from different operons, mostly relating them to
biofilm formation, quorum sensing and two component systems but very different among the
enzymes.

Operon mer_3 enzymes within the amended samples displayed different patterns, the merA
gene was linked to carbohydrate metabolisms such as to pyruvate, propanoate, glyoxylate
and dicarboxylate metabolism, glycolysis/gluconeogenesis, citrate cycle and to some amino
acids and cofactors and vitamins metabolism while the merB was mostly related to multiple
amino acids metabolisms and biosynthesis of other secondary metabolites such antibiotics.
In the control, we also observed different expression patterns for merA and merB genes
within operon 3 (Figure S7). Although some of the KEGG correlations were found in both
(MMHg amended and non-amended samples) such as those related to carbohydrate
metabolisms associated with merA gene, the merB gene in the control was correlated to
bacterial secretion systems, protein export, and purine and pyruvate metabolisms. More
importantly, the KEGG pathways associated with amino acids were indicated of the amended
samples (Figure 38).

In a previous study in £.coli four well-defined Conserved Orthologous Groups (COG) were
identified within the most differential expressed genes under both inorganic (HgCl,) and
organic PMA (phenylmercuric acetate) mercury exposure (LaVoie & Summers, 2018) which
were energy production, amino acid metabolism, carbohydrate metabolism, and
transcription which also agree with some of our findings. In the same study, £. co// had
different responses in other four categories (nucleotide metabolism, translation, motility and
intracellular trafficking) in the presence of both compounds. Moreover, genetic and
physiological analyses have shown that the presence of Hg" in Pseudomonas stutzeri 273
downregulates flagellar development, motility and biofilm formation (Zheng et al., 2018).
When looking at the transcriptomic analysis by phases, we also found 15 DE genes (9 down-
regulated and 6 up-regulated) related to biofilm formation, bacterial mobility, or flagella
assembly, finding more down-regulation of these categories in the exponential phase (6
genes) and almost no effect on the stationary phase (1 genes) (Table S16-19). From previous
studies, we know that once the culture enters the exponential phase, the Hg concentration is
almost zero (Sanz-Saez et al., 2022). Thus, if mobility/biofilm/flagella are affected in the
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presence of Hg, it is reasonable to believe that the effect of Hg in the transcription would
dissipate over time. Contrary to what Zheng et al. (2018) found, in the lag phase 3 out of 4
differentially expressed (DE) genes within the mentioned categories were upregulated. These
contradictory results could be a consequence of exposure to different compounds as LaVoie
& Summers (2018) found in their study. We would need to do physiological studies in ISS312
in the presence of Hg'" as well as MMHg to further understand the relationship between biofilm
formation and flagella development and mer genes.

These results suggest that the high concentrations of MMHg affect not only the detoxification
metabolism in Alteromonas mediterranea 1ISS312, but that it also impacts other important
aspects of the physiology of these organisms, specially related to amino acid and
carbohydrate metabolisms and signal transduction. Considering the extension of mercury
contamination across aquatic ecosystems, and the widespread distribution of taxa within
Alteromonadales across these habitats, it is likely that mercury contamination impacts
ecological processes of global relevance that are at least partially driven by these organisms,
such as biogeochemical cycles and recycling of organic matter in aquatic ecosystems (lvars-
Martinez et al., 2008; Pedler Sherwood et al., 2015).

Differential expression patterns of the mer operon of Alteromonas mediterranea /553712

We evaluated if the amendment of MMHg had a direct impact on the expression of the
different mer operon copies. For this purpose, we performed a comparative analysis of the
genes transcribed between all the amended and all the control samples and detected 52
significantly DE genes (Table S15). Moreover, the comparative transcriptomic analysis by
phases revealed a higher number of DE genes. The total number of statistically significant
DE genes is 195 for lag-phase, 223 for the exponential, 63 for the late exponential and 142
for the stationary (Table S16-S19 respectively). The comparison of transcriptomic profiles
between MMHg amended and the control allowed the recognition of the top up-regulated
and down-regulated genes. As expected, the 10 more up-regulated genes were related to
Hg resistance (Table 3) including the whole mer_3 operon as well as merB gene from operon
mer_4. Interestingly, not all the mer operons were equally transcribed (Figure 39). While
operon mer_71 (with the merA_00965) was either down-regulated or not differentially
expressed, the rest of the merA and merB genes from the remaining operons were up-
regulated. The merA_17has the essential amino acids (Boyd & Barkay, 2012) for the enzyme
to be functional and it displayed a 96 % identity to the merA gene found in P. haloplanktis
which functionality has been proven (lohara et al., 2001). Therefore, we speculated that may
be a higher concentration of inorganic Hg" or different environmental conditions are required
to activate mer_1, and further experiments would be needed to completely understand the
differences in transcription. Nevertheless, our results showed that not all mer genes from the
four operons needed to be upregulated at the same time to detoxify the 5 uM MMHg
concentration.
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Figure 38: Heatmap of the percentage of correlation classified in the KEGG pathway database; all
positive pairwise Pearson correlations (r > 0.9) between the expression of mercury related genes and
other expressed genes in each amended transcriptome were taken to calculate the percentages
(please see the methods section 2.5 for details of the calculation).
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Figure 39: Synteny of the four /meroperons found in Alferomonas mediterranea strain 1ISS312 genome
and their logz(Fold-Change) considering all samples regardless of the growth phase (Amended vs.
control).

Table 3: The ten most upregulated genes comparing all amended transcriptomes with all the control

transcriptomes regardless of the growth phase. FC: Fold-Change. FRD: False Discovery Rate.

Gene ID Logo(FC) P-value FDR Gene description
iss312_03670 9.107 0 0 MerR transcriptional regulator (rmerf)
iss312_03669 8.760 1.050-108"  2.130-10-'78 Mercuric reductase (/merA)
i5s312_04105 8.472 5.846:1072  4.745-10% Alkylmercury lyase (merb)
i5s312_03668 8.163 1.315-10"2  1.779-104° Alkylmercury lyase (merb)
iss312_03667 6.271 5.080-10%  3.436-10% MerD transcriptional regulator (/merD)
i5s312_03671 5.229 3.451-10%  3.502-10% Phage integrase family
iss312_03666  4.997 1.436-102  7.282:102 Mercuric ion transport protein (merE)
iss312_03663 4.208 7.817-10%0  3.172-10"7 Group 3 truncated hemoglobin (ctb)
iss312_03664  3.813 1.289-10"  4.022-10* Transposase, 1S5 family
iss312_03665  3.781 1.237-10  7.170-10% DoxX
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Furthermore, we investigated how the TMM evolved along time for some of the most
differentially expressed genes and how the mercury related proteins have massive
expression in the culture grown with MMHg compared to the control. The operon mer_3was
the only operon in which upregulation was shown for all the operon components including
merA and merB encoding the enzymes, its transporter merE, and regulators merR and merD
genes (Figure 40).
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Figure 40: TMM (normalized transcripts) of mer_3 genes and merB_4 across different phases of the
growth curve in the presence of 5 uM of MMHg (pink) vs the control (yellow). Error bars represent the
standard deviation between the three replicates.

The merB_4 was heavily overexpressed on the lag phase while merB_3 expression increased
over time only to drop during stationary phase (Figure 40), which suggests that most of the
demethylation was being carried out by merB_4 because after 24 hours MMHg was
undetectable in the medium (Sanz-Saez et al., 2022). The high overexpression of merB_4
during the lag phase, points to merB having an independent regulation or specific regulation
in the presence of MMHg. It has not been reported a different regulator from mer/ or the
possibility of merf reacting differently to Hg" and MMHg but considering our results more
studies should be conducted.

We observed a wide variability of expression between operons but oddly also within the same
operon, merE_3had its highest expression around 1,500 TMM while merA_3displayed more
than 60,000 TMM (Figure 40). Despite their differences we can appreciate the same pattern
for all mer genes from operon mer_3, it was lower during the lag and exponential phases,
reached its maximum during the late-exponential, and dropped again during the stationary
phase. Interestingly, we detected the same trait in the IS5 family transposase (genelD: 03664)
found downstream to the mercury genes. Merf is the only gene in mer_3 that has a slightly
different pattern and shares it with the tyrosine-type recombinase (genelD: 03671) found
upstream respectively to the mercury genes (Figure 39).
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Prevalence of merAB genes related to Alteromonas mediterranea 1SS312 across
oceans layers.

In a previous study, we examined the prevalence of the merAB genes from the operon mer_3
of Alteromonas mediterranea 1SS312 in marine microbial metagenomes (MetaG) and
metatranscriptomes (MetaT) (Sanz-Saez et al., 2022) using Ocean Microbial Reference Gene
Catalog v2 (OM-RGCv2) (Salazar et al., 2019) from the 7ara Oceans expedition through the
Ocean Gene Atlas 2 (OGA2) resource (Vernette et al., 2022). This time, we performed a more
detailed analysis including the rest of the merAB gene copies from the four mer operons of
Alteromonas mediterranea 1SS312, meaning a total of 3 merA and 2 merB genes. We
retrieved one sequence per gene from 7ara Oceans datasets that matched with more than
99.5 % identity with 1SS312’s sequences. Therefore, a total of five gene sequences were
searched in the metaG and metaT. From those five sequences, only one was assigned to the
genus Alterormonas (merA_2), while the other four could only be assigned to Proteobacteria
(merA_1 and merB_4) and to biota (merAB_3). The taxonomic assignations were provided
by the OGA2.

A throughout search of mer genes in the metagenomes of the OM-RGCv2 dataset (Salazar
et al., 2019; Vernette et al., 2022) showed that both merA and merB genes were globally
distributed throughout ocean basins and layers (Figure 41), although merA was generally
more abundant than merB (p-value < 0.01). This trait was also observed in genomes of
isolates with /merA genes being roughly ten times more abundant than the merB genes (Boyd
& Barkay, 2012). The most abundant of the searched genes in the ocean was the merA_1,
followed by merB_4 (Figure S8). merA_7and merA_3were found in a total of 162 and 143 of
the 370 analyzed samples respectively while merA_2 was only found in 88 samples. This
would concur with merA_ 7 and merA_3 being present in multiple taxonomic genera instead
of just one like merA_2 (Figure S6A). In general, we found higher abundances of both merA
and merB genes in the mesopelagic than in the rest of the layers, surface (SRF) and deep
chlorophyll maximum (DCM) (Figure 41A). An exception to this was the merA_2 which
reached the maximum value in in the DCM of the Mediterranean Sea, by the coast of Algeria.

The merA and merB abundance of the studied isolate in the analyzed metatranscriptomes of
the OM-RGCv2 reveal the potential implication of this bacteria in MMHg demethylation and
Hg'" reduction in the ocean. In general, we observed a higher transcription potential of merA
compared to merB, but these changes were not statistically significant (Figure 41A). It is
important to highlight that merA and merB transcripts of all variants were detected in all
depths, although the maximum was observed in the mesopelagic ocean, as previously
observed in Sanz-Saez et al. (2022), followed by DCM and then SRF (p-value < 0.01).
Interestingly, merA_ 7 transcripts of our isolate were the most prevalent in the global ocean
even though in our experimental conditions the gene expression was down-regulated. Earlier,
we discussed the possibility of a higher concentration of iHg or specific environmental
conditions being needed to trigger the transcription of merA_7, this may be true in vitro
conditions but not necessarily in the environment. Many studies have measured total Hg and
MMHg concentrations across oceans, and show that the concentrations in the ocean range
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in the picomolar. Gionfriddo et al. (2016) measured concentrations in the Antarctic sea water,
sea ice, brine and snow (1 - 895 pM) as well as compile the global ocean mean (~ 1.5 pM).
Cossa et al. (2011) measurements ranged between 0.63 to 1.76 pM for total Hg and between
0.02 to 0.86 pM for MMHg, in the Southern Ocean. The Mediterranean Sea range between
0.32 and 3.25 pM (Cossa et al., 2009), the eastern tropical South Pacific Ocean reported a
maximum of 2 pM total Hg (Bowman et al., 2016) and the Arctic’s means is 1.19 pM (Dastoor
et al., 2022). This proves that the concentrations needed to induce transcription are very low
and that the environmental conditions can be different.
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Figure 41. A) Box plot of the metaG (solid line) and metaT (dash line) abundances of merA
(orange) and merB (green) genes in the different layers of the ocean extracted from Tara
Oceans datasets. B) Geographical distribution of the merAB genes with their metaT
abundances coded by size. SRF: surface. DCM: deep chlorophyll maximum. MES:
mesopelagic. Size of the dots indicate abundance of transcripts in the database.
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The highest transcription of all merAB genes was found in station TARAO037 at the
mesopelagic layer (Figure 41 and Figure S9) and it corresponded to merB_4. This station is
at the oxygen minimum zone (OMZ) of the north Indian Ocean (Arabian Sea), with an oxygen
concentration 2.85 pmol/kg. It is well known that mercury methylation increases under anoxic
or hypoxic conditions, so a higher MMHg formation could be expected at this station. A
higher transcription of merB could be explained by a higher formation of MMHg and result in
a steady concentration of MMHg under low oxygen conditions (Malcolm et al., 2010).

Conclusion

Our results provide a better understanding of the MMHg detoxification processes in
microorganisms isolated from the deep ocean (Alterormonas mediterranea strain 1ISS312), as
well as an overview of the whole cell transcriptional changes in the presence of MMHg. This
study demonstrated the capacity of this isolate to detoxify elevated concentrations (5 uM) of
MMHg but also a high adaptation capacity to restore the control conditions after 50 hours. In
particular, this study shows contrasting transcriptional patterns of the four mer operons
present in its genome under the conditions tested. We believe that the transcriptional patterns
found in this study will prevail in lower concentrations of MMHg. This high adaptative
capacity could make A. mediterranea 1SS312 a great candidate for MMHg bioremediation
for contaminated waters. Moreover, the throughout search of mer genes of A. mediterranea
strain ISS312 in metagenomes and metatranscriptomes from the global ocean indicate that
this bacterium can be involved in MMHg demethylation and Hg" reduction at the low
concentrations found in the ocean.
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General discussion

This thesis aimed to improve the understanding of the ecology of marine bacteria involved in
the Hg cycle, as well as to study their physiology and evaluate their role in biological
transformations (Hg" methylation, MMHg demethylation, and Hg" reduction) in both
environmental samples and in vivo using cultured isolates. In the present thesis, | used a
combination of culture-dependent and culture-independent techniques together with
chemical analyses to (i) explore the conditions prone to MMHg formation in the Venice
lagoon, (ii) unveil the taxonomy, metabolic potential and activity of MMHg demethylating and
Hg" reducing bacteria in contaminated sediments, (iii) determine the best candidate to
detoxify HgCl, (Hg") from the MERCLUB culture collection (with more than 2000 isolates),
and determine the best operational conditions in continuous culture and (iv) characterize the
genomic structure of the meroperon responsible for MMHg demethylation and Hg' reduction,
considering the transcriptional effect of MMHg related to other metabolic and functional traits
in Alteromonas sp. 1SS312. In this section, | summarize the main results of my research,
highlighting their relevance and discussing different questions that have arisen.

Will global change enhance MMHg formation? The case study of the
Venice Lagoon (Chapter 1)

The entire world, including the oceans, is experiencing a global change mainly due to human
activity, and many of the changing parameters influence the Hg cycle (Figure 42). We are
experiencing, among other factors, higher temperatures (Cheng et al., 2019), higher sea
levels which lead to an increased flooding risk (Cazenave & Cozannet, 2014; Taherkhani et
al., 2020; Vitousek et al., 2017), lower oxygen concentrations in the ocean (Breitburg et al.,
2018; Keeling et al., 2010; Oschlies et al., 2018; Schmidtko et al., 2017), and a shift in the
microbiome (Hutchins & Fu, 2017). By incubating sediment cores, we simulated the
biogeochemical conditions of oxygen depletion during a MOSE-closing event in the Venice
Lagoon (Chapter 1). The experimental results from this study showed that after closing the
lagoon in the warmer season, there was a decline of dissolved oxygen (DO), a release of
DOC and THg and a higher relative abundance of protein-like peak T of FDOM (associated
to a higher bacterial activity). These changes resulted in higher methylation rates in the
sediment and a higher MMHg concentration in water.

The Venice Lagoon has been extensively studied due to its social, economic, and cultural
importance. Previous studies and monitoring efforts have measured daily DO, temperature,
salinity and chlorophyll-a (SAMANET dataset), sediment oxygen demand (SOD) (Leoni et al.,
2022), metals and other sediment characteristics (Zonta et al., 2018), as well as the impact
of global change (Alberti et al., 2023; Amos et al., 2017; Zennaro et al., 2023). Venice has
suffered floods throughout history, like the extreme event occurred in 1966 (Trincardi et al.,
2016), but in the last decade the number of floods has doubled (Lionello et al., 2021).
Actually, extreme sea level events (ESL or flooding) are increasing around the world. Other
Mediterranean World Heritage sites are at risk of flooding as well (Reimann et al., 2018).
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Taherkhani et al. (2020) concluded that the odds of flooding in 200 United States of America
sites will increase 1000-fold in the next century. The Climate Change — 2021 report (IPCC,
2021) stated that ESL will increase 20 to 30 fold by 2050 and 160 to 530 fold by 2100
depending on the Shared Socioeconomic Pathway (SPP) scenario that collectively we
choose to follow. Over the years many protection or adaptation strategies have been
proposed, but the majority still consist of hard protection systems, like seawalls or dikes
(Dedekorkut-Howes et al., 2020), and both structures have reported negative consequences
in the coastal environments. In Venice, the MOSE was built to protect the city, but the possible
environmental consequences of its operation remain largely unknown.

Extreme flooding has been correlated to the release of organic matter (Figure 42; Majidzadeh
et al.,, 2017; Voynova et al., 2017; Wang et al., 2023), Hg and other metals (Figure 42 ;
Bargagli & Rota, 2024; LeMonte et al., 2017; Tsui et al., 2020) and even to higher Hg"
methylation rates (Singer et al., 2016). Likewise, tidal flooding, which is a natural cyclic event,
is also linked to the mobilization of organic matter and Hg (Bergamaschi et al., 2012; Stoichev
et al., 2004); concretely in the Venice Lagoon, tidal flooding has been linked to higher
concentrations of dissolved THg and MMHg (Guédron et al., 2012). Even though the MOSE
blocks the water exchange with the Adriatic Sea (stops the tide and prevents flooding), in our
simulation experiment, we still observed an increase of DOC and THg in the overlaying water.
Moreover, Guédron et al. (2012) found higher concentration of total suspended solids (TSS)
and higher concentrations of particulate THg and MMHg (ng Hg/L) during the flood tide but
a higher MMHg concentration within the TSS (ng Hg/g solids) during the ebb tide, linked to
smaller, likely organic, MMHg enriched particles. They suggested that the release of MMHg
from the sediment was the main driver of the changes in the concentrations in water.
However, more recent studies have proved methylation activity within sinking particles (Capo
et al., 2023; Gascon Diez et al., 2016), which opens the possibility of part of the MMHg being
formed within the particles. While in the Venice Lagoon | studied the methylating capacity of
the sediments, one may ask if the changing conditions might increase the anaerobic micro-
environment within the particles of the water column and also enhance in situ Hg methylation
in the water column.

Other changing factors, like temperature, may also affect the concentration and speciation
of Hg in the lagoon. Temporal or seasonal shifts in MMHg concentrations (Cesario et al.,
2016; Mitchell et al., 2012) and in Hg methylation rates (Marvin-DiPasquale & Agee, 2003;
Monperrus et al., 2007) have been shown in other coastal areas; e.g. higher MMHg
concentrations along the Tagus estuary (Lisbon, Portugal) have been found during the
summer compared with the winter (Canario et al., 2007; Cesario et al., 2016). Moreover,
temperature has been linked to the sediment oxygen demand (SOD; higher SOD at higher
temperatures) in the Venice Lagoon (Leoni et al., 2022), but more important factors
controlling the SOD are total nitrogen (nutrients) or grain size. All these factors cause a
temporal-spatial variation of the SOD along the lagoon, in which the marginal areas (like the
Osellino site of our study) have a higher SOD. The areas with higher SOD are more prone to
occasional hypoxic conditions, which may lead to higher Hg methylation rates. Our study is
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limited to only two samplings (November 2019 and September 2021); thus, it is not possible
to determine a temporal shift. Interestingly, we found a higher Hg" methylation rate constant
during the warmer sampling (September 2021) but lower concentrations of MMHg in
sediments and porewaters compared to November 2019, likely due to a higher demethylation
rate associated with higher temperatures (Marvin-DiPasquale & Agee, 2003). With this study
we cannot conclude how the increased temperature might affect the speciation of Hg and
Hg" methylation/MMHg demethylation processes throughout the year, but our results suggest
that in a context of global warming MMHg concentrations might increase in the Venice lagoon
and therefore would be very important to assess the variation of MMHg concentrations both
environmental and in biota.

Furthermore, it has been observed that higher temperatures and higher concentrations of
DOM increase the overall microbial activity (Figure 42). An enhanced microbial activity
contributes to the decline of oxygen concentrations (Brewer & Peltzer, 2017) and also to shifts
in the composition of the organic matter to a more autochthonous type (lower molecular
weight, higher aromaticity and more labile) (Chen et al., 2021), which simultaneously might
change the bioavailability of Hg (Gutensohn et al., 2023; Schartup et al., 2015) and the
concentration of MMHg (or percentage of the total Hg) (Bravo et al., 2018; Jiang et al., 2018).
The composition and concentration of the organic matter may change likewise due to
flooding, as | mentioned above, or due to human impact, e.g. waste or agricultural discharge.
Having a large input of nutrients may lead to eutrophication, which is already an
environmental problem by itself, but additionally has been associated with higher Hg
methylation rates (Rodriguez et al., 2022). Higher temperatures are expected to enhance
MeHg bioaccumulation as well (Figure 42), resulting in higher MeHg concentrations in biota
(Schartup et al., 2019), which will increase human exposure through seafood consumption.

Collectively, the results from the Venice Lagoon plus all the studies mentioned in this section
help us to better understand the potential effects of global change in the MMHg formation
rates of coastal areas. The net formation of MMHg and therefore the concentrations of MMHg
in environments and biota are likely to be affected by: i) rising numbers or duration of flooding
events, ii) increasing temperatures and decrease in oxygen, iii) alterations of the
concentration and/or composition of organic matter, either as a result of direct human action
or as a result of the flooding itself, and lastly iv) the adaptation of the microbial community to
the ‘new’ conditions, which in turn will affect some of the above-mentioned factors (e.g.
composition of OM or oxygen concentrations) (Figure 42). Besides the efforts understanding
MMHg formation, the lack of knowledge about MMHg demethylation processes impede to
predict MMHg concentration in the environment. Providing new insights into MMHg
demethylation might help to develop new remediation and management strategies to
decrease MMHg in the environment.
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Figure 42: Diagram of the possible effects of global change in coastal environments in relation to Hg
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Prokaryotes involved in MMHg demethylation and Hg" reduction in
sediments (Chapters 2 and 3)

The prokaryotes involved in demethylation and reduction of mercury have been studied in
this thesis through culture dependent and independent techniques. Sediment samples were
taken from three coastal contaminated sites in Europe (Baltic Sea, Mediterranean Sea and
Atlantic Ocean) and used to generate the MERCLUB Culture Collection (MERCC) and the
MERCLUB-MAG collection. From the MERCC in which there are more than 2000 isolates, |
preselected 37 candidates based on i) positive results of a merA PCR, ii) taxonomy and iii)
presence in more than one site, to study their Hg and MMHg tolerance as well as removal
capacity. After several assays, | selected three strains (Aeromonas sp., Pseudomonas putida
and Bacillus sp.) for further physiological and Hg removal capacity characterization.
Parallelly, in the MERCLUB-MAG collection, in which there are 803 prokaryotic genomes, |
found 43 MAGs that contained either merA or merB, which theoretically would provide
tolerance to Hg" and organomercurials respectively. Also, two additional MAGs displayed
the potential to conduct both processes (Hg" reduction and MMHg demethylation — or other
organomercurial decomposition) at the same time because they contained both genes (merA
and merB). From this set of MAGs, | studied their abundance, biogeography, activity and
metabolic capacities. Having a microbiological study that included both a culturable point of
view and an environmental approach through metagenomics allowed to obtain a wider
picture of the MMHg demethylating and Hg" reducing community.

The broad approach of this project (mer-club.eu) allowed to compare the culture and the
microbial MAGs genome collections. First, | compared both datasets (isolates genomes vs
45 MAGs merA/merB containing genomes) to identify potential matches with the following
question: are the studied isolates with proven capacities for Hg resistance (Chapter 3) part
of the MAG collection (Chapter 2). Our comparative analyses revealed that any of the studied
culturable species with capacities for Hg resistance corresponded to the merAB containing
MAGs. However, it could be possible that due to incompleteness of some of the MAGs, the
mer genes were missing from the MAG but might be part of the complete genome (medium
and high-quality MAGs are considered to be >50 % complete). Thus, | inspected the entire
MAG collection with a total of 803 genomes and only one taxa of the tested isolates was
found, Dijetzia sp. There were three MAGs which belonged to genus Dietzia (CS3-bin.85,
CS4-bin.352 and CS7-bin.66) but none of these MAGs had >95 % ANI with the isolate, which
could indicate that they belonged to a different species. Indeed, the three Dietzia MAGs
displayed an ~83 % ANI against our cultured Djeztia, while they displayed between 98 %
and 99 % ANI among themselves (further information about methods in Supplementary
Material).

As mentioned above, | selected three candidates (Aeromonas sp., Pseudomonas putida and
Bacillus sp.) for further characterization, including growth curves and Hg removal, but also
genome sequencing. As part of the comparative analysis between both studies, | explored
the environmental abundances of the three final candidates, as well as the merAB containing
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MAGs by performing a fragment recruitment analysis of all MERCLUB-MAGs collection and
the three isolates against the metagenomes (following the same methodology as in Chapter
2). Strain Bacillus sp. MERCC_2852 was absent in all metagenomic samples. The other two
isolates (Aeromonas sp. MERCC_1069 and Pseudomonas putida MERCC_1942) were
present only in two of the studied areas, the Nervién and Suances Estuaries, from which both
species were isolated (sites CS14 and CS3, respectively). None of the isolates were present
in either the Mediterranean or the Baltic sediments. Concerning the presence of mer genes,
we have to take into account several premises. First, the mer genes have been historically
found in aerobic microorganisms and they have been described to be active under oxic
conditions and at high concentrations of Hg (Barkay & Gu, 2022; Schaefer et al., 2002).
Additionally, the MERCLUB Culture Collection was obtained using aerobic methods of
isolation. As the sediments are mostly anaerobic, it would thus be expected that all merAB
containing bacteria (MAGs and isolates) would belong to the rare biosphere (relative
abundance < 0.01 %). Contrary to the expected, most of the merAB containing genomes
were in the mid-abundant ranking (0.01 % < relative abundance < 1 %) (Figure 43) and one
(EN15-bin.81, a Gammaproteobacteria) was even found among the abundant biosphere
(relative abundance > 1 %; 1.23 %). Isolate Aeromonas sp. MERCC_1069 was found in the
mid-abundant biosphere in both Suances and Nervion Estuaries, instead Pseudomonas
putida MERCC_1942 belonged to the rare biosphere in both areas (Figure 43). The reason
for the majority of the merAB containing bacteria being mid-abundant remains unknown and
it will need further exploration, but | may hypothesize that: i) the sampled sediments were not
completely anoxic, there might have been aerobic or microaerophilic microorganisms
colonizing the surface of the sediments, ii) our MAGs collection only represents a fraction of
the total prokaryotic diversity or iii) the merAB containing community is diverse and its
abundance is dynamic depending on the environmental parameters and conditions (some
merB MAGs like EN15-bin.81 were more abundant in Barcelona than the rest of the sites).
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Due to the cost effectiveness and technological advances, metagenomic and
metatranscriptomic studies have recently been increasingly used, and mercury cycling
genes have been informed in their datasets. For instance, Gionfriddo et al. (2016) reported
them in sea-ice, while Bowman et al. (2020), Lin et al. (2021), and Tada et al. (2023) found
them in sea water from different places around the world, although any of these studies
reconstructed MAGs in their studies. Recent works were able to reconstruct a few MAGs that
carried merA or merB, such as Rincon-Tomas et al. (2023), who described three MAGs with
merA in marine sediments, or Vigneron et al. (2021), who recovered 11 merA- and 2 mer5-
containing MAGs from microbial mats. Nevertheless, my study (Chapter 2) is the first to
reconstruct MAGs with both merA and merB genes, and also contributes a larger number
(up to 45) of mer-containing MAGs which presence and potential transcriptional activity were
investigated. The two MAGs that contained both merAB genes were associated with
Microbacterium sp. (EN17.bin27) and Rhodobacteraceae (EN17.bin60), belonging to genus
JLO8, from which there is only one genome available. Microbacterium sp. public genomes
have merAB genes and this bacterium has been studied as a bioremediation agent for
enhanced phytoextraction of Hg from soils (Mariano et al., 2020). On the other hand, among
the genes of the representative belonging to genus JLO8 (GenBank ID: GCA_003352045.1)
neither merA nor merB could be found, although other Rhodobacteraceae do have merABin
their genomes.

Recovering the genomes and using the HMM-models as filters allowed to identify possible
reductors or demethylators, which is a great advance, although true Hg reductors or MMHg
demethylators validation requires of a culturable candidate of the species with the
corresponding genes to perform experimental assays. In some cases, the necessary gene
has been found but the function carried out by the corresponding gene has been not proven.
The case of Nitrospirais the perfect example of this event. The AcgA-like genes have been
found in Nitrospira sp. genomes (Gionfriddo et al., 2016, 2021; Villar et al., 2020), but the
methylating activity has not been proven in any culturable Njirospira to date, which proves
the importance of working simultaneously with both sequences and cultures.

Is Hg bioremediation possible based on isolated cultured bacteria from
Hg contaminant environments? (Chapters 3 and 4)

Having cultures with proven capacity for removal of Hg from the medium (either inorganic Hg
or organomercurials) are crucial for a large array of studies and applications. One of my
principal aims in Chapter 3 was to found the best candidate for Hg bioremediation using the
continuous culture technique from a selection of strains obtained from a culture collection
from Hg contaminated sediments, and Pseudomonas putica MERCC_1942 was finally
selected as the best option. However, this strain had merA gene but lacked merB, so in a
situation with high MMHg concentrations, Alferomonas mediterranea 1SS312 (Chapter 4)
might be a better candidate. In general, both isolates showed a good capacity for Hg" or
MMHg removal from the medium, which makes them good candidates for bioremediation.
However, to be part of a bioremediation process, several extra steps are required, such as
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Hg removal tests in the particular environment to bioremediate (e.g. highly contaminated
water from an industrial area), as well as multiple scalation steps and an exhaustive planning
and collaboration among ecologists, industrial microbiologists, and engineers.

Using microbes for environmental bioremediation is extremely challenging, but with time and
research this goal can be achieved (Dixit et al., 2015; Gonzalez-Reguero et al., 2023).
Multiple microbiological strategies can be used to remove Hg, such as the above mentioned
detoxification (which uses MerA and MerB enzymes), as well as biosorption or
bioaccumulation (Dixit et al., 2015). The different bacterial strains that | have used during this
thesis could be used for detoxification, except Bacillus sp. MERCC_2833, which did not
remove Hg from the medium. However, Bacillus sp. MERCC_2833 would be a nice candidate
to study bioremediation via biosorption as it showed a mucoid phenotype, consistent with the
production of exopolysaccharides, previously linked to biosorption capacities (Francois et
al., 2012; Kalpana et al., 2018). This strain would need to be further characterized and
determine the link between exopolysaccharides production and Hg biosorption. However,
most of the current studies focus on finding the right candidate and characterizing the
process and the parameters controlling it (Cabral et al., 2013; Dash et al., 2014; Gasong et
al., 2017; Joshi et al., 2021; Pepi et al., 2011; Saranya et al., 2017), instead of investigating a
cost effective, environmentally respectful and industrially viable approach.

Alteromonas mediterranea 1SS312: a case study

In Chapter 4, | showed that A. mediterranea 1ISS312 had multiple mer operons. Multiple
copies of mer genes or multiple operons have been previously described (Christakis et al.,
2021; lvars-Martinez et al., 2008; Monsieurs et al., 2013) and some researchers attributed
this trend to the high concentrations of Hg in the environment in which the bacterium was
found. However, A. mediterranealSS312 was isolated from seawater where the concentration
of Hg is normally along the picomolar (pM) range. Moreover, the MERCLUB-MAG collection
was obtained from sediments with much higher concentration of Hg and only two MAGs
contained two merE and only one contained two /merA genes.

Furthermore, growth curves in presence and absence of MMHg were performed to
investigate the effect of MMHg on the transcriptional patterns of the culture along the growth
curve. Interestingly, | found that not all the /mer operons were used for detoxification (some
of them were either not differentially transcribed between the control and the MMHg or were
downregulated). Besides the mer genes expression, | searched for correlations between the
expression patterns of /mergenes and the rest of the transcriptome, so | could elucidate what
other genes might share the same expression pattern. The different mer operons were
correlated to different KEGG categories hinting that they might be under different regulation
processes. Other studies, (e.g. LaVoie & Summers, 2018) also aimed to characterize the
transcriptional changes in the presence of organic Hg (PMA: phenylmercuric acetate) and
inorganic Hg (HgCl,). They reported different expression profiles for PMA and for HgCl,, and
they found that some Cluster of Orthologous Groups (COGs) like carbohydrates metabolism
or biofilm formation, were differently expressed under both Hg compounds and along
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exposure time. Contrasting transcriptomic responses were found as well in multicellular
organisms such as Caenorhabditis elegans (McElwee et al., 2013). Similarly, it would be
expected to see different transcriptomic profiles of A. mediterranea ISS312 in the presence
of organic or inorganic compounds of Hg. Future research might include using knock-outs of
the different operons to study the tolerances to different concentrations and compounds of
Hg, to maybe elucidate what ecological advantage lays behind having multiple meroperons.

Lastly, A. mediterranea ISS312’'s mer_4 operon had the largest expression of merB although
the regulator (merR) of the operon was not differentially expressed. Similarly, many of the
MAGs that contained the merB genes did not have a complete operon, some of them
exhibited one or two transporters (usually mer7and merP) but none of them had merf7 close
to the merB gene. These findings may hint at the possibility that merB has a different
regulation method than the known merA. The search of this ‘unknown’ regulation method
could also be a possible line of future research from this thesis.

Future research

As | have mentioned in the discussion new research questions have arisen from this thesis.
Personally, the most interesting future projects or initiatives include:

1. Temporal and spatial study of the net methylation in the Venice Lagoon associated to
the increasing temperatures and the MOSE. Monitoring the concentrations of Hg, and
specially MMHg, in the lagoon is of great importance. The ISMAR (Istituto delle
Scienze Marine, Venice) has an intense monitoring of many parameters; however,
measuring Hg methylation rates is complicated, time-consuming, and costly. This
type of study would be helpful for understanding the effects of the evolving conditions
in the Hg cycle not only in the Venice Lagoon, but also in other coastal lagoons.

2. The industrialization and implementation of the Hg bioremediation processes.
Candidates for bioremediation have been found in this thesis, as well as in other
studies, but extra efforts are required before being able to implement a functioning
bioremediation system in marine environments.

3. Alteromonas mediterranealSS312 can represent a model organism to understand the
ecological advantage of i) having mer genes in the ocean where Hg concentrations
are low and ii) having multiple and different mer operons. As well, A. mediterranea
ISS312 could be used to test whether merB has its own transcriptional regulation.
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10.

Conclusions

The incubation experiments used to simulate the closing of the MOSE (isolating the
Venice Lagoon) triggered an anoxic event in the warm sampling (September) but not
in the cold-one (November).

The MOSE-closing simulation experiment showed a release of dissolved organic
carbon and an enrichment of protein-like substances as well as enhanced in situ Hg"
methylation in the sediments.

The overlying water and the porewater of the sediment cores showed higher MMHg
concentrations in the anaerobic incubated samples (MOSE-closing simulation) than
in the non-incubated samples (‘normal’ conditions of the lagoon).

Enhanced Hg methylation, higher MMHg concentrations and higher temperatures
might result in larger bioaccumulation in biota.

Future implementations of flooding adaptations should take into consideration: the Hg
concentration of the area, the possibility of enhanced fluxes of organic matter, THg
and MMHg release from sediments into the water column and the possibility of
enhanced microbial activity, which might lead to higher Hg methylation rates.

The MERCLUB Hg-detoxification reference gene catalog contains a larger number of
merB (188) genes than merA (74). Similarly, the MERCLUB Microbial MAG collection
showed a larger number of merB-containing MAGs (32) than merA-containing (15)
ones. These numbers demonstrate the importance of merB in maintaining a low
concentration of MMHg in the sediments.

Many of the merB genes found in the MAGs were not part of an operon, highlighting
the importance of studying them even in the absence of merA. Higher diversity of
merB genes was found among the metatranscriptomes, which also showed higher
abundances than merA transcripts, suggesting that merE5 can be transcribed
individually.

The majority of the merAB-containing MAGs (26 out of 45) were assigned to
Gammaproteobacteria, proving their key role in the demethylation in coastal
sediments.

Phylum Krumholzibacteriota was described to have 2 merA sequences within its
genome for the first time. Both sequences were found among the 5 merA transcribed
genes found in the metatranscriptomes.

The MMHg demethylating and Hg" reducing communities are phylogenetically and
metabolically very diverse. Among the most prevalent metabolisms are the Calvin
cycle, Hz oxidation, denitrification and dissimilatory sulfate reduction. The metabolic
diversity shows that the merAB-containing MAGs can use a variety of electron donors
and acceptors.
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Pseudomonas putida MERCC_1942, Aeromonas sp. MERCC1069 and Bacillus sp.
MERCC_2852, as well as other tested isolates, are capable of growing in a wide range
of Hg concentrations as well as salinities and oxygen levels.

Pseudomonas putida MERCC_1942 is the best candidate for bioremediation in
continuous culture conditions, showing the highest removal efficiency when grown
under high dilution rates (i.e. growth rates).

Aeromonas sp. MERCC_1069 has a high Hg" removal capacity (up to 79 % in 4 uM
HgCl, and 53 % in 12 uM HgCl,) but is not apt for continuous culture conditions due
to the large aggregates that forms during its growth.

Bacillus sp. MERCC_2852 showed high Hg tolerance (MIC = 50 uM) and adaptative
growth (very large, cloud-like aggregates) in both tested HgCl. concentrations in
batch (4 uM and 12 uM) with no merA present in its genome.

Aeromonas sp. MERCC_1069 is among the mid abundant taxa within the
metagenomic samples while Pseudomonas putida MERCC_1942 belongs to the rare
biosphere. Both species were found only in two of the four areas studied, in the
Cantabrian coast (Suances and Nervion estuaries).

Alteromonas mediterranea 155312 from the MARINET culture collection contains 4
mer operons in its genome. All four mer operons are phylogenetically different and
have different genetic compositions, hinting that they were integrated by horizontal
gene transfer by different microorganisms and at different times.

Five micromolar (5 uM) of MMHg alters the growth of A. mediterranea 1SS312 by
extending its lag phase up to 23 hours and changing the transcriptional pattern,
although it was able to restore control condition after 50 hours.

ISS312’s mer operons showed different transcriptional patterns, downregulating
mer._ 1 operon, not differentially expressing mer_2 and upregulating mer_3 and one

merB gene of mer_4.

The different mer operons show correlations to different KEGG categories, implying
that the physiological effect might change in the presence of diverse Hg compounds
or concentrations, as they might use a different operon for detoxification.

A total of five sequences of merA and merB from the different mer operons of A.
mediterranea 1SS312 were found in public metagenomic and metatranscriptomic
data, worldwide and in all ocean’s layers, showing that they might be important in the
demethylating capacity of the global ocean.
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Figure S5: Epifluorescence microscope images of DAPI stained Pseudomonas strain MERCC_1942
cells grown at three different growth rates in the continuous culture experiments. A: 0.05 h', B: 0.1 h
and C: 0.2 h™,
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Figure S6: Phylogenetic trees of A) merA and B) merB genes of Alteromonas mediterranea 1SS312

with closely related merA and merB sequences from different taxa classifications.
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Figure S8: MetaG abundances of each enzyme in the different ocean layers analyzed. SRF: surface.
DCM: deep chlorophyll maximum. MES: mesopelagic. Size of the dots indicate abundance of
transcripts in the database.
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Figure S9: MetaT abundances of each enzyme in the different ocean layers analyzed. SRF: surface.
DCM: deep chlorophyll maximum. MES: mesopelagic. Size of the dots indicate abundance of
transcripts in the database
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Supplementary Tables

Table S1: Fluorescent dissolved organic matter parameters examined. Given that peaks A, M and C
are not defined at fix emission wavelengths (Coble, 1996), the maximum fluorescence value in the

region is extracted.

FDOM parameter Abbreviation Definition (ex/em nm) Reference
Huguet et al.,
Biological Index BIX F(310/380) /F(310/430) (Hug
2009)
o F(254/>(435:480))/F(254/>
Humification Index HIX Ohno, 2002
(300:345)) ( )
(McKnight et al.,
Fluorescence Index Fl F(370/450)/F(370/500) 2001)
General humic substances Peak A F(260/380:460) (Coble, 1996)
Terrestrial humic substances Peak C F(350/420:480) (Coble, 1996)
Marine humic substances Peak M F(312/ 380:420) (Coble, 1996)
Tryptophan-like fluorescence Peak T F(275/340) (Coble, 1996)
Tyrosine-like fluorescence Peak B F(275/310) (Coble, 1996)

Table S2: Means and standard deviations of descriptive variables characterizing sediments

collected at Osellino (OS) and San Giuliano (SG) sites in Nov. 2019 and Sep. 2021. Ratios OS/SG
significantly different from 1 highlight notable differences of sediments between two sites in 2019 and

2021.
Nov 2019 Sep 2021
OS SG 0OS/SG oS SG 0OS/SG
Water
65+ 3 65+3 1+0.06 65+ 2 48 +2 1.37 +0.06
content (%)
Mean
diameter 92+12 9+1.9 1.02+0.25 9+2.1 87+32 1.03+0.43
(um)
TOC (%) 265+0.18 198+0.38 1.34+02 264+007 144+017 1.83+0.12
N (%) 0.33+0.02 029+0.04 1.13+0.14 032+0.02 0.14+001 2.32+0.07
TOC/N 8.1+05 69+12 1.18+0.18 82+0.3 10.3+1.3 0.79+0.13
MINC (%) 3.8+0.2 49+03 079+008 3.3+0.1 54+0.2 0.6 +0.05
HI(mg CH/g
T00) 235+ 14 263+40 0.89+0.16 209+6 141 + 16 1.49+0.12
ot {mg 157 + 11 174 + 31 0.9+0.19 150 + 8 136 + 18 1.1+0.14
CO./g TOC) - - R - - ST
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Table S3: Dissolved organic matter content and characteristics in overlaying water from two sites

Osellino (OS) and San Giuliano (SB) sampled at two different periods. Means and standard deviations
from 3 different cores.

Nov. 2019 Sep. 2021
OS SG OS SG

Fresh Incubated  Fresh Incubated Fresh Incubated Fresh Incubated
DOC 231« 2.38 £ 2.37 = 2.32 417 = 10.55 = 407 = 6.00 =
0.130 0.076 0.215 0.245 0.021 2.205 0.153 0.693
Peak A 0.39 = 0.38 + 0.39 + 0.36 + 0.31T+ 0.24 + 0.31 = 0.28 =
0.002 0.011 0.007 0.016 0.008 0.034 0.009 0.039
Peak C 0.19 = 0.19 = 0.19 = 0.18 = 0.15 = 0.14 = 0.14 = 0.14 =
0.002 0.006 0.004 0.008 0.004 0.005 0.004 0.018
Peak 0.23 = 0.23 + 0.23 = 0.22 + 0.18 = 0.15« 0.18 = 0.17 =
M 0.002 0.005 0.006 0.004 0.005 0.011 0.006 0.025
Poak T 0.12 = 0.13 012 = 0.15 0.21 0.28 = 0.22 = 0.24 =
0.005 0.008 0.009 0.027 0.007 0.032 0.010 0.046
Peak B 0.07 = 0.08 + 0.07 + 0.09 + 015+ 0.19 = 0.16 = 0.18 =
0.001 0.013 0.009 0.005 0.010 0.018 0.009 0.036
1.39 = 1.40 = 1.40 = 141« 1.40 = 1.49 = 1.40 = 147 =
i 0.010 0.010 0.011 0.015 0.012 0.064 0.001 0.009
BIX 0.85 =+ 0.85 + 0.83 0.88 + 0.92 + 097+ 0.96 = 097 %
0.002 0.003 0.009 0.085 0.007 0.034 0.011 0.012
HIX 0.85 = 0.84 + 0.86 + 0.84 « 0.74 = 0.67 = 0.73 0.71 =
0.005 0.010 0.010 0.016 0.010 0.046 0.014 0.054
SR 0.83 = 0.84 + 0.88 + 0.90 + 1.19 = 1.32 + 1.28 + 1.23 +
0.024 0.006 0.032 0.058 0.014 0.074 0.082 0.036
SUVA2  2.00 = 2.01 = 1.90 = 1./78 = 4071 + 599 + 1.93 + 3.39 +
54 0.110 0.236 0.084 0.115 0.221 2.488 1.180 0.640
AC 2.03 x 2.02 2.04 2.03 = 2.14 1.76 = 219« 2.04 «
0.008 0.010 0.011 0.018 0.004 0.203 0.009 0.022
TC 0.65 = 0.70 + 0.63 0.85 + 1.42 = 205« 1.58 = 1.80 =
0.027 0.071 0.061 0.189 0.089 0.288 0.124 0.538
CM 0.82 0.82 + 0.82 + 0.80 0.81+ 0.90 = 0.78 = 0.83 =
0.001 0.009 0.001 0.026 0.004 0.040 0.003 0.016
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Table S4: Concentrations of total mercury (THg, mg/kg) and methylmercury (MMHg, ug/kg) in
sediment cores.

THg (mg/kg)

MMHg (ug/kg)

Sampling Site Depth

Fresh Incubated Fresh Incubated
o8 0-2cm 0.84 £0.02 0.81 +0.08 0.55+0.05 0.49 £ 0.06
2-4cm 0.90 £ 0.01 0.97 £0.1 0.45+0.16 0.44 +£0.16

Nov. 2019
oG 0-2cm 0.81 +£0.06 0.80 £0.08 0.49+£0.02 0.45+0.05
2-4cm 0.95 +0.06 0.98 £0.04 0.52+0.19 0.47 £0.21
o8 0-2cm 0.89 +£0.01 0.93 +£0.003 0.26 £0.14 0.18 £0.02
2-4cm 0.87 £0.06 0.90 £ 0.03 0.10£0.03 0.15+0.05

Sep. 2021
oG 0-2cm 0.89 +£0.03 0.92 +£0.03 0.18 £0.10 0.21+£0.19
2-4cm 0.95+0.04 0.89+0.002 0.10+0.002 0.09+0.01

Table S5: THg and MMHg concentrations in filtered porewater and overlaying water from two sites
Osellino (OS) and San Giuliano (SG) sampled at two different periods. Means and standard deviations
from 3 different cores. *One of the cores couldn’t be measured, so n=2.

THg (ng/L) MMHg (ng/L)
Sampling  Site Depth
Fresh Incubated Fresh Incubated
Overlaying <LOD <LOD <LOD 0.06
ON] 0-2cm 433+ 1.44 423 +222 0.16 + 0.04 0.14 £ 0.05
2-4cm 7.63 £ 8.22 2.32 £ 0.60 0.20 +0.12 0.14 £ 0.07
Nov. 2019
Overlaying  0.05+0.004  0.05 + 0.009 0.05 £ 0.015 0.1 £0.084
SG 0-2cm 469 + 1.86 451 +1.88 0.69 + 0.93 0.16 = 0.01
2-4cm 494 + 1.61 489 £ 2.54 0.47 £0.27 1.02 £ 117
Overlaying 3.23+0.117 10.75+1.961 0.04 £0.031* 0.11 £ 0.014*
ON] 0-2cm 9.62 + 2.16 10.61 +2.84 0.05 +0.04 0.14 = 0.11
2-4cm 1400+ 566 19.43 + 15.66 0.07 £ 0.02 0.20 = 0.09
Sep. 2021
Overlaying  4.44 +0.440  5.34 = 1.509 0.05 + 0.031 0.13 £ 0.008
SG 0-2cm 1485+ 759  20.26 + 6.60 0.12 + 0.05 0.12 £ 0.07
2-4cm 11.98 + 1.56 10.46 + 0.87 0.26 + 0.17 0.17 £ 0.05
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Table S6: Metal sensible to the redox state (Mn) in the overlaying water of the cores.

2019 2021
OS SG OS SG

Fresh Incubated Fresh Incubated Fresh Incubated Fresh Incubated

Mn 1.84+0.75 1.556+115 1.77+£1.08 16+1 |285+9.9 840+ 164 7.35+3.62 751 + 134

Table S7: Hg, Mn, and DOC content and OM characteristics of the overlaying water inside the benthic
chambers 48 hours after deployment in Sep. 2021.

oS SG
THg (ng/L) 13.51 = 0.71 10.42 = 0.49
Mg (ng/l) 0.066 0.129
DOC (mg/Ly 3.728 3725
Peak A (FTU) 0.314 0.307
Peak C (FTU) 0.151 0.142
Peak M (FTU) 0.201 0.188
Peak T (FTU) 0.202 0.216
Peak B (FTU) 0.132 0.146
Fi 1414 1.407
BiX 0.916 0.952
HIX 0.751 0.728
SR 1182 1176
SUVAZ54 3.892 3531
AT 2.084 5153
¢ 1338 1519
G 0.75124378 0.755319
Mn (ng/L) 310.54 + 10.96 226.75 + 31.68
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Table S8: Location and environmental parameters of the sediment samples used for this study (dw:
dry weight, NA: not available).

Area Sctit;c;n Location Sampling date Fz(fnd\;j)x Hg tota;;vs)d_(ng/g
Barcelona (Mediterranean)..............I?S.Nﬂ .............. 41°27.08, February 2020 NA 118°8
BCN_4  2°18.60'E NA 1785+189
EN-15 -223 412174
Bilbao (Bay of Biscay) v A819BON. - hoooo M oe0T = 179
3°01.21'W -157 2398 + 20
-185 496+ 3
-210 827 =89
Suances (Bay of Biscay) CS4 432616, March 2020 245 3173 +203
4°02.10'W -273 1315214
-208 5049 124
Képmalhomen (Baltic) KPH 6110%[;2’; November 2019 NA 19800 +1100

Table S9: Complete list of KOs involved in the metabolisms represented in Figure 22."

Table S10: Composition of Marine and Brackish media used to perform the salinity test. The growth
curves and the experiments with the continuous culture were performed with the Marine medium.

Final composition  Marine medium (g/L) Brackish medium (g/L)

NaSO, 4 4
KH2PO, 0.21 0.21
NH,4CI 0.25 0.25
NaCl 30.04 0.04
MgCl*6H:0 3.01 3.02
KCl 0.53 0.51
CaCl2*2 H.0 0.17 0.15
NaHCOs 0.19 0.19
Peptone 0.5 0.5
Yeast extract 0.11 0.1
Trace element solution 100pL 100uL
(Table S11)
FeSO4 0.28¢g 0.28 g

This tables can not be printed due to their size. They can be access at https://github.com/CPG-
Hg/PhD Thesis ST Carla Pereira-Garcia.qgit
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Table S11. Composition of the trace element solution used to supplement Marine and Brackish media.

Trace element (units/L)
solution
25 % HCI 13 mL
Nax-EDTA 52g
HsBOs 30 mg
MnCl>*4 H.O 100 mg
CoCl>*6H-0 190 mg
NiClz*6 H20 24'mg
CuCl>*2H,0 2 mg
ZnS0O4 7H-0 144 mg
NaMoO4*2H,0 36 mg

Table S12: Taxonomic affiliation, source and isolation method (Soil Substrate Membrane System
(SSMS) or classical method using serial dilution and plating) for the 46 selected isolates from the
MERCLUB collection. Detection of the merA gene with primer pairs NsfF-NsfR (Wang et al., 2011)
and application of pretreatment with Hg are also indicated.!

Table S13: Isolates analyzed in the salinity assay, grown at 0.5 % (brackish medium) and 3.5 % NaCl
(marine medium). In bold, those candidates selected to perform the anaerobiosis and MIC tests.

Table S14;: TMM (normalized abundances of the RNA-seq) for all samples and subsamples used in
the comparative transcriptomic analysis. *

Table S15: Comparison of statistical packages for RNA-seq analysis, all samples were used
regardless the phase (DE: differentially expressed). The statistical significance was stablished at p-
value 0.05.

DESeg2 edgeR NOISeq

Up-regulated ( 34 29 33
Down-regulated ( 21 23 4
DESeqg2 34 29 29
Shared up genes sdgeR 55 56
( NOISeq 33

All 26
DESeqg2 21 21 4
Shared down genes sdgeR 55 7}
( NOISeq 4

All 4
Total DE genes 55 52 37

This tables can not be printed due to their size. They can be access at https://github.com/CPG-
Hg/PhD Thesis ST Carla Pereira-Garcia.qgit
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Table S16: Statistically significant DE, upregulated and downregulated, genes in the lag phase.!

Table S17: Statistically significant DE, upregulated and downregulated, genes in the exponential
phase.!

Table S18: Statistically significant DE, upregulated and downregulated, genes in the late exponential
phase. !

Table S19: Statistically significant DE, upregulated and downregulated, genes in the stationary
phase.!

Table S20: Statistically significant DE, upregulated and downregulated, genes in the overall analysis
(regardless the growth phase) !

This tables can not be printed due to their size. They can be access at https://github.com/CPG-
Hg/PhD Thesis ST Carla Pereira-Garcia.qgit
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