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A novel anaerobic bacterial strain, ST07-YET, was isolated from a carbonate chimney of the Prony

Hydrothermal Field (PHF) in New Caledonia. Cells were Gram-stain-positive, straight rods

(0.7–0.863.0–5.0 mm) and motile by means of lateral flagella. Strain ST07-YET was mesophilic

(optimum 35 8C), moderately alkaliphilic and halotolerant (optimum pH 8.7 and 5 g l21 NaCl).

Elemental sulfur, sulfate, thiosulfate, sulfite, nitrate and nitrite were not used as terminal electron

acceptors. Yeast extract, peptone, tryptone, Casamino acids, crotonate, pyruvate, galactose,

maltose, sucrose, ribose, trehalose and glucose were used as carbon sources. Glucose

fermentation led to acetate, H2 and CO2 formation. Arginine, serine, histidine, lysine, methionine

and cysteine improved growth, but the Stickland reaction was negative for the combinations of

amino acids tested. The major metabolic products from yeast extract fermentation were H2, CO2,

acetate, butyrate, isobutyrate, isovalerate and propionate. The predominant cellular fatty acids

were C16 : 0, C16 : 1cis9, C14 : 0 and C16 : 1cis7 (.5% of total fatty acids). The G+C content

of the genomic DNA was 32.9 mol%. Phylogenetic analysis revealed that strain ST07-YET was

most closely related to Clostridium sticklandii DSM 519T and Acetoanaerobium noterae NOT-3T

(96.7% and 96.8% 16S rRNA gene sequence similarity, respectively). On the basis of

phylogenetic, chemotaxonomic and physiological properties, strain ST07-YET is proposed to

represent a novel species of the genus Acetoanaerobium (order Clostridiales, phylum Firmicutes)

with the name Acetoanaerobium pronyense sp. nov. The type strain is ST07-YET (5DSM

27512T5JCM 19400T).

The shallow marine Prony Hydrothermal Field (PHF)
located in Prony Bay, in the south of New Caledonia, com-
prises submarine edifices with the ‘Needle of Prony’ being
the most famous. This 35 m-high edifice was previously
described as a coral formation before its hydrothermal
origin was established as confirmed by the emission of
highly alkaline fluids of low salinity at the top of the chimney
(Launay&Fontes, 1985;Magnier, 1979). Subsequently, several

other hydrothermal sites have been discovered at various

depths in the bay (up to 50 m below sea level) (Pelletier

et al., 2006). These extreme environments are mainly

driven by serpentinization reactions leading to high-pH

fluids (up to pH 11.2) together with H2 and CH4 for-

mation (Launay &Fontes, 1985;Monnin et al., 2014). Serpen-

tinization occurs in numerous places on Earth, in both marine

and continental contexts (Schrenk et al., 2013). Lost City

Hydrothermal Field (LCHF) located 750 m below sea

level, near the Mid-Atlantic Ridge, is one of the most-

studied serpentinized hydrothermal systems (Kelley et al.,

2001). It hosts carbonate chimneys up to 60 m high and

generates fluids with moderate temperatures (40–90 8C at

chimney vents) and high pH (9–10.8). Although LCHF

was the subject of several microbial diversity surveys

Abbreviations: LCHF, Lost City Hydrothermal Field; PHF, Prony
Hydrothermal Field.

The GenBank/EMBL/DDBJ accession number for the 16S rRNA gene
sequence of strain ST07-YET is KJ174056.

Three supplementary figures and a supplementary table are available
with the online Supplementary Material.
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(Brazelton et al., 2010; Kelley et al., 2005; Schrenk et al.,
2004), the isolation and characterization of micro-
organisms originating from this deep-sea alkaline site have
not been reported so far. In contrast, some culture-
dependent studies have been performed in terrestrial alkaline
ecosystems (e.g. the ophiolitic complex of Semail in Oman,
Cabeço de Vide Aquifer in Portugal and The Cedars springs
in California), which provided evidence of heterotrophic
aerobes (e.g. Actinobacteria, Staphylococcus, Bacillales) and
also hydrogenotrophic aerobes (e.g. ‘Serpentinomonas’)
inhabiting these alkaline ecosystems (Bath et al., 1987;
Suzuki et al., 2014; Tiago et al., 2004). At the time of
writing, the isolation and cultivation of micro-organisms
originating from hydrothermal serpentinized marine eco-
systems are restricted to the PHF from where Vallitalea
pronyensis and ‘Alkaliphilus hydrothermalis’ have been
isolated and recently characterized (Ben Aissa et al., 2014,
2015).

Molecular analyses based on 16S rRNA and functional
genes performed on chimney samples of the Needle
of Prony (PHF) collected by scuba diving during the
HYDROPRONY oceanographic cruise in 2011 (Pelletier
et al., 2011) revealed a diverse microbial community
dominated by Firmicutes, Chloroflexi and Proteobacteria
within the Bacteria and Methanosarcinales within the
Archaea (Quéméneur et al., 2014). Further cultivation
experiments were conducted to look for novel anaerobic
micro-organisms originating from this needle. Here we
report on the isolation of strain ST07-YET representing a
novel species within the order Clostridiales.

The Needle of Prony, also noted ST07, is located in the
north of Prony Bay (228 19.7969 S 1668 50.0589 E)
(Monnin et al., 2014; Pelletier et al., 2011). The top part
of the chimney was collected at 16.5 m below sea level by
scuba diving in November 2011, during the HYDROPRONY
oceanographic cruise. It was cut into transversal sections
(about 10 cm thick) (Fig. S1, available in the online Sup-
plementary Material). Each section was subsampled along
a radial from the centre to the outside (each about 20 cm
wide). The inner part associated with the alkaline hydro-
thermal fluid circulation was further used. The pH and
salinity of the emitted fluid were 10.2 and 6 g l21, respect-
ively (Monnin et al., 2014; Quéméneur et al., 2014). Sub-
samples used for cultivation experiments were crushed in
a sterile mortar under a flux of N2 to ensure anaerobic
conditions, then transferred into sterile penicillin vials
under N2 gas phase, and stored at 4 8C until use.

An enrichment culture was obtained anaerobically on a
basal medium comprising (per litre): 2 g NaCl, 5 g yeast
extract, 1 g NH4Cl, 0.1 g KH2PO4, 0.1 g K2HPO4, 0.1 g
KCl, 0.1 g MgCl2, 3 g Tris Base and 1 ml Widdel trace
elements solution (Widdel & Pfennig, 1982). The medium
was boiled under a stream of O2-free N2 gas and cooled to
room temperature, dispensed into Hungate tubes (5 ml)
and degased under N2/CO2 (80 : 20, v/v). After sterilization
by autoclaving, 0.1 ml Na2S.9H2O (3%, w/v) was added to

5 ml medium in a Hungate tube. The pH was adjusted to
9.0 using 8% (w/v) Na2CO3. The culture media were inocu-
lated with 0.5 g homogeneous chimney sample and
incubated at 30 8C. Isolation of colonies was performed
twice consecutively by the roll-tube method on 1.6% (w/
v) agar medium (Hungate, 1969). Colonies obtained after
3 days incubation at 30 8C were creamy yellow, round with
smooth edges and a diameter of 0.5–1 mm. Several axenic
cultures obtained by repeated serial dilutions in liquid
medium exhibited the same phylogenic inference. Among
them, strain ST07-YET was selected for further
characterization.

Isolation of genomic DNA was performed from 5 ml
culture, using the Wizard Genomic DNA Purification kit
(Promega) following the manufacturer’s instructions.
In order to amplify the 16S rRNA gene by PCR, a PCR
mixture containing (total 50 ml) 0.4 pmol ml21 of each
primer [27F and 1492R (Lane, 1991)], 1 ml of genomic
DNA template and 16 reaction buffer (GoTaq Hot Start
Green Master Mix; Promega) was used. The PCR was car-
ried out using a T100 Thermal Cycler (Bio-Rad) with the
following conditions: 2 min at 95 8C, 30 cycles of 30 s at
94 8C, 30 s at 50 8C and 90 s at 72 8C, followed by 5 min
at 72 8C. Sanger sequencing of the PCR product was per-
formed at GATC Biotech AG (Germany).

The 16S rRNA gene sequence obtained was compared with
sequences in the GenBank database using the BLASTN

search (Altschul et al., 1990). A taxonomic assignment
of ST07-YET 16S rRNA gene sequence was based on
RDP naïve Bayesian rRNA Classifier (current RDP Classi-
fier version 2.6 trained on 16S rRNA training set 9)
(Wang et al., 2007). A multiple alignment was built using
the MUSCLE program (Edgar, 2004) implemented in the
MEGA6 software package (Tamura et al., 2013). All
positions containing gaps and missing data were elimi-
nated. Phylogenetic trees were reconstructed in the
MEGA6 software package using the neighbour-joining
method (Maximum Composite Likelihood as substitution
model) with bootstrap values of 1000 or 1500 (Felsenstein,
1985; Saitou & Nei, 1987) and confirmed by the maxi-
mum-likelihood method.

The 16S rRNA gene sequence (1380 bp) analysis (RDP clas-
sifier) of strain ST07-YET revealed its assignment to the
family Peptostreptococcaceae, order Clostridiales, phylum
Firmicutes (Fig. S2). According to a BLASTN analysis, strain
ST07-YET was closely related to environmental sequences
originating from diverse environments including oil reser-
voirs, sediment surface rocks, and activated sludge at
pH 10.0 (99.4–99.9% 16S rRNA gene sequence similarity).
The closest phylogenetic cultivated relatives to strain
ST07-YET were Acetoanaerobium noterae NOT-3T (96.8%)
(Sleat et al., 1985) and Clostridium sticklandii DSM 519T

(96.7%) (Stadtman &McClung, 1957), which were isolated
from an oil-drilling site and from soil, respectively (Fig. 1).

The G+C content of genomic DNA of strain ST07 YET

was determined by the Deutsche Sammlung von
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Mikroorganismen und Zellkulturen (DSMZ; Braunschweig,
Germany). DNA was isolated and purified by chromato-
graphy on hydroxyapatite (Cashion et al., 1977) and the
G+C content was determined by using HPLC (Mesbah
et al., 1989). The G+C content of the genomic DNA of
strain ST07-YET was 32.9 mol% (Table 1).

The determination of cellular fatty acids composition was

performed by the Identification Service of the DSMZ

after extraction using a modified version of the method

of Miller (Kuykendall et al., 1988; Miller, 1982). Fatty

acids were separated using the Sherlock Microbial Identifi-

cation system (version 4.0, MIDI) (Sasser, 1990). The

major cellular fatty acids of strain ST07-YET were C16 : 0

(46.4% of the total), C16 : 1cis9 (14.1%), C14 : 0 (6.1%) and

C16 : 1cis7 (5.5%) (Table S1).

Antibiotic resistance of strain ST07-YET was tested by

adding the following antibiotics to the medium: ampicillin,

kanamycin, gentamicin, vancomycin, tetracycline, rifampi-

cin and chloramphenicol at 50, 150 or 300 mg ml21 final

concentration. The strain was sensitive to all of these anti-

biotics at 50 mg ml21 final concentration.

The morphology of strain ST07-YET was examined using a

phase-contrast microscope (ECLIPSE E600; Nikon). Cells

were rod-shaped (0.7–0.8 mm in diameter and 3.0–5.0 mm
in length) during the exponential growth phase (Fig. 2a).

The presence of terminal swollen sporangium with oval

shape was observed by phase-contrast microscopy during

the stationary growth phase (Fig. 2b). Cells reached up to

13 mm in length, and were motile. Exponentially grown

cells were negatively stained with 1% sodium phosphotung-

state (pH 7.0) for flagella observation using a Zeiss EM912

transmission electron microscope. Several lateral flagella

Acetoanaerobium pronyense ST07-YET (KJ174056)

alkaline activated sludge, clone-112 (GU455095) 

oil reservoir clone PL-3B11 (AY570631) 

sediment surface rocks clone Bac SB 104 (JQ739063) 

Clostridium sticklandii DSM 519T (M26494) 

Acetoanaerobium noterae NOT-3T (GU562448)

Proteocatella sphenisci PPP2T (AF450134)

Filifactor villosus DSM 1645T (AF537211)

Filifactor alocis ATCC 35896T (AJ006962)
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100

100

100

93

100
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Fig. 1. Phylogenetic tree based on 16S rRNA gene sequences
showing the position of strain ST07-YET among the order Clostri-

diales. A total of 1255 sites were used for the phylogenetic analysis.
GenBank accession numbers are indicated in parentheses. The
topology corresponds to an unrooted tree obtained by the neigh-
bour-joining method. Numbers at nodes indicate bootstrap values
from 1000 replications. Bar, 0.01 substitutions per nucleotide
position.

Table 1. Differential characteristics between strain ST07-YET, Acetoanaerobium noterae NOT-3T and Clostridium sticklandii DSM 519T

Strains: 1, ST07-YET (data from this study); 2, Acetoanaerobium noterae NOT-3T (Sleat et al., 1985); 3, Clostridium sticklandii DSM 519T (this study

unless otherwise indicated). ND, Not determined; +, positive; 2, negative.

Characteristic 1 2 3

Source Hydrothermal alkaline

chimney, Prony Bay

Notera oil drilling

site, Israël

San Francisco Bay

black mud*D

Gram reaction/stain + 2 +

Cell size (mm) 0.7–0.863.0–5.0 0.861.0–5.0 0.3–0.561.3–3.8*

Range (optimum) for growth

Temperature (8C) 15–40 (35) (37) 25–45 (30–37)*

Salinity (g l21 NaCl) 0–70 (5) ND 0–70 (5)

pH 7.2–10.0 (8.7) 6.6–8.4 (7.6) 5.0–8.5 (6.9)

Substrate consumption

Pyruvate + 2 +

D-Ribose + 2 +

Sucrose + 2 +

Trehalose + 2 2

D-Galactose + 2 2D

H2/CO2 2 + 2

Stickland reaction 2 ND +*

DNA G+C content (mol%) 32.9 36.8 31.0*

*Data from Stadtman & McClung (1957).

DDiffered from Stadtman & McClung (1957).

M. Bes and others
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were observed (Fig. 2a). For observation of cell wall, cells

were fixed with glutaraldehyde, stained with osmium tetra-

oxyde, and then embedded in EMbed-812. Embedded

specimens were sliced into ultrathin sections (90 nm),
placed on a grid and stained with uranyl acetate and lead.
The cell-wall structure observed by transmission electron
microscopy revealed a Gram-positive structure with the pre-
sence of a multi-layered cell wall in the absence of an outer
membrane, which was confirmed by the Gram-staining of
cell membranes (Fig. 2c).

Growth was determined by measuring the optical density at
600 nm (Cary 50 UV-Vis; Varian). Experiments were
performed in duplicate. All tested substrates were added to
the basal medium in which yeast extract concentration was
lowered to 2 g l21. D-Glucose, lactose, D-mannose, maltose,
sucrose, D-ribose, D-xylose, cellobiose, trehalose, D-arabinose,
D-fructose, D-galactose, starch, pectin, chitin, acetate, fuma-
rate, lactate, pyruvate, crotonate, oxalate and tartrate were
tested at a final concentration of 20 mM, whereas proteina-
ceous compounds (peptone, tryptone and Casamino acids)
were tested at 5 g l21. L-Amino acids (serine, threonine, gly-
cine, cysteine, alanine, glutamate, valine, isoleucine, proline,
methionine, aspartate, leucine, phenylalanine, histidine,
asparagine, glutamine, arginine, lysine, histidine and tyro-
sine) were tested at 10 mM each. Growth on H2/CO2

(80 : 20 v/v, 2 bars) was tested in the presence of either
Balch vitamins (Balch et al., 1979), 2 mM acetate (carbon
source) or 0.2 g l21 yeast extract. Elemental sulfur (1%,
w/v), sulfate (20 mM), thiosulfate (20 mM), sulfite
(2 mM), nitrate (20 mM) and nitrite (2 mM) were tested as
terminal electron acceptors. End products of metabolism
were determined by HPLC and gas phase chromatography
after 10 days incubation (Fardeau et al., 2000). H2S
production was determined photometrically at 480 nm as
colloidal CuS (Cord-Ruwisch, 1985).

Strain ST07-YET grew only under strictly anaerobic con-
ditions within a temperature range of 15 to 40 8C with
optimal growth observed at 35 8C (Fig. S3). Growth
occurred between pH 7.2 and 10 and the optimum pH
for growth was 8.7. The strain did not require NaCl for
growth. The optimal NaCl concentration was 5 g l21;
above 10 g l21, growth decreased sharply and stopped at
80 g l21. Under optimal conditions thereby determined,
the maximal growth rate of strain ST07-YET grown on
the basal medium containing 5 g l21 yeast extract was
0.14 h21. Using ST07-YET culture media, we determined
the optimal salinity and pH conditions for growth of
C. sticklandii DSM 519T for comparison purposes. The
optimal NaCl concentration for growth of C. sticklandii
DSM 519T was 5 g l21, with growth occurring between 0
and 70 g l21 NaCl. C. sticklandii DSM 519T grew from
pH 5.0 to 8.5 with optimal growth at pH 6.9 (Table 1).

Strain ST07-YET grew only chemoorganoheterotrophically
and used sugars, organic acids, proteinaceous compounds
and amino acids. Among tested sugars, D-glucose, maltose,
sucrose, D-ribose, trehalose and D-galactose were fermen-
ted into acetate H2, and CO2. Pyruvate and crotonate
were the only organic acids consumed. Pyruvate was
degraded to acetate and formate, while crotonate was

(b)

(c)

(a)

Fig. 2. (a) Transmission electron micrograph of cells of strain
ST07-YET with several lateral flagella. (b) Phase-contrast micro-
graph of cell of strain ST07-YET with a terminal sporangium
formation. (c) Thin-section electron micrograph of strain ST07-
YET showing a multi-layered cell wall in the absence of an outer
membrane, typical of Gram-positive bacteria. Bars, 0.5 mm (a),
3 mm (b) and 200 nm (c).
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disproportionated to acetate and butyrate. The following
substrates were not used: lactose, D-mannose, D-xylose, cel-
lobiose, D-arabinose, D-fructose, starch, pectin, chitin, acet-
ate, fumarate, lactate, oxalate and tartrate. Yeast extract,
peptone, tryptone and Casamino acids were also fermen-
ted. H2, CO2, acetate, propionate, butyrate, isobutyrate
and isovalerate were the end products of yeast extract
metabolism. The addition of arginine, serine, histidine,
lysine, methionine and cysteine (at 10 mM final) as
single amino acid to the basal culture medium improved
growth of strain ST07-YET. These amino acids were
mainly oxidized to acetate. Besides acetate, butyrate and
propionate were found as end products of lysine and meth-
ionine fermentation, respectively. The following combi-
nations of amino acids in the basal medium containing
2 g l21 yeast extract were used for testing the ability of
strain ST07-YET to perform the Stickland reaction: alani-
ne+glycine, isoleucine+methionine, proline+serine,
arginine+cysteine, arginine+serine and serine+cysteine.
None of the amino acid combinations supported growth.
Elemental sulfur, sulfate, thiosulfate, sulfite, nitrate and
nitrite were not used as terminal electron acceptors. For
comparison purposes, growth of C. sticklandii DSM 519T

was tested on proteinaceous compounds and sugars in the
same culture conditions as strain ST07-YET. C. sticklandii
DSM 519T used yeast extract, peptone, tryptone, Casamino
acids, D-glucose, maltose, sucrose, D-ribose, crotonate and
pyruvate, but did not use lactose, D-mannose, D-xylose, cel-
lobiose, trehalose, D-arabinose, D-fructose, D-galactose,
starch, pectin, chitin, acetate, fumarate, lactate, oxalate or
tartrate. Differences in the range of substrates used by both
bacteria together with Acetoanaerobium noterae NOT-3T

are reported in Table 1. One noticeable metabolic feature
of Acetoanaerobium noterae NOT-3T is that in contrast to
C. sticklandii DSM 519T and strain ST07-YET, the former
may oxidize hydrogen and reduce CO2 to acetate (Sleat
et al., 1985).

Strain ST07-YET, C. sticklandii DSM 519T and Acetoanaero-
bium noterae NOT-3T may also be distinguished by their
genomic DNA G+C content and their optimal pH and
pH ranges for growth (Table 1). While C. sticklandii DSM
519T and Acetoanaerobium noterae NOT-3T grew optimally
at neutral pH, strain ST07-YET should be considered as an
anaerobic alkaliphile (optimal pH 8.7) (Table 1).

Interestingly, the alkaliphilic and mesophilic features of
strain ST07-YET, together with its optimal growth at low sal-
inity fit with the physico-chemical conditions existing inside
the PHF chimneys. Therefore, given the broad range of sub-
strates used by strain ST07-YET, we may expect this bacter-
ium with possibly other Firmicutes retrieved from these
alkaline environments to play in situ a significant ecological
role in organic matter degradation and/or hydrogen pro-
duction. Indeed, the importance of Firmicutes, and especially
Clostridia, has been underlined in various terrestrial or
marine serpentinite-hosted ecosystems where they were
shown to be major components of the indigenous microbial
communities (Brazelton et al., 2006; Kelley et al., 2005;

Quéméneur et al., 2014; Suzuki et al., 2013; Tiago &

Verı́ssimo, 2013). However, it is only recently that anaerobic

Firmicutes colonizing alkaline marine ecosystems have

been isolated and characterized. They include Vallitalea

pronyensis and ‘Alkaliphilus hydrothermalis’, which origi-

nated from PHF chimneys (Ben Aissa et al., 2014, 2015).

Based on phylogenetic, genetic phenotypic, and chemotaxo-

nomic characteristics, we propose strain ST07-YET, also iso-

lated from PHF, should be assigned as a novel species of

the family Peptostreptococcaceae, order Clostridiales. Given

that Acetoanaerobium noterae NOT-3T is the closest relative

of strain ST07-YET and according to the generally accepted

classification described by Collins et al. (1994) and reported

in Bergey’s Manual of Systematic Bacteriology (Rainey et al.,

2009) recommending that ‘true’ Clostridium should be

restricted to the rRNA Cluster I, we propose the name

Acetoanaerobium pronyense sp. nov. for the novel species.

Description of Acetoanaerobium pronyense
sp. nov.

Acetoanaerobium pronyense (pro.ny.en9se. N.L. neut. adj.
pronyense of or belonging to Prony underwater hydrother-

mal field in New Caledonia).

Cells are Gram-stain-positive, straight rods (0.7–0.8|3.0–

5.0 mm), and motile by means of peritrichous flagella.

Terminal swollen sporangium formation with oval shape

is observed. Colonies obtained after 3 days incubation at

30 uC are creamy yellow, round with smooth edges and a

diameter of 0.5–1.0 mm. Optimal growth conditions are

35 uC, pH 8.7 and 5 g l21 NaCl. Has a fermentative metab-

olism. Yeast extract, peptone, tryptone, Casamino acids,

D-glucose, maltose, sucrose, D-ribose, trehalose, D-galac-

tose, crotonate and pyruvate are used as substrates for

growth. Cells produce acetate, H2 and CO2 from sugar fer-

mentation, while H2, CO2, acetate, butyrate isobutyrate,

isovalerate and propionate are end products of yeast extract

fermentation. Crotonate is disproportionated to acetate

and butyrate. The following substrates are not used: lactose,

D-mannose, D-xylose, cellobiose, D-arabinose, D-fructose,

starch, pectin, chitin, acetate, fumarate, lactate, oxalate

and tartrate. Among amino acids, arginine, serine, histi-

dine, lysine, methionine and cysteine improved growth.

The Stickland reaction was negative for all amino acid

combinations tested (alanine+glycine, isoleuci-

ne+methionine, proline+serine, arginine+cystein, argi-

nine+serine and serine+cystein). Elemental sulfur,

sulfate, thiosulfate, sulfite, nitrate and nitrite are not used

as terminal electron acceptors. Sensitive to ampicillin,

kanamycin, gentamicin, vancomycin, tetracycline, rifampi-

cin and chloramphenicol at 50 mg ml21. The predominant

cellular fatty acids are C16 : 0, C16 : 1cis9, C14 : 0 and

C16 : 1cis7 (w5% of total fatty acids).

The type strain, ST07-YET (5DSM 27512T5JCM 19400T),

was isolated from a carbonaceous chimney of the alkaline

M. Bes and others
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Prony Hydrothermal Field (PHF) in New Caledonia. The
DNA G+C content of the type strain is 32.9 mol%.
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