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Enrichment of ANME-2 dominated anaerobic
methanotrophy from cold seep sediment in an
external ultrafiltration membrane bioreactor

Anaerobic oxidation of methane (AOM) coupled to sulfate reduction is a micro-
bially mediated unique natural phenomenon with an ecological relevance in the
global carbon balance and potential application in biotechnology. This study aimed
to enrich an AOM performing microbial community with the main focus on anaero-
bic methanotrophic archaea (ANME) present in sediments from the Ginsburg mud
volcano (Gulf of Cadiz), a known site for AOM, in a membrane bioreactor (MBR)
for 726 days at 22 (± 3)°C and at ambient pressure. The MBR was equipped with
a cylindrical external ultrafiltration membrane, fed a defined medium containing
artificial seawater and operated at a cross flow velocity of 0.02 m/min. Sulfide pro-
duction with simultaneous sulfate reduction was in equimolar ratio between days
480 and 585 of MBR operation, whereas methane consumption was in oscillat-
ing trend. At the end of the MBR operation (day 726), the enriched biomass was
incubated with 13C labeled methane, 13C labeled inorganic carbon was produced
and the AOM rate based on 13C-inorganic carbon was 1.2 μmol/(gdw d). Microbial
analysis of the enriched biomass at 400 and 726 days of MBR operation showed
that ANME-2 and Desulfosarcina type sulfate reducing bacteria were enriched in
the MBR, which formed closely associated aggregates. The major relevance of this
study is the enrichment of an AOM consortium in a MBR system which can assist
to explore the ecophysiology of ANME and provides an opportunity to explore the
potential application of AOM.
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1 Introduction

The anaerobic oxidation of methane (AOM) coupled to sul-
fate reduction is a prominent methane consuming microbial
process occurring in anoxic marine sediments [1–4]. From a
thermodynamic view point, AOM coupled to sulfate reduction
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(AOM-SR) yields relatively low amounts of Gibbs free energy
(�16.5 KJ/mol). The AOM-SR process is common in sites with
methane seeping or diffusing to the sediment surface, such as
at methane seeps [5, 6], methane hydrates [7–9], hydrothermal
vents [10, 11] and methanogenic sediments [4, 12, 13]. In those
specific niches, few phylogenetically distinct microbial clades,
that is, anaerobic methanotrophic archaea (ANME) and their
associated sulfate reducing bacteria (SRB), are able to grow via
energy obtained from AOM-SR [1].

Three groups of ANME have been distinguished so far, of
which ANME-1 and ANME-2 are the most abundant and ge-
ographically widespread groups [1, 14–16], whereas ANME-3
has been retrieved from a few marine mud volcanoes [16]. The
Desulfosarcina/Desulfococcus group and Desulfobulbus clades of
the Deltaproteobacteria are well known sulfate reducing partners
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of ANME. There is still a major knowledge gap in AOM studies
about the mechanisms and the ecophysiology of ANME. Some of
the studies have postulated independent AOM performed solely
by ANME [3,17], whilst other studies have postulated that a con-
sortia of ANME and SRB act together for AOM by interspecies
electron transfer [18].

Several AOM rate determination and ANME cultivation
studies have been performed in batch and continuous biore-
actors using several ANME enrichments, often with largely
varying results. For instance, AOM-SR rates were observed
in a wide range of 0.375-286 μmol per gram dry weight
per day (μmol/(gdw d)) in continuous systems [19–21],
1–20 μmol/(gdw d) in batch systems [10, 22, 23] and up to
230 μmol/(gdw d) in a fed-batch system [24]. In a batch sys-
tem inoculated with sediment from the Gulf of Mexico, the
AOM rate was 8.75 (± 1.05) μmol/(gdw d), i.e. almost 25 times
lower than in a fed-batch incubation system [22]. The AOM-
SR rate obtained from southern Hydrate Ridge (Offshore Ore-
gon) was 20 to 230 μmol/(gdw d) when this sediment was incu-
bated in a fed-batch bioreactor, while the highest AOM-SR rate
(230 μmol/(gdw d)) was obtained at elevated methane partial
pressures of 1.4 MPa [24,25]. In another recent study, ANME-2c
growth was observed when the biomass from Eckernförde Bay
(Baltic Sea) was incubated at 10 MPa pressure in high pressure
capsules with the AOM rate of 24 μmol/(gvss d) [26].

A major hindrance for studies pertaining to the AOM mech-
anism is the difficulty to culture or enrich ANME, imputable to
the requirements of rigorous anaerobic conditions and constant
methane availability as well as the extremely slow growth rate
of the ANME. A robust bioreactor design is thus required for
their enrichment and cultivation. Anaerobic membrane biore-
actors (MBR) allow complete biomass retention and are com-
monly applied at the industrial scale for wastewater and waste
gas treatment [27]. In the field of AOM, at the laboratory scale,
MBR have been used to enrich slow growing anaerobes such
as ANME-SR [21] or ANME-denitrification [28]. In a contin-
uously operated submerged membrane MBR, inoculated with
estuarine sediment from Eckernförde Bay (Baltic Sea), a maxi-
mum AOM rate of 286 μmol/(gdw d) was achieved after 400 days
of operation [21]. In that study, the highest AOM rate was ob-
served only when the MBR was operated at 15°C (similar to
the in situ temperature) and ambient pressure. Another type of
MBR, the continuous hollow-fiber membrane reactor, has also
been tested for ANME-2d enrichment inoculated with a bioreac-
tor sludge enriched for ANNAMOX and ANME-2d, performing
methane-dependent denitrification [28]. These previous studies
with MBR have shown that the continuous supply of methane
and the biomass retention capacity of the MBR reactor config-
uration enable enrichment of ANME and achieving high AOM
rates [21, 28]. Nevertheless, none of the studies have yet at-
tempted to enrich AOM hosting in a deep sea sediment from a
cold seep at ambient temperature and pressure.

The objective of this study was, therefore, to enrich an anaer-
obic methanotrophic community in sediments collected from a
cold seep environment, i.e. from Ginsburg mud volcano (Gulf
of Cadiz), in a MBR operated at room temperature (22 ± 3°C)
and ambient pressure. Cold seep sediments from the Gulf of
Cadiz show active AOM-SR in high pressure bioreactors oper-
ated at 8 MPa and 15°C [29]. These operating conditions differ

significantly from the in situ conditions (temperature 12°C and
pressure 10 MPa), but were chosen to check if ANME can prolif-
erate in an MBR as from a logistic, economical and safety view
point, bioreactors operating at ambient conditions are preferred
over those operated at high pressures. This study, therefore, eval-
uates the AOM activity at ambient pressure and temperature,
while continuous bubbling of methane in the MBR. This mimics
the in situ habitat of the Ginsburg mud volcano inoculum with
diffusive methane supply, whereas the membrane (pore size of
< 2 μm) retains the biomass. AOM rates were measured by
performing activity assays with 13C labeled methane and the
results were compared with other AOM-SR bioreactors. The mi-
crobial community performing the AOM was visualized using
catalyzed reporter deposition-fluorescence in situ hybridization
(CARD-FISH).

2 Materials and methods

2.1 Origin of the inoculum

Sediments obtained from the Ginsburg mud volcano (Gulf of
Cadiz, Spain) at a depth of 53–153 cm below the sea floor were
used as the inoculum for the MBR. Ginsburg mud volcano is
one of the noted sites for AOM among the mud volcanoes in
the Gulf of Cadiz [16]. The sampling location was in the crater
of Ginsburg mud volcano (35o 22.431′N; 07o 05.291′W) at a
water depth of ca. 910 m [30]. The sediment core was immedi-
ately capped and stored under anaerobic conditions at 4°C, as
described previously by Zhang et al. [30]. Then, the sediment
core was diluted 2 times with artificial seawater and a homog-
enized wet sediment mixture was prepared as soon as it was
brought to the laboratory. The wet sediment mixture was stored
at 4°C under methane atmosphere for almost 4 years until it was
inoculated in the MBR. Prior to the inoculation in the MBR,
the inoculum was reactivated in two 500 mL serum bottles by
diluting it three times using anaerobic artificial sea water and ap-
plying 2 bar methane pressure for 30 days at room temperature
(22 ± 3°C).

2.2 Mineral medium

The artificial seawater medium was prepared according to the
composition recommended in a previous study [30], in per liter
of demineralised water: NaCl (26 g), KCl (0.5 g) MgCl2ˑ6H2O
(5 g), NH4Cl (0.3 g), CaCl2ˑ2H2O (1.4 g), Na2SO4 (1.43 g),
KH2PO4 (0.1 g), trace element solution (1 mL), 1 M NaHCO3

(30 mL), vitamin solution (1 mL), thiamin solution (1 mL),
vitamin B12 solution (1 mL), 0.5 g/L resazurin solution as a
redox indicator (1 mL) and 0.5 M Na2S solution (1 mL). The
trace element and vitamin solutions were prepared according to
Widdel and Bak [31]. The pH was adjusted to 7.0 with sterile
1 M Na2CO3 or 1 M H2SO4 solutions.

2.3 MBR design and operation

The MBR (Fig. 1) was made of a cylindrical glass column (length-
65 cm, diameter-100 mm). It was operated for more than two
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Figure 1. Membrane bioreactor with external ultrafiltration mem-
brane for the anaerobic oxidation of methane and enrichment of
anaerobic methanotrophs: (A) Schematic of the MBR, and (B)
Photograph of the MBR set-up in the laboratory. SP: sampling
port, UF: ultrafiltration, MM: artificial seawater medium and MFC:
mass flow controller.

years (i.e. 726 days) to study AOM-SR and enrich the microbial
community responsible for AOM. The MBR was sealed gas-
tight to prevent any leakage or air intrusion during its opera-
tion. The reactor was equipped with a gas diffuser for sparging
methane, a smart thermal mass flow controller (Brooks Instru-
ment, Model SLA5850, Veenendaal, the Netherlands), one way
valves and sampling ports (Fig. 1). A hollow fiber ultrafiltration
membrane (Pentair X-Flow, Enschede, the Netherlands) with
< 2 μm pore size was placed externally in the recirculation
loop and operated with a cross flow velocity of 0.02 m/min. The
hollow fiber membrane allowed the permeate to pass through,
while it retained the biomass in the reactor. The tubings, joints,
connectors and the reactor column were cleaned with ethanol
and dried under nitrogen atmosphere, and then washed with
sterilized water prior to the start-up of the MBR.

Methane was bubbled at a constant rate of 0.5 mL/min and
the reactor was operated at atmospheric pressure and a temper-
ature of 22 (± 3)°C throughout the experimental period. The
anaerobic artificial seawater medium was continuously recircu-
lated in the MBR and passed from the bottom of the bioreactor
to the ultrafiltration membrane and back to the bioreactor at
a rate of 20 mL/min. The seawater medium was intermittently
fed to the MBR. The MBR effluent was sampled twice per week
for sulfate, sulfide and volatile fatty acids (VFA) analysis. The
inlet and outlet gas composition was also measured twice a week
for estimating the carbon dioxide and methane concentrations.
Biomass samples were collected on day 400 and at the end of the
MBR operation (day 726) for microbial analysis by CARD-FISH.
The details of the mode of bioreactor operation are provided in
the supporting information.

2.4 Activity assay with labeled methane

AOM activity tests with 13C labeled methane were performed
as described by Scheller et al. [3], in triplicate with duplicate
controls under nitrogen atmosphere (without methane). After

determination of the exact weight and volume of the 118 mL
serum bottles, they were closed with butyl rubber stoppers and
caps, and the gas phase was replaced several times with nitro-
gen gas and made vacuum thereafter. Subsequently, 20 mL of
the biomass suspension collected from the MBR was transferred
to each serum bottle using hypodermic needles and 40 mL of
artificial seawater was added to the biomass suspension. The
headspace of the bottles was flushed with methane for 8 min
and an estimated equivalent amount of 5% of the headspace
was taken out and filled again with the same amount of 13C la-
beled methane. The bottles were incubated on an orbital shaker
at 100 rpm and 22 (± 3)°C for 50 days. Liquid samples for
sulfate and sulfide measurements and gas samples for the mea-
surement of the carbon isotopic fraction were collected once a
week in these batch assays. During each sampling, �2 mL of
liquid sample was collected periodically for the estimation of
pH, total dissolved sulfide and sulfate concentrations and al-
most 0.2 mL of headspace gas for methane and carbon dioxide
analysis.

The stable carbon isotope composition of methane and car-
bon dioxide was determined using a Gas Chromatography-
Isotope Ratio Mass Spectrometer (GC-IRMS, Agilent 7890A)
and the carbon isotopic fraction (13C/12C) was estimated as de-
scribed previously [32]. Measurements were performed in trip-
licate and the standard deviation was smaller than 0.5 δ-units.
Standard gas mixtures of methane and carbon dioxide were
measured together with the entire isotopic analysis to assure
the quality of the measurements. The AOM-SR rate was esti-
mated on the basis of the total dissolved inorganic carbon (DIC)
produced during the activity assay incubation as described by
Scheller et al. [3] and detailed in supporting information.

2.5 Microbial analysis

Microbial analysis of MBR biomass was performed mainly by
CARD-FISH on enriched biomass from the MBR after 400 days
of operation and the biomass obtained at the end of reactor
operation (726 days). Prior to microbial visualization by CARD-
FISH, the biomass was screened with FISH by using three dif-
ferent ANME specific probes, i.e. ANME-1 350 [7], ANME-2
538 [33], ANME-3 1249 [16] and fluorescence was only ob-
tained from the ANME-2 specific probe (data not shown).
Therefore, CARD-FISH was performed only for the ANME-2
clade and its associated sulfate reducing partner (Desulfosarcina).
CARD-FISH was performed according to standard protocol as
described previously [34]. Archaeal and bacterial horseradish
peroxidase labeled oligonucleotide probes ARCH915 [35] and
EUB338-I-III [36], respectively, were used for hybridization at
a formamide concentration of 35% (v/v hybridization buffer).
The probes DSS658 [7] and ANME-2 538 [33] were used for the
detection of, respectively, Desulfosarcina-Desulfococcus sp. and
ANME-2. Oligonucleotide probes were purchased from Biomers
(Ulm, Germany). All cells were stained with 4′, 6′-diamidino-
2-phenylindole (DAPI) and analyzed using an epifluorescence
microscope (Carl Zeiss, Oberkochen, Germany).

For dual-CARD-FISH, peroxidases of initial hybridizations
were inactivated according to the procedure described by Holler
et al. [10]. Tyramide amplification was performed using the
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fluorochromes Alexa Fluor 488 and Alexa Fluor 594, prepared
according to the procedure described by Pernthaler et al. [37].
Note that the double hybridization for ANME-2 and Desulfos-
arcinales was not performed for the biomass obtained on day
400 from the MBR.

2.6 Chemical analysis

A total of 5 mL of liquid sample was collected from the MBR for
the analysis of different parameters. The pH was measured us-
ing a pH meter (Metrohm Applikon B.V, Schiedam, the Nether-
lands) fitted with a pH electrode (SenTix WTW, Amsterdam, the
Netherlands). Sulfate was analyzed using an Ion Chromatograph
system (Dionex-ICS-1000 integrated with a AS-DV sampler), as
described previously by Villa-Gomez et al. [38]. Total dissolved
sulfide was analyzed spectrophotometrically using the methy-
lene blue method at a wavelength of 670 nm [39] and the sample
for sulfide measurement was prepared as described in Bhattarai
et al. [4]. The sulfate reduction rate and sulfide production rate
was estimated as described in previous study [21] and detailed
in supporting information.

Methane and carbon dioxide concentrations in the inlet and
outlet of the MBR were measured by gas chromatography (GC
3800, VARIAN, Middelburg, the Netherlands) as described pre-
viously in Bhattarai et al. [4]. Acetate was measured along with
other VFA by gas chromatography (GC 340, VARIAN, Middel-
burg, the Netherlands). The gas chromatograph was equipped
with a flame ionization detector (FID) and CP WAX 58 (FFAP)
column having the following dimensions: 25 m × 0.32 mm ×
0.2 μm. The carrier gas was helium at a flow rate of 78 mL/min.
The oven was set at 105°C and the FID temperature was main-
tained at 300°C. The injection volume was 1 μL, injected by an
auto sampler which was set for duplicate measurements for each
sample. Prior to the measurements, the samples were acidified
and the internal standard mixture (50 μL) of formic/propionic
acid was added. For each measurement, VFA standards with
known concentrations were measured in order to ensure quality
assurance.

3 Results

3.1 Development of AOM activity in the MBR

The start-up period of the MBR lasted for 150 days. During
this period of MBR operation, the reactor showed non-steady
state profiles of sulfate and methane consumption and the total
amount of sulfide produced was negligible (lower than 0.5 mM).
Methane was not consumed in the MBR during this period
(Fig. 2). The sulfate consumption increased between days 350
and 400 to 8 mM accompanied by the simultaneous production
of 5 mM sulfide (Fig. 2B). Then, the sulfate profile showed a
continuous consumption between days 400 to 580, while sulfide
was present in low amounts between days 400 to 500. However,
the amount of sulfide in the MBR increased abruptly on day 585.
A maximum sulfide concentration of 5.5 mM and minimum sul-
fate concentration of 1.5 mM were reached in the MBR between

days 480 and 585, which showed the active reduction of the sul-
fate concentration from 6.5 to 1.5 mM, with the stoichiometric
production of sulfide of 5.5 mM according to the equation of
AOM.

The pH increased to values > 8.0 in the medium and it was
neutralized to 7.0–8.0 by the manual addition of sulfuric acid.
After 600 days, the pH increment was rapid and reached up to
8.3 (Fig. 2A). These pH changes in the bioreactor suspension
are typical for the redox mechanism (AOM-SR) which produces
hydrogen sulfide and bicarbonate.

Methane consumption showed a rather fluctuating trend
throughout the MBR operation, with methane consumption
peaks of 2–5 mM. Methane consumption was almost unde-
tectable during the first 150 days of reactor operation. There-
after, methane consumption increased up to 5 mM between
days 200 to 223 and remained in a range of 3–5 mM up to day
265 (Fig. 2C). Later on, the methane consumption was in os-
cillating trend with the abrupt rise to 3–4 mM around day 400.
During this operational period, the carbon dioxide production
rate was 5–20 times lower than the methane consumption rate.
However, the increment in the carbon dioxide production was
often observed simultaneously with the increment in methane
consumption.

Acetate production was observed intermittently during differ-
ent periods of MBR operation, especially between days 200 and
520 (Fig. 2D). The acetate production followed a similar trend
as that of the methane consumption, i.e. the acetate produc-
tion increased whenever there was an increase in the methane
consumption. In some instances, acetate production was even
higher than the methane consumption as it reached > 5 mM
between days 260 and 330, whereas the methane consumption
was < 4 mM during that period.

3.2 Methane oxidation and sulfate reduction rates
from batch activity assays

13C labeled methane was consumed by the microbial community
present in the MBR suspension sampled on day 726, as shown by
the simultaneous 13C DIC and sulfide production (Fig. 3). How-
ever, the sulfate reduction and sulfide production were �20 times
higher than the 13C DIC production (Fig. 3A–C). In control in-
cubations with nitrogen instead of methane in the headspace,
no DIC production was observed, suggesting that the 13C DIC
production was solely due to the 13C methane consumption.

The sulfate consumption was<50μmol of sulfate for the con-
trol incubations, whereas the cumulative consumption of sulfate
for the incubations with 13C methane was 200 μmol of sulfate
(Fig. 3B). The cumulative sulfide production was < 30 μmol
during the incubation period for control experiments, whereas
in the case of incubations with 13C methane, the cumulative
sulfide production reached values between 300 and 400 μmol.

On the basis of the total DIC production, the estimated
average AOM rate for the incubations with 13C methane was
1.2 μmol/(gdw d). Furthermore, the sulfate reduction and sul-
fide production rates amounted to 29.5 μmol/(gdw d) and
40.5 μmol/(gdw d), respectively, in the incubations with 13C
methane.
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Figure 2. Performance of the membrane bioreactor during long term operation of 726 days: (A) pH, and (B) sulfate and sulfide concentra-
tions, (C) carbon dioxide and methane concentrations, and (D) acetate concentration. R in the figure represents to recirculation mode of
MBR operation, that is, distinguished by the dotted line in each plot, which alternates with the continuous mode of MBR operation.
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Figure 3. Estimated (A) 13C DIC production, (B) sulfate consumption and (C) sulfide production profiles in batch activity assays (5% 13C
methane) using biomass collected at the end of the MBR operation (726 days).

Figure 4. Photomicrographs
staining of the microbial cells,
ANME-2 and Desulfosarcinales
cells visualized using CARD-
FISH present in biomass
enriched after 400 days of
MBR operation. Upper panel
photomicrographs (A–D) rep-
resent large cluster of ANME-2
hybridized with ANME-2 538
probes (red) and all cells stained
by DAPI (blue). Lower panel
photomicrographs (E–G) repre-
sent clusters of Desulfosarcinales
hybridized with DSS 658 (green)
and all cells stained by DAPI
(blue). The white scale bar
represents 10 μm.

3.3 CARD-FISH analysis of the microbial community

ANME-2 cells were observed by CARD-FISH in both biomass
samples investigated, i.e. the samples collected on days 400
(Fig. 4) and 726 (Fig. 5) from the MBR. In most of the CARD-
FISH observations, the total amount of ANME-2 cells was �20–
25% of the total amount of cells stained by DAPI in the biomass
collected on day 400 (Fig. 4B and D). Figure 4C shows that the
ANME-2 cells were < 5% in some of the CARD-FISH analysis
from the biomass obtained on day 400 of MBR operation. The
observed ANME-2 cells were cocci shaped with �1.0–1.5 μm
in size. Some of those ANME-2 cells appeared as circular discs
with no fluorescence signal from the center of the cell (Fig. 4B).
Desulfosarcinales cells, a common sulfate reducing partner of
ANME-2, were also visualized along with other cells that were
stained by DAPI (Fig. 4E and F). Most of these Desulfosarcinales
were rod shaped cells with a size of �1 μm. Approximately, 20–
30% of the total cells were estimated to be Desulfosarcinales from
the microscopic observations.

For the biomass obtained at the end of the MBR operation,
i.e. on day 726, aggregates of ANME-2 cells and Desulfosarcina
were observed (Fig. 5A–G). For the majority of the observations
by CARD-FISH, ANME-2 and Desulfosarcina were clustered to-
gether at a ratio of 1:2 (Fig. 5B–F). However, in some obser-

vations, the amount of ANME-2 and Desulfosarcinales cells was
nearly equal (Fig. 5A and G). The amount of ANME-2 cells com-
pared to the total amount of cells stained by DAPI was �35%.
ANME-2 cells were also observed in the incubations with 13C
methane (Fig. 5A–F). However, the ANME-2 cells could not be
clearly distinguished in the control incubations under nitrogen
atmosphere (50 days). The rod shaped Desulfosarcinales cells
were detected mostly in concurrence with other bacterial cells
(Fig. 5H–J). The biomass obtained at the end of the MBR oper-
ation showed the amount of Desulfosarcinales cells was in a 1:1
ratio with other bacterial cells by double hybridization CARD-
FISH analysis.

4 Discussion

4.1 AOM and sulfate reduction in the MBR

This study showed that AOM-SR was achieved in a MBR oper-
ated at ambient pressure and 22 (± 3)°C, inoculated with the
Ginsburg Mud volcano sediment (in situ pressure 10 MPa, tem-
perature 15°C). The achieved AOM activity and rate after 200
days of the MBR operation was in the range reported for in situ
conditions from seep and mud volcano samples [1]. Moreover,
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Figure 5. Photomicrographs of
all the microbial cells, ANME-
2 and Desulfosarcinales visual-
ized using CARD-FISH present
in biomass enriched at the
end of the batch activity as-
says (50 days), performed with
biomass sampled on day 726
from the MBR. Photomicro-
graphs (A–J) were obtained from
13C methane activity assays (pre-
sented in Fig. 3), in which (A–
G) represents the tight consor-
tia of ANME-2 hybridized with
ANME-2 538 (red) and Desul-
fosarcina hybridized with DSS
658 (green). (H–J) represents
the cell clusters of Desulfosarci-
nales hybridized with DSS 658
(green) and other bacterial cells
hybridized with EUB338-I-III (vi-
olet). The white scale bar repre-
sents 10 μm.

the AOM rate obtained in this study is also comparable to those
reported in a hanging sponge bioreactor fed with high sulfate
loads (30 mmol/(L d)) and operated at 10°C for 2013 days [19].
However, it was lower than the rates reported for high pressure
incubations and high pressure bioreactor systems [26, 29, 40].

As methane is poorly soluble in marine water at ambient
pressure [41, 42], the AOM reaction is highly influenced by the
methane partial pressure. An effective and continuous methane
supply to the anaerobic methanotrophs is thus an important
factor for the enrichment of ANME. Similar to a previously
reported MBR with an internal polysulfone membrane [21],
the methane was continuously bubbled in the MBR (Fig. 1)
to ensure the continuous availability of methane to the AOM
enrichment. However, the AOM rate estimated by 13C methane
incubation in this MBR was almost 100 times lower than the
AOM rate achieved in the MBR operated by Meulepas et al. [21]
for 800 days, inoculated with sediment from Eckernförde Bay
at a water depth of 28 m. The MBR used in this study was
inoculated with the cold seep sediment from Ginsburg mud
volcano obtained at a water depth of 910 m and hence the in situ
pressure of the original sediment biomass was �10 MPa. This
confirms the nature, composition and environmental conditions
of the inoculum are important factors influencing the AOM
rate [30]. Further, the activity of the inoculated biomass was
probably negatively affected by the long storage period prior to
MBR start-up. The AOM-SR rates increased after 150 days of
reactor operation, showing that the deep-sea biomass can regain
its AOM activity after a long storage period (for > 4 years) at 4°C

under methane atmosphere, after which the AOM-SR increased
exponentially (Fig. 2B).

AOM activity was evidenced by the DIC production in the
batch activity tests which were supplied with methane in the
headspace, while the control batches without methane did not
show any DIC production (Fig. 3A). Nevertheless, slight sulfate
reduction and simultaneous sulfide production was observed
in these control batches, but almost 5 times less than for the
batches with added methane. The small amount of sulfate re-
duction in the control batches was possibly due to sulfate re-
duction with endogenous organic matter or residual methane
which mainly occurred in the initial 15 days of the experiment.
A decoupling between the AOM and sulfate reduction was ob-
served in the activity assays tested in batch incubations as the
sulfate consumption rate was much higher than the 13C DIC
production rate when incubated with 13C methane as electron
donor (Fig. 3). The CARD-FISH analysis supported this observa-
tion as the amount of sulfate reducing Desulfosarcinales cells was
nearly twice compared to the amount of ANME clusters (Fig. 5).
Sulfate reduction rates are often higher than the AOM rates in
ANME habitats, such as in Black sea microbial mats with two
times higher sulfate reduction rates than AOM rates [43], Gulf
of Mexico hydrate with 20 times higher sulfate reduction than
AOM rates [44, 45] and mud volcanoes from Gulf of Cadiz with
2 times higher sulfate reduction rate than the AOM rate [16].
In this study, almost 15 mM of sulfate and methane was added
initially to the batch incubation, which provides an environment
suitable for both sulfate reducing bacteria and ANME. The DIC
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concentration could have been underestimated as the increasing
pH from the AOM conversion causes a large fraction of the pro-
duced DIC to remain in its dissolved form and the estimation of
DIC was based on the headspace 13C fraction, whereas the dis-
solved DIC species (as CO2 (aq.), H2CO3, HCO3

− or CO3
2−) were

not measured [3]. Moreover, when the highly enriched biomass
from a continuously operated MBR inoculated with Eckernförde
Bay sediment was incubated in batches, the amount of methane
consumption was more than ten times to the amount of carbon
dioxide produced [21]. Some of the carbon dioxide could be
reduced by methanogenesis, which could co-occur with AOM in
the MBR and thus lower the amount of carbon dioxide detected,
as discussed in previous studies [21, 23]. CARD-FISH analy-
sis for methanogens or high-throughput sequencing of enrich-
ment biomass may confirm the presence of methanogens in the
MBR biomass, which are possibly performing the carbon dioxide
reduction.

4.2 MBR selects the ANME-2 dominated enrichment
from Ginsburg mud volcano

This study shows that ANME-2 and Desulfosarcinales were en-
riched in the MBR equipped with an external ultrafiltration
membrane (Fig. 5). These two clades are usually observed to-
gether and typical for many in situ AOM studies as well as
in AOM enrichments in bioreactors [21, 26, 29]. Although the
ANME clades were below the detection limit of the Illumina
Miseq analysis in the inoculum (Bhattarai et al. unpublished
data), this study evidenced the AOM and enrichment of ANME-
2 in the MBR mixed liquor. In contrast, in a biotrickling filter
(BTF) inoculated with the same Ginsburg Mud Volcano inocu-
lum, ANME-1 (40%) was mainly enriched after 248 days of
operation, whereas only 10% of the total archaeal community
was affiliated to ANME-2 (Bhattarai et al. unpublished data).
Both bioreactor configurations, i.e. the BTF and the MBR, were
operated by continuously recirculating the mineral medium. In
the MBR, however, the microbial biomass was mainly in suspen-
sion, whereas it was attached as a biofilm onto the polyurethane
foam packing material in the BTF. The operational conditions
and the hydrodynamics of the MBR resemble conditions pre-
vailing in the methane bubbling sediment environment, such
as the Eckernförde bay in the Baltic sea [13, 21], methane hy-
drates of the Gulf of Mexico (less saline part) [45,46], cold seeps
from the Gulf of Cadiz [16] and mud volcanoes [47–50]. In
most of these diffusive sediments bearing continuously methane
bubbling, ANME-2/Desulfosarcina consortia are dominant. In
contrast, the conditions in the BTF resemble those of a carbon-
ate chimney, e.g. in the Black sea microbial mat, where ANME-1
is dominant [51, 52]. ANME-1 is more frequently observed in
attached form within these carbonate chimneys and nodules,
which provide a porous matrix for ANME proliferation.

In most of the ANME habitats, ANME-2 appeared to be
present in consortia with Desulfosarcinales clades of SRB, ex-
cept for a few habitats with discrete ANME cells [52, 53]. The
CARD-FISH analyses showed that the AOM performing micro-
bial community in the MBR, i.e. ANME-2 and Desulfosarcinales,
were closely associated to each other. Syntrophy between ANME-
2 and Desulfosarcinales to sustain the coupling of the AOM reac-

tion with the sulfate reduction has also been reported previously
for AOM consortia present in Eel river hydrate [15, 54], Eck-
ernförde Bay sediment [21] and Gulf of Cadiz sediment [16].
Cocci shaped ANME-2 and Desulfosarcinales cells were observed
during CARD-FISH. Nevertheless, further studies on the char-
acterization and evaluation of enriched consortium can be per-
formed by microscopic tools such as CARD-FISH in combi-
nation with nanometer scale secondary ion mass spectrometer
(NanoSIMS) [17], scanning (SEM) or transmission (TEM) elec-
tron microscopy or atomic force microscopy (AFM) [55] and
genomic analysis in combination with other microscopic tech-
niques [56].

4.3 Role of acetate production in the MBR

Acetate formation was observed in the MBR, intermittently, even
though acetate was not fed to the MBR and methane was the sole
supplied electron donor (Fig. 2D). The release of acetate from the
bioreactor material was unlikely as the MBR was constructed us-
ing a glass vessel and fitted with non-degradable Tygon tubings.
Acetate formation in a reactor or batch incubation inoculated
with Ginsburg mud volcano sediment, when fed solely with
methane, has so far not been reported. A possible reason could
be the degradation of organic matter present in the sediment and
the production of acetate by acetogens. This is, however, highly
unlikely as the organic matter commonly degrades within the
first 100 days of bioreactor operation and the acetate production
was detected only after 200 days (Fig. 2D). The production of
acetate from methane is also highly unlikely, as it is thermody-
namically not favorable at standard conditions (i.e. Gibbs free
energy of the reaction is �Go = +31 kJ/mol). However, genetic
analysis has shown that the ANME clade genome contains all
the required enzymes for the reverse methanogenesis step, in-
cluding the genes involved in the acetogenesis process [56–58].
Therefore, the intermittent production of acetate in the MBR
suggests the ANME produced the acetate. This hints to a pos-
sible role of acetate in the AOM mechanism, i.e. acetate being
intermediate of the AOM-SR reaction. Indeed, an earlier hypoth-
esis already suggested acetate being an intermediate for electron
transfer between ANME and SRB [59–61]. Acetate was assumed
to be the favorable electron shuttle in high methane pressure
environments [61] and even detected in high pressure incuba-
tions of the ANME-2a clades (Cassidy et al., unpublished data).
Therefore, ANME may metabolize methane to acetate, which is
subsequently utilized by the SRB or by the ANME themselves and
finally converted to DIC with simultaneous sulfide production.

The acetate being the byproduct of acetogenesis and then
used for acetoclastic methanogenesis is less likely as the process
was shown to be suppressed when methane is supplied in ex-
cess [62]. Moreover, methanogenic substrates other than acetate,
such as hydrogen, formate, methanol and methanethiol have
been hypothesized as the intermediates during AOM [59–61].
There could be other potential modes of electron transfer in-
volved in AOM-SR, such as direct cell to cell electron trans-
fer [18]. The addition of acetate to AOM enrichments did not en-
hance AOM, but it favored the growth of sulfate reducers rather
than ANME [13, 63, 64]. Hence, further studies on the explo-
ration of the electron transfer mechanism among ANME-2 and
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Desulfosarcinales using NanoSIMS analysis [17], micro audio
radiography and fluorescence in situ hybridization (MAR -
FISH) [65, 66] and stable isotope probing [67] using 13C la-
beled acetate and 13C labeled methane are required to further
elucidate the role of acetate in the AOM-SR process.

5 Conclusion

A MBR inoculated with sediment originating from a cold seep
environment, i.e. Ginsburg mud volcano, was operated for
726 days to evaluate the AOM at ambient pressure and temper-
ature. An active ANME-2 and Desulfosarcinales consortium was
enriched in the MBR, whose co-occurrence has been reported in
many natural AOM hosting sediments. The experimental set-up
with the bubbling methane was favorable for the proliferation of
an active AOM consortium in the MBR. A maximum volumetric
AOM induced sulfate reduction rate of 0.5 mM/d was achieved
during MBR operation. During the 13C labeled experiment, the
AOM rate was estimated at 1.2 μmol/(gdw d) with the consecutive
sulfate reduction rate at 29.5 μmol/(gdw d). The production of
acetate in the MBR suggests a potential involvement or produc-
tion of acetate in the AOM-SR process. This study has widened
the prospective of applying bioreactors for the enrichment of
ANME at ambient pressure and temperature.

Practical application

This study shows an anaerobic membrane bioreactor can
be used for the enrichment of anaerobic methanotrophs
(ANME) and sulfate reducing bacteria from a cold seep
environment. This enrichment occurs at ambient pres-
sure and temperature. The membrane bioreactor operation
showed enrichment of ANME with efficient biomass reten-
tion, while methane was the sole supplied electron donor.
The obtained enriched ANME biomass provides an oppor-
tunity to study the physiology and mechanism of ANME.
The anaerobic oxidation of methane coupled to sulfate
reduction process has a potential applicability to reduce
sulfate in ground water, mining or inorganic wastewater
streams by using the cheap electron donor, in other words,
methane, for the sulfate reduction. This study widens the
prospective of using the membrane bioreactors for the en-
richment of consortia performing anaerobic oxidation of
methane at ambient pressure and temperature.
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