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Abstract

Recent studies have shown the presence of an abiotic electrical current across the walls of deep-sea
hydrothermal chimneys, allowing the growth of electroautotrophic microbial communities. To understand the
role of the different phylogenetic groups and metabolisms involved, this study focused on an electrotrophic
enrichment, with nitrate as electron acceptor. The biofilm density, the community composition, the organic
products released, and the electrical consumption were monitored by FISH confocal microscopy, gPCR,
Metabarcoding, MNR and potentiostat measurements. A statistic analysis by PCA showed the correlation
between the different parameters in 3 distinct temporal phases. The Archaeoglobales have been shown to play
a key role in the development of the community, as first colonizers and producing pyruvate, therefor used as
organic source for heterotrophs. Some Thermococcales showed the ability to perform electrofermentation of
this pyruvate into acetate and H,. Finally, through subcultures of the community, we showed the development
of a larger biodiversity over time. This observed phenomenon could explain the biodiversity development in

hydrothermal context where energy sources are transient and unstable.

Introduction

Deep-sea hydrothermal vents, discovered for the first
time in 1977, represent complex ecosystem sheltering
extremophilic life forms [1, 2]. These hydrothermal
chimneys result from the infiltration of seawater in the
seabed, heated by an underlying magma chamber and
reacting with surrounding minerals to produce a hot
hydrothermal fluid (ca. 300-400°C) rich in minerals and
reduced compounds (Hz, H2S, CH4, CO.). This hot
reduced fluid under pressure will move back to the
surface to precipitate in contact with the cold (ca. 2°C)
and oxidized surrounding seawater. These reactions form
an area of intense mixing and severe thermal and
chemical gradients allowing the development of a
complex and extremophilic biosphere. Because of the
high temperature of the hydrothermal fluid, considered as
sterile [3], the question of first colonizers of these newly
formed hydrothermal chimneys arises [3-5]. It is now
accepted that, in the absence of organic matter and light,
only chemolithoautotrophs coming from seawater or
earth’s crust can grow in the first stage of colonization.
The colonizers would use the oxidation of reduced
compounds from the hydrothermal fluid as an energy
source and CO; as a carbon source to produce organic
matter. Some studies have attempted to study the
microbial diversity in a newly formed chimney through
the formation of a new chimney in mineral chambers and

sampling units or on thermocouples placed in the
hydrothermal fluid [4, 5]. They highlighted the presence
of Desulfurococcaceae, mainly members of the genus
Ignicoccus, and its symbiont Nanaoarchaeum in addition
to Thermococcus sp. and Methanocaldococcus spp. This
primary production of organic matter would subsequently
support the growth of large diversity of heterotrophs
through the complex trophic chain and microbial
interactions [6, 7]. Besides the enrichments of
hyperthermophilic Archaea, recent study postulated that
colonization of a newly erupted black smoker occurs by
hyperthermophiles [8]. Two hyperthermophilic species -
from Thermococcales and Methanococcales - have been
shown to swim to mineral surface, scanning the surface to
find optimal temperature condition, to finally adhere
directly on it through mechanisms that could be similar to
those of the bacterial pili IV.

Most of the methods used to enrich these first
colonizers in the laboratory have postulated the use of
reduced compounds from the hydrothermal fluid as
substrates. However, recent studies have shown the
presence of an abiotic electrical current inside the
chimney wall produced by chemical oxidation of
hydrogen sulfide from hydrothermal fluid coupled with
oxygen reduction from seawater [9]. It has been
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hypothesized that this electrical current could be used as
a direct energy source by electroactive microbes. These
microbes, extensively studied for 20 years, have the
ability to perform external electron transfer towards or
from conductive support for their metabolism [10].
Microorganisms able to use direct electron flow as an
energy source are called electrotrophs. They can take up
directly electrons from the cathode, the electron donor, in
a Microbial Electrochemical Systems (MES) for their
energy and transfer it into a terminal electron acceptor. In
the literature, many studies have aimed to enrich these
electrotrophs within microbial communities sampled
from various ecosystems [11-14] or to axenically grow
them [15, 16] Recently, we have successfully enriched
hyperthermophilic electrotrophs from hydrothermal vent
samples [17]. The only presence of CO; as carbon source,
an electron acceptor, and an abiotic electron flow fed by
the MES cathode as energy source were sufficient to grow
“electro-autotrophic” microorganisms from hydrothermal
chimneys. The community obtained in the electrotrophic
biofilm was mainly composed of archaea from
Archeoglobales and Thermococcales with the specific
enrichment of other phylogenetic groups depending on
the electron acceptor used. This finding leads to raise
some questions such as: is this first primary production
enough to drive the development of more complex
biodiversity through the food web and microbial
interactions? What is the importance of the electro-
autotrophic ability within the theory of the origin of life
in a deep hydrothermal environment? In this latter
context, nitrate was used as the electron acceptor, for its
hypothetical central role in the theory of the origin of life
in hydrothermal context[18].

The objective of this work was to study the evolution
of the composition of the hyperthermophilic microbial
community and organic products over time, to identify the
first colonizers and the metabolisms involved. This
microbial community was cultured in
electrolithoautotrophic condition with polarized cathode
as electron donor and nitrate as the terminal electron
acceptor. Thus, current density related to electrotrohic
growth and nitrate consumption were monitored, along
with measurements of organic and gaseous compounds
produced as well as the quantification by gqPCR of
dominant phylogenetic orders. Afterwards, we studied if
this electrotrophic community could lead to a more
complex ecosystem through two subsequent subcultures
in MES.

Materials and Methods
Sample collection and preparation

A hydrothermal chimney was collected on the
Capelinhos site on Lucky Strike hydrothermal field
(37°17.0’N, MAR) during the MoMARsat cruise in 2014
(doi: 10.17600/14000300) led by IFREMER (France)
onboard R/V Pourquoi Pas? [19]. The sample (PL583-8)
was collected and prepared in anaerobic conditions as

previously described to inoculate a Microbial
Electrochemical Systems [20].
Electrotrophic  enrichment in a microbial

electrochemical system

A Microbial Electrochemical System (MES) was
filled with 1.5 L of sterile mineral medium as previously
described [21] with 0.1 g/l of Cysteine-HCI and
supplemented with 4mM Nitrate, continuously flushed
with N2:CO; (90:10, 100 ml/min) to anaerobic condition
and set at 80°C and pH 6.0 throughout platform
monitoring. The working electrode (WE) composed of 20
cm? of carbon cloth was poised at -590mV vs SHE using
SP-240 potentiostats and EC-Lab software (BioLogic,
France). The WE served as the sole electron donor for
electrotrophs development. The system was inoculated
with 8 g of the crushed chimney in anaerobic conditions.
Current consumption was monitored via the
chronoamperometry method with current density and
counter-electrode potential measurements taken every 10
S.

To evaluate the enrichment of biodiversity over time
on the electrode (WE) and in the liquid medium (LM),
three successive cultures were performed. For the first
culture, shown in Figure 1, a fraction of a crushed
chimney from the Capelinhos site was used to inoculate
the MES. After 25 days of incubation, the electrode (C1-
WE) and the liquid medium (C1-LM) were harvested. An
open circuit potential (OCP) control was performed in the
same conditions. For the second culture, a new MES with
sterile electrode was inoculated with 100 ml of the C1-
LM in a fresh mineral medium. The electrode (C2-WE)
and liquid media (C2-LM) were harvested after
enrichment. The third culture was performed with
inoculation from 100 ml of C2-LM. Abiotic control
without inoculation didn’t show current consumption or
nitrate depletion during the same time of the experiment.

Nitrate/Nitrite quantification

Nitrate consumption was analyzed using a wet
oxidation technique with automated colorimetry as
described in [22] after culture medium centrifugation at
14000 rpm for 5 min.

Identification and quantification of
compounds production

organic

To identify and quantify organics productions from the
biofilm, samples of liquid media were collected every 24
to 48h and analyzed by 'H NMR Spectroscopy. Four
hundred microlitres of each culture medium were added
to 200 ul of PBS solution prepared in DO (NaCl, 140
mM; KCI, 2.7 mM; KH,PO4, 1.5 mM; Na,HPO4, 8.1
mM, pH 7.4) supplemented with 0.5 mM of
trimethylsilylpropionic acid-d4 (TSP) as NMR reference.
All the 1D *H NMR experiments were carried out at 300
K on a Bruker Avance spectrometer operating at 600
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MHz for the 'H frequency and equipped with a 5-mm
BBFO probe.

Spectra were recorded using the 1D nuclear
Overhauser effect spectroscopy pulse sequence (Trd-90°-
t1-90°-tm-90°-Taq) with a relaxation delay (Trd) of 12.5
s, a mixing time (tm) of 100 ms and a tl of 4 ps. The
sequence enables an optimal suppression of the water
signal that dominates the spectrum. One hundred twenty-
eight free induction decays (FID) of 65,536 data points
were collected using a spectral width of 12 kHz and an
acquisition time of 2.72 s. For all the spectra, the FIDs
were multiplied by an exponential weighting function
corresponding to a line broadening of 0.3 Hz and zero-
filled before Fourier transformation. NMR spectra were
manually phased using Topspin 3.5 software (Bruker
Biospin  Corporation) and automatically baseline
corrected and referenced to the TSP signal (6 = -0.015
ppm) using Chenomx NMR suite (version 7.5) software
(Chenomx Inc.). A 0.3 Hz line-broadening apodization
was applied prior to spectral analysis and *H-'H TOCSY
[23] and *H-C HSQC [24] experiments were recorded
on selected samples in order to identify the detected
metabolites. Quantification of identified metabolites was
done using Chenomx NMR suite (version 7.5) software
(Chenomx Inc.) using the TSP signal as an internal
standard.

Biodiversity analysis

The taxonomic affiliation was performed according to
[25]. DNA was extracted from 1 g of the crushed chimney

and at the end of each period of culture from the scrapings
of half of the working electrode and from centrifuged
pellets of 50 mL of spent media. The DNA extraction was
carried out using the MoBio PowerSoil DNA isolation kit
(Carlsbad, CA). The V4 region of the 16S rRNA gene was
amplified using the universal primers 515F (5'-GTG CCA
GCM GCC GCG GTA A-3") and 806R (5'-GGA CTA
CNN GGG TAT CTA AT-3") [26] with Tag&Load
MasterMix (Promega). PCR reactions, amplicons
sequencing, and taxonomic affiliation were carried as
previously described [21]. To analyze alpha diversity, the
OTU tables were rarefied to a sampling depth of 13190
sequences per library, and three metrics were calculated:
the richness component (humber of OTUS), the Pielou’s
index and Shannon’s biodiversity index. Rarefaction
curves are presented in Supporting Information S2. The
raw sequences are available on the European Nucleotide
Archive (accession number: PRIEB35427).

Microscopy observation with fluorescent in-situ
hybridization (FISH)

Prior performing microscopic observation (Fig. 3), the
working electrode from the end of each experiment was
fixed with 2% paraformaldehyde and kept at 4 °C. To
highlight the presence and abundance of microbes from
different domain and order, fluorescently labelled (CY3,
FITC) probes (Biomers.net GmbH, Germany) were used
to label nucleic acids (Syto9), Bacteria (EUB338-FITC),
Archaea (ARCH917-CY3), Euryarchaeota (Eury806),
Crenarcheota (Cren537), Thermococcales (Tcoc164) and
Archeoglobales (Arglo32) [27, 28]. Samples of working

Table 1: 16S rRNA primer for gPCR quantification of Bacteria, Archaea, specific phylogenetic orders and 16S rRNA labeled probes for FISH

Microscopy
QPCR PRIMERS
Target Name Sequence Thyb Ref.
. GML5F GCCTACGGGAGGCAGCAG .
Bacteria Univs16 GTDTTACCGCGGCKGCTGRCA S%°C | [27]
Arc931F AGGAATTGGCGGGGGAGCA .
Archaea m1100R BTGGGTCTCGCTCGTTRC C 62°C | [28]
Thermococcales Tcoc_F959 CGTGAGGCGTCCACTTAAGTGTGGT 63°C
Tcoc_R1233 GATGATGACRCGCGGGTACTAGGG
Arglo_F1077 CGGGCAACGGCAGGTCCGTATG . -
Archaeoglobales Arglo_ R1191 GTTGCAGCCCTCGATCCCAGGT 62°C 3
Desulfurococcales Univ516F TGYCAGCMGCCGCGGTAAHAC 61°C 2
DSC_748R AACASYTAGCCCGCATCGTTTACAGCC =
Therma/Deino_341F GGAGGCAGCAGTTAGGAATCTTC
Thermales - = 59°C
Univ516R GTDTTACCGCGGCKGCTGRCA
FISH PROBES
Target Name Sequence Label Ref.
Bacteria EUB338 GCT GCC TCC CGT AGG AGT FITC
Archaea ARCH917 GTG CTC CCC CGC CAATTC CYs3
Euryarchaeota Eury806 CAC AGC GTT TAC ACC TAG CY3 [21 -
Crenarchaeota Cren537 TGA CCACTT GAG GTG CTG CY3 22]
Thermococcales Tcocl64 CAV RCC TAT GGG GGATTA GC FITC
Archaeoglobales Arglo32 TTAGTC CCA GCC GGATAG CA FITC
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electrode or cells on the filter were incubated with
fluorescent probes in an equilibrated humidity chamber at
48°C for 2-6 h and then wash with washing buffer at 42
°C for 15min. Samples were then dried in 80% ethanol
and mount on a glass slide with antifadent AF1 (Citifluor,
USA) added with 4’-6’-diamidino-2-phenylindole
(DAPI) (Sigma Aldrich) for counterstain at a final
concentration of 2 pg.ml?. Samples observation were
performed on a confocal LSM780 microscope (ZEISS,
Germany) equipped with an x10, EC PLAN-NEOFLUAR
objective. Blue, green and red fluorescence emissions
were acquired by excitation at 358, 488 and 561 nm,
respectively, using three lasers. Image stacks (at 0.5-1 um
steps) were acquired with GaAsP photomultiplier tube
detectors. Epifluorescence micrographs were processed
using the Zen software (Zeiss, Germany).

Quantitative PCR of phylogenetic orders

Quantification of Bacteria, Archaea and specific
phylogenetic orders retrieved in MiSeq analysis were
carried out by gPCR method. SsoAdvanced™ Sybr Green
Supermix was used on a CFX96 Real-Time System
(C1000 Thermal Cycler, Bio-Rad Laboratories, CA) with
the primers specified in table 1. 16S rRNA primers were
specifically and manually designed for quantification of
most represented orders using MEGAG Software [29] and
16S rRNA reference sequences from Silva database
(http://www.arb-silva.de). Newly designed primers were
validated in silico on  TestPrime  software
(https://www.arb-silva.de) and on different cultures of
species belonging or not to targeted order. The PCR
program was composed of a 5min initial denaturation step
at 98°C followed by 50 cycles of 10s denaturation step at
98°C, a hybridization step of 20 s at temperature indicated
in table 1 and a 40 s elongation step at 72°C, with melting
curves generated at the end of each reaction to ensure
product specificity. A standard curve from 10? to 10'° 16S
rRNA gene copies was obtained by diluting pGEM-T
plasmids harboring 16 rRNA gene fragments specific to
bacteria, archaea or specific members of each order.
gPCR quantifications were compared to quantification on
1 ml culture of targeted species filtered on a 0.2 um filter
and stained with DAPI. Average cell count per ten optical
fields has been reported to the total area of the filtration
zone and then to 1ml of culture. Results of gPCR were
expressed in a number of 16s rRNA gene copies per
milliliter of liquid media. Due to the gPCR protocol, a
minimum threshold of detection of 3 logi/ml was
observed.

Results
Current and Nitrate consumptions.

A preliminary characterization of our system was
carried out to control the growth conditions of our
electroautotrophic biofilm. First, the organic matter
present in our inoculum was measured by NMR, showing
less than 75 UM cumulated of potential electron donors

and acceptors. Then, an open circuit potential (OCP)
control was performed in the same conditions as our
enrichment and inoculated with the hydrothermal
chimney. In this control, g°PCR, NMR and microscopy
measurements didn’t show any growth over time (data not
shown). Thereby, in the MES filled with the mineral
medium, the cathode poised at -590 mV vs SHE was the
only potential energy source available for microbial
growth. Under this experimental condition, CO.,
continuously sparged into the reactor, was the only
available carbon source and NOs, present in mineral
medium, was the only electrons acceptor source available.
Evolution of nitrate, nitrite and current consumption are
reported Fig. LA. The nitrate reduction can be divided into
two phases. During the first four days, the nitrate is
consumed (from 4 mM to 0.22 mM) correlated with low
production of nitrite (up to 1mM). After D4 (day 4", a
slow consumption of nitrite (from 1mM to 0.33mM) was
observed until the D12. During these first two phases, a
slow increase of current consumption was measured (up
to -180 mA.m?) while nitrate and nitrite are consumed.
Then, a drastic increase in current consumption was
observed to reach -750 mA/m? until D20. At D22, the
addition of 2 mM of nitrate, which is rapidly reduced, has
allowed to reach back the maximum current consumption
(-765 mA/m?) before a quick drop again.

Electrosynthesis of organic compounds.

During the growth of the nitrate-reducing
electrotrophic community, different organic compounds
were released in the liquid media (Fig. 1B) while none
were detected in the controls. Analysis of liquid samples
over time by RMN method allowed to identify and
quantify the production of a significant amount of acetate,
glycerol, pyruvate, and alanine. Glycerol was
continuously and slowly produced over time to reach 2.3
mM at D24. Pyruvate started to be strongly produced at
D4 to reach a maximum of 2.4 mM at D9 followed by a
decrease (until 0.25 mM; D21) due to a microbial
consumption over time. This pyruvate production
occurred following the total depletion of nitrate in the
liquid media. Acetate started to be produced at D11 to
reach a maximum (1.4 mM; D19) correlated with the
pyruvate decrease, the current consumption, and H>
production. Moreover, low production of alanine was
detected after D11 to reach a maximum (0.12 mM; D21)
and decrease later.

H> production (Fig. 1B) has appeared strongly related
to the variation of current consumption (Fig. 1A). This
production has increased quickly in 24h up to 0.025
ml.min-1, remained stable for five days and then slowly
increased to reach a maximum of 0.04 ml.min-1 at D19.
This production decreased from D21, correlated with the
depletion of the pyruvate leading to the decrease of
current consumption (-220 mA/mz?; D22).
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Figure 1: Consumption, production, and microbial 16S genes quantification over time of the enrichment of Nitrate-reducing eletrotrophic
community in Microbial Electrochemical System at 80°C inoculated with 0.5% (w/v) of a crushed chimney sample. Fig. 1A: current, nitrate
and nitrite consumptions; Fig. 1B: product productions; Fig. 1C: gPCR evolution from Archaea specific primers; Fig. 1D: qPCR evolution from

Bacteria specific primers.

Others organic compounds have been produced during
this experiment. Peaks of methanol and ethanol were
measured, that reached a maximum of 9 mM and 0.16
mM, respectively at D4 (data not shown). Moreover, slow
production of acetamide (maximum of 69 uM at D12),
benzoate like molecule (slow increase up to 0.13 mM at
D21), 2-aminoisobutyric acid (maximum of 22 puM at
D12) and formate (variations between 8 to 70 puM
between D1 and D4) were also observed over the
experimentation period (data not shown).

These H, and organic compounds productions were
not observed in abiotic and OCP controls with nitrate,

meaning that this production is catalyzed by the growth
of microorganisms on the electrode.

Enrichment over time of dominant phylogenetic
orders.
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To study the evolution of the composition of the
electrotrophic community over time (Fig. 1C & 1D), a
guantification by qPCR was performed with primers
specific to each significant order (Table 1). The
guantifications were performed on harvested liquid
samples over time. Due to the presence of only the
electrode as an energy source, microorganisms found in
liquid media necessarily arise from on-electrode biofilm
release. During the first four days, a quick increase of
archaeal 16S rRNA gene copies (Fig. 1C) was observed
(from 3.8 to 8.4 logio), simultaneously to the increase of
Archaeoglobales for four days (from <3 to 8.4 logo) and
Thermococcales for two days (from <3 to 6.6 l0gio).
These increases corresponded to nitrate reduction and
nitrite accumulation (Fig. 1). Between D3 and D4
Desulfurococcales 16-rRNA-gene copies have increased
correlated to the acceleration of the nitrate reduction and
nitrite production. No increase in bacterial 16S-rRNA-
gene copies was observed during this period. From D3 to
D11,  Archeoglobales,  Desulfurococcales, and
Thermococcales  16S-rRNA-gene  copies  slowly
decreased of 1-1.5 logio at the same time as the pyruvate
accumulation in the liquid media. During this period, the
Thermales 16S-rRNA-gene copies increased (from 4 to 7
logio) related to the nitrite reduction (Fig. 1A & 1D).
From D11 to D22, Thermococcales and
Desulfurococcales species were enriched while other
orders slowly decreased or maintained in the liquid
media. The enrichment of the latter was related to the
decreasing of pyruvate and production of acetate,
hydrogen and alanine (fermentation products; Fig. 1B). It
is worth noting that Archaeoglobales species increased
also between D11 and D13 correlated to the weak
degradation of acetate (from 1 mM to 0.6 mM). Finally,
during the last days, the nitrate addition allowed the
enrichment of Archeoglobales species followed by
heterotrophic Thermales.

Statistical analysis of the correlation between
variables.

A Principal Component Analysis (PCA) was
performed on to study the correlation between the current
density, the nitrate-, nitrite- and organics concentrations
as well as microbial communities (Fig. 2). It represents
the distribution of each sample (represented by the day
number post-inoculation) and the contribution of each
variable on a Biplot composed of the two first dimensions,
explaining respectively 39.9% and 18.6 % of total
variances. These two dimensions allowed to discriminate
four temporal groups, called phases in this study. The first
phase was represented by samples from DO to D4 of
culture, mainly explained by the Archaeoglobales
evolution and the nitrate consumption but also inversely
correlated to the pyruvate and fermentation products (Fig.
2). The second phase between D5 to D11, is mainly
explained by the evolution of Thermales, nitrite, and
accumulation of pyruvate. The third phase from D12 to
D22, mainly explained by the first dimension, was linked

to the accumulation of fermentation products (alanine,
acetate, H,) and current consumption. Finally, the fourth
and last group, represented by the samples of D23 and
D24, was significantly different from other groups but
didn’t link specifically to some parameters. It is worth
noting that the contribution of Thermococcales and
Desulfurococcales was very weak in the building of the 2
dimensions of the PCA. Indeed, their evolutions could not
be linked to one temporal group in the PCA analysis. This
can be explained by their evolution in more than one
phase or independently of other variables.

PCA - Biplot
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Figure 2: PCA Analysis of nitrate, nitrite, organic measurements,
and evolution of quantity (QPCR) of dominant phylogenetic orders
over the days of culture. It represents the distribution of each sample
(represented by the day number post-inoculation) and the
contribution of each variable on a Biplot composed of the two first
dimensions, explaining respectively 39.9% and 18.6 % of total
variances. These two dimensions allowed to descriminate four
temporal groups.

Microscopic observation of electrotrophic biofilm.

Confocal observation of electrotrophic biofilm on the
electrode of the first experiment was performed with
FISH probes specific to Bacteria, Archaea,
Euryarchaeota, Crenarchaeota, Thermococcales and
Archeoglobales (Fig 3). It allowed highlighting the
preferential presence of Bacteria (Thermales) and
Archeoglobales in the depth of electrode (Fig 3A, 3E and
3F), while Thermococcales and Crenarchaeota
(Desulfurococcales) (Fig 3C and D) are growing mostly
on the external surface of the electrode. These
observations suggest the colonization of nitrate-reducing
microorganisms (e.g. some Archaeoglobales and
Thermales) in the depth of the electrode while
fermentative  microbes (e.g. Thermococcus and
Thermodiscus sp.) growth in peripheral of this
colonization.

Biodiversity on electrode and liquid media over
experiments.
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Figure 3: Confocal observation and depth profile (F) of mature microbial biofilm developed on cathode, stained with FISH probes (Table 1)
specific to Bacteria (A, green), Euryarchaeota (B, red), Crenarchaeota (C, red), Thermococcales (D, green) and Archeoglobales (E, green) at
Obj. x100. Blue signal corresponds to the reflectance of carbon fiber.
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Once afirst colonization of the electrode was obtained,
we aimed to study if this community could lead to the
development of a more complex and mature ecosystem
over time, as observed in the older hydrothermal
chimneys. Thus, two successive subcultures (cf. Material
and methods) were performed in new MES inoculated
with media from the previous enrichment. After
stabilization of current consumption, the communities
present on electrodes (C1-, C2- and C3-WE) and in liquid
media (C1-, C2- and C3-LM), were identified through
16S Metabarcoding (Fig. 4). While the environmental
sample showed large biodiversity with a good relative
evenness (Shannon index = 5.19 and Pielou's evenness
index = 0.695), the three enrichments have shown an
increase of the enrichment of microorganisms mainly in
the liquid media (Shannon indexes: C1-LM=1.92; C2-
LM=4.16, C3-LM=5.04). The relative evenness in these
enrichments showed an equal good distribution of species
(evenness indexes: C1-LM= 0.316; C2-LM=0.618; C3-
LM=0.752). However, the enrichment on electrode
remained equivalent over the subcultures (Shannon index
~3.3 and evenness index ~0.49).

Based on average abundance analysis (Fig. 4), the
microbial diversity in the first culture (C1-WE and C1-
LM) was mainly dominated by species belonging to 4
orders: Thermococcales (28.2 — 2.5 %), Archeoglobales
(6.8 — 1 %), Desulfurococcales (13.9 - 38.1 %) and
Thermales (46.5 — 56.8 %) respectively on electrode and
in liquid media. The remaining biodiversity represents
only 0.46 % on the electrode and 0.16% in liquid media,
shared between Proteobacteria, Firmicutes and

100%
90%
80%

40%

30%

Actinobacteria species. The second culture (C2-WE and
C2-LM) showed specific enrichment of Archeoglobales
on the electrode (45.8%) and in liquid media (16.8%).
Moreover, the Thermococcales remained stable on the
electrode (25.5%) while it enriched in liquid media
(26.8%). By contrast, the  proportions  of
Desulfurococcales (2.8 — 1.2%) and Thermales (6.85% -
12.7%) have drastically dropped on the electrode and
liquid media. Interestingly, we observed an increase of the
remaining  biodiversity  with  enrichment  of
Burkholderiales (9.75% - 15.64%), Pseudomonadales
(8.22% only in liquid) and Bacillales (10.7% only in
liquid) in this second subculture. Finally, the last
enrichment (C3-WE and C3-LM) showed the massive
growth of Bacteria in liquid media (87.3%), mainly
affiliated to Thermales (26.4%), Burkholderiales
(14.3%), Pseudomonadales (18.4%), Sphingomonadales
(6.9%) and Clostridiales (5.46%) while the composition
of the biofilm on electrode is substantially the same as in
the second enrichment. The taxonomic affiliation of
dominant OTUs has allowed identifying the
Thermococcales as closely related to around 20
Thermococcus spp., Archeoglobales to Geoglobus
ahangari strain 234 (99% similarity), Archaeoglobus sp.
Fe70 (99% similarity), and Ferroglobus placidus (98%
similarity) and Desulfurococcales to Aeropyrum sp.
AF1T6.18 (98% similarity) and Thermodiscus maritimus
(97% similarity). For Bacteria, Thermales are composed
of 2 OTUs, mainly affiliated to Vulcanithermus
mediatlanticus strain TR (99% similarity) and a new
species of Thermaceae (close at 95% to Vulcanithermus
sp. BF2T511) respectively, Bacillales to Geobacillus
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Figure 4: Dominant taxonomic affiliation at the order level and biodiversity indices of enriched microbial communities from a crushed
chimney sample, as plotted on the cathodic working electrode (WE) and liquid media (LM) over the subcultures. OTUs representing less than
1% of total sequences of the samples are pooled as ‘Rare OTUs’.
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thermodenitrificans, Burkholderiales to Ralstonia spp.
and Pseudomonadales to Pseudomonas spp.

Discussion

The monitoring in our conditions of the current
consumption, the decrease and transformation of the
electron acceptor, the production of organic intermediates
and the evolution of the community are proofs of the
development of a hyperthermophilic
electrolithoautotrophic community on electrode. To
identify the first colonizers of this community and the
metabolisms involved, an analysis of the correlations
between the different parameters was performed. The
PCA analysis (Fig. 2) and the observations of the
evolution of the parameters (Fig. 1) allowed to separate
the experiment in 4 phases

Phase 1: Electrotrophic hyperthermophilic nitrate
reduction

The first phase, from inoculation to D4 (Fig. 1A),
corresponds to the nitrate reduction with a transient nitrite
accumulation while current is consumed. This is related
to the growth of Archaeal species, mainly
Archaeoglobales immediately followed and surpassed by
Thermococcales and then Desulfurococcales species
(Fig. 1C). Alongside, low production of organics is
observed, mainly glycerol and pyruvate and a weak
production of H, Some species of the order
Archaeoglobales (Geoglobus ahangari and Ferroglobus
placidus) have already been described to perform
extracellular electron transfers by using an electrode as
electron acceptor [30]. How Archaea carry out exogenous
electron transfer is still unknown [31] but the
electrotrophic metabolism is recognized when a current
consumption is observed [32, 33]. Among the three
enriched orders, Archaeoglobales are the first species
growing from CO; as carbon source and electrode as the
electron donor. The taxonomic affiliations (Fig. 4; C1-
WE-LM) of two dominant Archaeoglobales OTUs
obtained after 24 days of growth are closely related to the
three genera belonging to these orders: Geoglobus spp.,
Archaeoglobus spp. and Ferroglobus spp. These three
genera are known to grow lithoautotrophically through
the reductive acetyl-CoA/Wood-Ljundahl pathway.
However, F. placidus is currently the only member of the
Archaeoglobales which has been shown to be able to use
nitrate as electron acceptor accompanied by transient
NO, accumulation and production of N.O [34].
Nonetheless, a cluster of genes encoding a putative nitrate
reductase has though been identified in Geoglobus
ahangari and different Archaeoglobus spp. [35-37] but
the physiological evidence of nitrate reduction is still
missing in conditions of classical cultures. We can
suggest here, that Archaeoglobales (Geoglobus spp.,
Archaeoglobus spp. or Ferroglobus spp.) grow on
electrode and use the nitrate as an electron acceptor with
cathode as reducing power allowing the production of

biomass and the release of organic compounds from CO;
reduction during the first four days. These compounds
could serve as a source of carbon and energy for different
heterotrophic microorganisms.

Alongside, Thermococcales, whose OTUs were
affiliated to 38 validated species of Thermococcus,
increased during the first three days (Fig. 1C). All
members of the Thermococcales are characterized by
their ability to use complex or simple peptides as energy
and carbon source by necessarily using elemental sulfur
as electron acceptor [38]. The breakdown of peptides and
amino acids leads to the subsequent production of organic
acids linked to substrate-level phosphorylation. Many
Thermococcales species can also grow by fermentation of
various carbohydrates without the need for S° [39]. The
major fermentation products are acetate, Hp, and CO,.
However, the organic acid such as acetate didn’t
accumulate  despite the significant growth of
Thermococcales (7.9 log) in the liquid medium (D1 to
D4). Moreover, representatives of Thermococcales have
never been shown to be able to reduce nitrate.
Notwithstanding, some Thermococcales have been
described as carboxytrophic which use the oxidation of
carbon monoxide (CO) to produce CO; and H, [40, 41].
The carbonyl branch of the reductive acetyl-CoA
pathway, present in Archaeoglobales, is known to start
from the reduction of CO; to CO by a bifunctional CO
dehydrogenase (CODH). In excess of electron donor or
CO; CO can be released in liquid media [42]. In
microbial electrosynthesis system, overfeeding of
electrons from the polarized cathode (here at -590 mV vs
ESH) might favor the production and release of CO by
Archaeoglobales on the surface of the electrode, that
diffuses in the liquid medium afterwards. The transient
and weak accumulation of H could be explained by this
metabolism described for several Thermococcus [40, 41].
However, neither autotrophic growth has not been
demonstrated nor have autotrophic pathways been
predicted in the available genome sequences. Indeed,
carboxydotrophic growth of Thermococcales requires a
source of organic carbon in the form of peptides [43, 44]
but we assume that the growth of Archaeoglobales could
supply the organic carbon source through the excretion of
extracellular polymeric substances that would promote
Thermococcales growth.

Alongside with Archaeoglobales and Thermococcales
growths and nitrate consumption, the growth of
heterotrophic Desulfurococcales and Thermales have
been observed (Fig. 1C & 1D). While only one species of
Desulfurococcales, Pyrolobus fumarri, have been shown
to reduce nitrate [45], most of Thermales, such as
Vulcanithermus spp, or Oceanithermus spp. are able to
reduce nitrate and even reduce nitrite for some [46]. The
delay before Desulfurococcales and Thermales
emergence suggest their heterotrophic growth from
syntrophic relations. These trophic relations would have
been set by fermentation of organics produced and/or by
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partially performing the last step of the dissimilatory
nitrate reduction from nitrite produced by nitrate-
reducing microorganisms.

Phase 2: Electrosynthesis of pyruvate

The second phase is marked by the increase of
pyruvate production (Fig. 1B). This effect only occurred
significantly from D4, while the nitrate reached its
complete depletion and Archeoglobales stop growing.
Thus, we can suggest that pyruvate production is
attributed to lithoautotrophic Archeoglobales fixed on the
electrode, closely affiliated to Geoglobus spp.,
Ferroglobus spp. and Archaeoglobus spp. As previously
mentioned, these Archaeoglobales use the Wood
Ljungdahl pathway for carbon fixation through the
bifunctional CODH/acetyl-CoA synthase complex,
which allows to link methyl and carbonyl branches and
enable acetyl-CoA production [47]. Acetyl-CoA can be
used directly for biosynthesis or converted to pyruvate by

into the cells through the cathode (-590 mV vs ESH) lead
to the accumulation of reduced electronic shuttles and to
the production of pyruvate (Fig. 5). This continuous
production of pyruvate is however not enough energetic
to allow the growth of the Archaeoglobales [49] and no
ATP is then available for the conversion to oxaloacetate.
However, Archaeoglobales seems to sustain during
several days (D4 to D11) with a new type of energetic
coupling that remains to be fully explored. Interestingly,
Thermococcales have stopped to grow (D2 to D11) while
they are known to be able to perform pyruvate
fermentation to acetate through the oxidative
decarboxylation ~ of the  pyruvate by the
pyruvate:ferredoxin oxidoreductase (POR) 39, 40]. The
transient accumulation of nitrite could cause the
inhibition of POR preventing the pyruvate fermentation
as already observed in Pyrococcus furiosus [51].

Phase 3: Electrofermentation of pyruvate

the reversible reaction of  pyruvate:ferredoxin
- - =y e e
- ' e
@ e A /c.h
d/ \ acid ]
F o H,0 0] A cycle
Fd,, Fd, oy I /| i ! OJWOH
v , ' 6] o}
= — L " ' Oxaloacetate
: Fd .4 +2H I
' ADP
CO W,
p 1 3 -
LV 4
ks I | @ ATP
CoAS.._ ,cm}/ HOOC | . NADH+H'
= e 3
i —» @ 2 0
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Figure 5: Electrosynthesis pathway through the Wood-Ljungdahl carbon fixation pathway. Red dot lines represent the hypothesis of the
inhibition of those reactions in the absence of electron acceptor and a overfeeding of electrons (conductive chimney walls or polarized

cathode).

oxidoreductase (PFOR) EC: 1.2.7.1] [48]. This
conversion of CO; to pyruvate uses reduced ferredoxins,
normally regenerated by hydrogenases [34, 49]. Then,
this pyruvate is normally used for biosynthesis through
conversion to oxaloacetate by pyruvate carboxylase [50]
which uses one mole of ATP. But, in absence of electron
acceptor, the excess of electrons continuously injected

The third phase of our experiment (D11 to D22.5) is
characterized by an increase of current consumption and
the fermentation of pyruvate into acetate, alanine, and H.
(Fig. 1A & 1B). During these phenomena, Thermodiscus
and Thermococcus populations increase in liquid media.
Thermodiscus species are poorly studied but are described
as obligatory heterotrophic Crenarchaeota able of sulfur
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respiration and fermentation on complex organic
compounds [52]. Thermococcales are also known to be
heterotrophic and fermentative Euryarchaeota. Nitrite is
known to inhibit fermentation in Thermococcales [51].
Thus, Thermococcus and Thermodiscus start to grow
through pyruvate fermentation only after nitrite is
depleted in D11, explaining the previous accumulation of
pyruvate during the inhibition. Interestingly, this
fermentation from the D11 is related to current
consumption, and to the growth of Archaeoglobales
despite the electron acceptors lack. Thermococcales and
Thermodiscus are believed to not be able to grow on
cathode as they cannot use electron acceptors and cannot
fix CO.. Thus, this current consumption could be
attributed to the mechanism of Direct Interspecies
Electron Transfers (DIET) already observed in various
co-cultures [54, 55]. The FISH microscopic observations
(Fig. 3) have shown the peripheral development of
Thermococcales and Desulfurococcales on the electrode
around Archaeoglobales, which were in close contact
with the carbon fibers. This spatial configuration would
have allowed direct contacts between the electrode,
Archaeoglobales, and fermentative microorganisms. In
this hypothesis, Thermococcales would have served as an
electron acceptor for Archaeoglobales, allowing them to
grow again in the absence of nitrate while supplying
Thermococcales with electrons for their metabolism. The
electron flow introduced by Archaeoglobales to
Thermococcales  would have led to the
electrofermentation of pyruvate linked to current
consumption and the production of acetate, alanine, and
H, [56]. Thereafter, these compounds could be used as
electrons donors for Archaeoglobales [57], in addition to
the electrode’s electron-downflow. Thus, the established
DIET would have allowed the concomitant growth of
Archaeoglobales and Thermococcales through electron
transfer (D11 to D13). This suggests that the
Archaeoglobales and Thermococcales would be much
more metabolically diverse in the hydrothermal vent
systems with various acceptors or potential electron
donors.

Phase 4: The trophic chain from electro-autotrophic
nitrate reduction to heterotrophy

In the 4" and last phase, the successive addition of
nitrate after D22 (Fig. 1), showed the concomitant course
of the different metabolisms with consumption of nitrate,
an increase of heterotrophic then autotrophic nitrate-
reducing microorganisms, alongside with the production
of fermentation products (H. and acetate). This indicates
that in mature communities, metabolic plasticity is
developed to allow trophic interaction between auto- and
heterotrophs but also respiring (including DIET) and
fermentative microorganisms to allow their mutual
survival in harsh and quickly changing conditions in
hydrothermal context.

Thereafter:  Development of more
ecosystem from deep hydrothermal vents

complex

After the 4" phase, the electrode and the mineral
medium of MES have been renewed then inoculated to
1% (v/v) with the harvested liquid media during the 4%
phase. The current density has been monitored during one
week in the same previous conditions (nitrate, CO and
polarized electrode to -590mV vs. SHE), then the
electrode and liquid media have been harvested to analyze
the enriched biodiversity. Another similar culture was
performed in the same conditions, by using the harvested
liqguid media of the previous culture. During all these
cultures, the electrode was the sole energy source, with
only less than 0.3 mM of cumulated organic products
(acetate, glycerol and pyruvate) and 7ug of estimated
biomass (QPCR x mass of a cell) brought by the inoculum
from the previous enrichment. The MiSeq results
exhibited the enrichment of a part of the biodiversity
initially present in the inoculum (Fig. 4). Subcultures of
electrotrophic biofilm from successive planktonic cells
allow the development over time of more and more
diverse species in liquid media and on the cathode. These
species growing late are affiliated to Proteobacteria,
mainly members of Burkholderiales, Pseudomonadales,
and Sphingomonadales. These bacterial orders are only
represented by heterotrophic species. Thus, their late
development after the autotrophic condition of the
experiment suggests trophic interaction between electro-
autotrophic and heterotrophic species.

Conclusion

As supposed by Yamamoto et al. 2017, electricity
generation in deep hydrothermal systems is expected to
affect surrounding biogeochemical processes and the
development of microbial communities. Here, we have
demonstrated that some microorganisms are able to use
the available electrons on the surface of polarized
electrode as an alternative energy source to other and
conventional electron donor molecules, such as molecular
hydrogen, hydrogen sulfide or methane. Thus, some
microbial populations, particularly those belonging to the
Archaea domain, might grow from the electrons produced
by the spontaneous and generalized production of
electricity between the hydrothermal fluids and the
seawater through the hydrothermal chimneys. The
presence of these specific microorganisms, that can be
described as electrolithoautotrophic microorganisms,
highlights a new trophic type considered as electrotrophic
compared to the chemotrophic and phototrophic
ecosystems found on our planet. In addition, the probable
presence of DIET within the studied microbial
populations, allows extrapolation of these results on a
metabolic alternation in these ecosystems, which would
lead the electroactive species of Archaeoglobales,
Thermococcales or Desulfurococcales to maintain or
grow according to the presence or absence of an electron
acceptor. These microorganisms are also recognized as
the first colonizers found in newly formed chimneys [4,
5]. Thus, this source of electronic energy would be one of
the easily accessible energy means for these
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electroautotrophic microorganisms on the same basis of
molecular hydrogen, hydrogen sulfide or methane for
chemotrophic microorganisms. To the same extent,
electroautotrophic microorganisms enriched at the
beginning of our experiment and using the reductive way
of acetyl-CoA show that pyruvate would certainly be one
of the central molecules in the development of the
heterotrophic microbial biocenosis of these extreme
ecosystems. Finally, this electrosynthesis of pyruvate by
deep-branching Archaea through the ancient WL
pathway could be compared to prebiotic organic synthesis
from inorganic compounds involved in the origin of life
theories in hydrothermal context. Pyruvate could so have
been key metabolite for proto-metabolisms and be a
building block for complex organic molecules synthesis.
The constant production of electricity in the deep
hydrothermal systems over time could have served as
energetic driving force allowing the slow prebiotic
synthesis reaction in a delimited space (organic micelles
or mineral microcavity) to form the protometabolism and
the protocell.
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