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Using kinetic isotope effect to evaluate the signiﬁcance of
the sequential and parallel steps: formation of microbial
consortium during reversible anaerobic methane
oxidation coupled with sulfate reduction
Vasily Vavilin, Lyudmila Lokshina and Sergey Rytov

ABSTRACT
The purpose of this study was to describe the dynamics of anaerobic oxidation of methane (AOM)
coupled with sulfate reduction (SR) using experimental data from a continuous incubation
experiments published earlier in order to show that formation of consortia of anaerobic archaea
(ANME) and Desulfosarcina-like bacteria (DSS) may have a signiﬁcant effect on sulfur isotope
fractionation. The dynamic simulation of reversible AOM by ANME coupled with SR by DSS was
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performed. This simulation took into account biomass growth and fractionation of stable isotopes of
sulfur. Two kinetic schemes with and without ANME þ DSS consortium formation were tested.
The respective models were applied at ﬁve inﬂuent methane concentrations. A good ﬁt to
experimental data was obtained only when assuming active ANME and DSS biomass accumulation.
The assumption about incorporation of reversibility of anaerobic methane oxidation and sulfate
reduction did not improve the model’s ﬁt to experimental data. In accordance with both the models,
sulfur isotope fractionation was smallest for the highest inﬂuent methane concentration. The model
considering the formation of consortia of ANME þ DSS is proved to be more appropriate.
Key words
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INTRODUCTION
In marine sediments, anaerobic oxidation of methane (AOM)
accounts for 80 to 85% of total marine methane oxidation
(Hinrich & Boetius ), substantially limiting the release
of methane to the atmosphere. During AOM, methane is
oxidized with sulfate as the terminal electron acceptor. This
process is mediated by a syntrophic consortium of anaerobic
archaea (ANME) and Desulfosarcina-like bacteria (DSS),
which often form small aggregates (Boetius et al. ; Knittel
& Boetius ) or voluminous mats with the net reaction:


0
−1
CH4 þ SO2
4 ! HCO3 þ HS þ H2 O (ΔG ¼ 16:6 kJ mol )

(1)
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Most of the diversity of sulfate-reducing bacteria (SRB) in
hydrate-bearing sediments comprises seep-endemic clades
(Knittel et al. ). Using ﬂuorescence in situ hybridization
on samples from six different AOM sites, SEEP-SRB1a was
identiﬁed as a sulfate-reducing partner in up to 95% of total
ANME-2 consortia (Schreiber et al. ). According to Beal
et al. (), it has not been well recognized how the relationship between the rates of AOM and sulfate reduction (SR)
varies with sulfate concentrations.
The net reaction operates near thermodynamic equilibrium (Thauer ). The reversible character of enzymatic
reactions during AOM may decrease the rate of the net reaction (Holler et al. ) down to 5–10% of the total reaction
rate. Batch enrichment cultures originating from sediments
with high AOM activity and without background methanogenesis from detrital remnants were studied by Holler et al.
() to determine carbon and hydrogen isotopic
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fractionation factors. The enrichment cultures, which had originated from three marine habitats (Hydrate Ridge, NE
Paciﬁc; Amon Mud Volcano, Mediterranean Sea; NW shelf,
Black Sea), were dominated by archaeal phylotypes of
anaerobic methanotrophs (ANME-2). Using the traditional
Rayleigh’s approach, Holler et al. () concluded that
there was no satisfying explanation for the variation of the
fractionation factors between the cultures of different origin.
Methanol, hydrogen, methanethiol, acetate, and carbon
monoxide were excluded from being involved in AOM
(review article by Timmers et al. ()). Milucka et al. ()
showed that zero-valent sulfur compounds (S0 ) are formed
during AOM through a new pathway of dissimilatory sulfate
reduction performed by ANME alone. By studying sulfur isotope effects caused by AOM-SR under continuous incubation
at various methane inﬂuent concentrations, Deusner et al.
() showed that the smallest sulfur and oxygen isotope fractionation was observed for the highest inﬂuent methane
concentration with the highest AOM-SR rate. This phenomenon apparently contradicts the general conclusion that the
rates of concentration changes of heavier substrates, products
and biomasses usually are proportional to the rates of concentration changes of the total (light þ heavier) substrates,
products and biomasses, respectively (Vavilin et al. ,
a, b).
The purpose of this study was to describe the dynamics
of AOM-SR using Deusner’s experimental data in order to
show that formation of consortia of ANME þ DSS may
have a signiﬁcant effect on sulfur isotope fractionation.

MATERIAL AND METHODS
Description of Deusner’s experiments
The detailed experimental procedure was described in
Deusner et al. (). In brief, in the AOM-SR experiments
conducted at different inﬂuent methane concentrations, a
two-stage high-pressure continuous incubation experimental
system was used. The two-stage system consisted of pressurized vessels for gas enrichment and biomass incubation. The
total time of incubation was 129 days. During that time, the
inﬂuent concentration of dissolved methane was stepwise
increased from 1.4 to 58.8 mM (1.4 ± 0.6, 2.3 ± 0.5, 6.4 ±
0.5, 11.2 ± 1.2, 22.1 ± 1.6, 43.2 ± 2.5, and 58.8 ± 10.5 mM).
Data obtained for the ﬁve inﬂuent methane concentrations
excluding the ﬁrst (data too noisy) and the last (not
enough measurements of isotope signatures) concentrations
were used in our modelling.
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In those experiments, the biomass originated from homogenized microbial mats of the Black Sea. Its initial dryweight concentration in the reactor was about 4.6 gDW L1.
The dilution rate of the reactor volume was 1.7 d1. The
anoxic medium was delivered at a constant rate with a
high-pressure pump into a gas-saturation vessel pressurized
with methane. The inﬂuent entered the pressurized reactor
near its bottom while the efﬂuent was coming out from
the upper part of the reactor. Because of a strong tendency
for biomass aggregation and sedimentation, it was presumed
that the biomass was almost completely retained within the
incubation vessel during long-term incubation.

Dynamic model
To create the dynamic model of AOM-SR we followed ﬁve
major steps outlined below:
(i) wrote stoichiometric reactions of AOM and SR that
included mass balance of sulfur and biomasses of
ANME and DSS;
(ii) added dynamic equations describing the rates of biomass growth and substrate consumption;
(iii) combined equations created in the ﬁrst two steps into a
general model of the continuous-ﬂow reactor carrying
out reversible AOM-SR;
(iv) modiﬁed equations created in step (iii) to describe
changes in sulfur stable isotope ratios during AOM-SR;
(v) wrote a dynamic equation describing formation of
ANME þ DSS consortium in the process of AOM-SR.

Stoichiometry
The following stoichiometric reactions that include sulfurcontaining cell biomass can be written for AOM and SR
with zero-valent sulfur HS
2 as an intermediate product:
þ
7CH4 þ (8  (20  x)YANME ) SO2
4 þ 7YANME NH4
¼ 7YANME C5 H7 NO2 Sx þ

(4  (10 þ 3x)YANME ) HS
2 þ (7  35YANME )HCO3
þ (6 þ (13  x)YANME ) H2 Oþ
(5  (2  5x)YANME ) OH

(2)

(4 þ (10 þ 3z) YDSS ) HS
2 þ (4  (11 þ 4z) YDSS ) H2 O

þ 35YDSS HCO3 þ 7YDSS NHþ
4 ¼

7YDSS C5 H7 NO2 Sz þ (1 þ (20  z) YDSS ) SO2
4 þ 7 HS
þ
þ (5 þ (2  5z)YDSS ) H

(3)
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where YANME and YDSS are the biomass yield coefﬁcients
for ANME and DSS, respectively; x and z are the fractions
of the sulfur element in microbial cells of ANME
and DSS, respectively. In the model, the values of
x ¼ 0:15 and z ¼ 0:3 were used based on the measurements
of Fagerbakke et al. () who estimated the mean S:C ratio
for bacterial aquatic species to be 0.031, with a range of
0.016–0.084 and a lower value more typical for ANME
than for DSS. Recently, He et al. () presented a model
of microbial interactions in the AOM combining reaction
kinetics and energetics, but a biomass growth in archaealbacterial consortia was not considered.
It should be emphasized that the mechanism of AOMSR still remains unclear (Timmers et al. ), and the formation of intermediate disulﬁde is our assumption based
on the articles by Milucka et al. (), Deusner et al.
(), McGlynn (), and He et al. (). In accordance
with our model, formation of consortia of ANME and
DSS may have a signiﬁcant effect on sulfur isotope fractionation, and the disulﬁde concentration is expected to be
much lower than the concentrations of sulfate and hydrogen
sulﬁde, which could make difﬁcult quantitative experimental assessment of the disulﬁde concentration.
If biomass is not considered, Equations (2) and (3) transform into:



7CH4 þ 8SO2
4 ¼ 4HS2 þ 7HCO3 þ 6 H2 O þ 5 OH

(4)

2

þ
4HS
2 þ 4 H2 O ¼ SO4 þ 7 HS þ 5 H

(5)

and the overall reaction becomes:


CH4 þ SO2
4 ¼ HS þ HCO3 þ H2 O

(6)

which is similar to that given in Knittel & Boetius ().

The traditional description of reversible AOM-SR
dynamics
First, we introduce the Monod functions with two substrates
similar to Batstone et al. () describing the rates R (forward reaction) and Rrev (reverse reaction) in (2) and (3):

RANME ¼ ρmANME BANME

SO2
CH4
4
KCH4 þ CH4 KSO2 þ SO2
4

(7)

4

RDSS ¼ ρmDSS BDSS

HS
HCO
2
3


KHS2 þ HS2 KHCO3 þ HCO
3
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Rrev
ANME ¼ ρmANME BANME

rev
Rrev
DSS ¼ ρmDSS BDSS
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(9)

2

SO2
HS
4
 rev
þ HS K 2 þ SO2
4
SO

rev
KHS


|

(10)

4


where HS
2 and HS are the disulﬁde and hydrogen sulﬁde
concentrations; BANME and BDSS are the active ANME and
DSS biomass concentrations; ρmANME , ρmDSS , ρrev
mANME , and
ρrev
are
the
maximum
speciﬁc
forward
and
reverse
rates
mDSS
of substrate consumption; KCH4 , KSO2 , KHCO3 , KHS2 ,
4
rev
rev
rev
rev
KSO
2 , KHCO , KHS and KHS are the corresponding half-sat3
2
4
uration coefﬁcients. It is supposed that NHþ
4 is in excess in
the reactor. Assuming that all chemical reagents are uniformly distributed over the reactor volume, while the
biomass is located at the bottom, being washed out only
slightly, the general model of the continuous-ﬂow reactor
carrying out reversible AOM-SR can be written as follows:

d CH4
1
¼ RANME þ ðCHin
4  CH4 Þ
T
dt
d SO2
8  ð20  xÞ YANME
4
¼
ðRANME  Rrev
ANME Þ
dt
7
1 þ ð20  zÞYDSS
ðRDSS  Rrev
þ
DSS Þ
7
1
in
 SO2
þ ðSO2
4 Þ
4
T

d HCO3
¼ ð1  5YANME Þ ðRANME  Rrev
ANME Þ
dt
1
in
ðHCO
 HCO
 5YDSS ðRDSS  Rrev
DSS Þ þ
3Þ
3
T

d HS2
4  ð10 þ 3xÞYANME
¼
ðRANME  Rrev
ANME Þ
dt
7
4 þ ð10 þ 3zÞYDSS
ðRDSS  Rrev

DSS Þ
7
1
in
 HS
þ ðHS
2
2Þ
T

d HS
1
ðHS in  HS Þ
(11)
¼ RDSS  Rrev
DSS þ
T
dt
d BANME
¼ YANME (RANME þ Rrev
ANME )
dt
1
 BANME )
 kd ANME BANME þ (Bin
Tb ANME
d BDSS
1 in
(B
 BDSS )
¼ YDSS (RDSS þ Rrev
DSS )  kdDSS BDSS þ
Tb DSS
dt
(12)
where YANME , YDSS and kd ANME , kd DSS are the biomass yield
coefﬁcients and the biomass decay coefﬁcients of ANME and
DSS, respectively; T and Tb are the retention times of the soluble reagents and biomass, respectively. It is assumed that the
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biomass of microorganisms was washed out of the reactor
extremely slowly, with Tb ¼ 1,000 d > >T ¼ 0.6 d. The superscript ‘in’ denotes the incoming concentration of the
reagent. Polymerization of hydrogen disulﬁde HS
2 is not
taken into account in the system of Equations (11) and (12).
Taking into account that the rate of concentration
changes of heavier substrates, products, and biomasses is
proportional to the rate of concentration changes of the
total (light þ heavier) substrates, products and biomasses,
the system of Equations (11) and (12) is supplemented by
the corresponding equations for ‘heavier’ sulfur in the forward and reverse reactions:
d 34 SO2
1
8  (20  x)YANME
4
¼
αS-SO2
dt
7
4



34

SO2
4

SO2
4

H34 S
2
RANME þ
Rrev
ANME
HS
2

!
þ

4

SO2
4
SO2
4

34

H34 S
2
RANME 
Rrev
ANME
HS
2

!


1
αSHS2

1
αS-HS2

4 þ (10 þ 3z) YDSS
7
!
!
34
34
SO2
H34 S
HS
rev
4
2
RDSS 
þ
RDSS
HS
HS
SO2
2
4
þ

1 34  in
(H S2  H34 S
2)
T


d

34S

BANME
1
YANME
¼
αS-SO2
dt

SO2
H34 S
4
2
RANME þ
2
HS
SO4
2

34

4

 kdANME 34S BANME þ

YDSS

H34 S
2
RDSS þ
HS
2

 kd DSS

34S

34

(15)
!
Rrev
ANME

1 34S in
( BANME  34S BANME )
Tb
(16)

d34S BDSS
1
¼
αS-HS2
dt
SO2
4

SO2
4

!
!
HS
rev
þ
RDSS
HS
34

1
34S
BDSS þ (34S Bin
BDSS )
DSS 
Tb
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Formation of ANME þ DSS consortium in the process
of AOM-SR
First, we introduce an equation for the concentration of
consortium with biomass inside consortia CS:

(18)

where k is a coefﬁcient characterizing the rate of consortia
formation; kd is the consortia decay rate coefﬁcient;
free
free
BANME
and BDSS
are the active free-swimming ANME and
DSS biomass concentrations. Due to the growth of ANME
and DSS biomasses during AOM-SR, the value of CS
increases.
Instead of functions (7)–(10), the following rate functions can be used in (18):
SO2
CH4
4
KCH4 þ CH4 KSO2 þ SO2
4

(19)

HS
HCO
2
3

KHS2 þ HS2 KHCO3 þ HCO
3

(20)

HCO
HS
3
2
 rev
þ HCO3 KHS þ HS
2

(21)

S
RCDSS
¼ ρmDSS (1  β) CS

rev
RCSrev
ANME ¼ ρmANME β CS

34

αS-HS2

|

4

(14)

HS rev
1
R
þ (H34 S in  H34 S )
HS DSS T

79.11

34 
34 
where 34 SO2
4 , H S2 and H S are the concentrations of
34S
heavier sulfur reagents,
BANME and 34S BDSS are the concentrations of the biomass enriched in heavier sulfur,
αS-SO2 and αS-HS2 are the corresponding sulfur isotope frac4
tionation factors.

S
RCANME
¼ ρmANME β CS

d H34 S
1 H34 S
2
RDSS
¼
αS-HS2 HS
dt
2
1

|

d CS
free
free
S
BDSS
 kd CS þ RCANME
þ RCSrev
¼ k BANME
ANME
dt
S
þ RCDSS
þ RCSrev
DSS

!
34
SO2
1 þ (20  z) YDSS H34 S
rev
4
2
RDSS 
RDSS
7
HS
SO2
2
4
1 34 2 in 34 2 
þ
SO4
 SO4
(13)
T
d H34 S
1 4  (10 þ 3x) YANME
2
¼
αS-SO2
dt
7
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(17)

rev
KHCO

3

rev
RCSrev
DSS ¼ ρmDSS (1  β)CS

2

SO2
HS
4

rev
2
rev
KHS
 þ HS
KSO
2 þ SO4

(22)

4

where β CS and (1  β) CS are the respective concentrations
of ANME and DSS biomasses inside the consortium.
In the rate functions (19)–(22), the concentration of consortium CS is written instead of the biomass concentrations
of ANME and DSS. Now, in (7)–(10)
free
þ β CS
BANME ¼ BANME
free
BDSS ¼ BDSS
þ (1  β) CS

(23)
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For free-swimming biomasses the following equations
are used instead of (12):
free
d BANME

dt

¼ YANME

free
BANME

BANME

dt

¼ YDSS

free
BDSS

BDSS

(RANME þ

Rrev
ANME )

|

79.11

|

2019

Sulfur isotope fractionation factors αS and initial free-swimming biomass B0 of
ANME and DSS and consortia CS0 concentrationsa

Inﬂuent CH4 ¼ 3.3 mM

1
free
(Bin
 BANME
)
Tb ANME

1
free
(Bin  BDSS
)
Tb DSS

|

Inﬂuent

B0,

CS0,

sulfate, mM

mM

mM

αS

Figure 2

(RDSS þ Rrev
DSS )

free
þ
 kd DSS BDSS

Table 1

Process

free
þ
 kd ANME BANME
free
d BDSS

Water Science & Technology

7.4

ANME

2.2

1.035

DSS

2.2

1.035

ANME

7.5

1.018

DSS

7.5

1.018

Figure 3

(24)

The proportion of ANME and DSS in consortium (β) is
considered constant and used as one of the model’s parameters. Evidently, the possibility of sulfate molecules to
contact with cells in a consortium depends on the concentration of consortia CS. A mean distance between a typical
consortium and sulfate molecules decreases at higher CS.
Thus, it can be assumed that the value of fractionation
factor α will be lower at higher CS.
Both schemes of AOM þ SR are shown in Figure 1. All
numerical simulations were performed using the MATLAB
Software (MathWorks Inc. ). Values of the coefﬁcients
used in the model are presented in Table 1. Similar to
Vavilin et al. (), the model calibration process was

Inﬂuent CH4 ¼ 26 mM

7.0

Figure 4b
Inﬂuent CH4 ¼ 3.3 mM

7.4

1.5

ANME

1.2

1.04

DSS

1.0

1.04

Figure 5b
Inﬂuent CH4 ¼ 8 mM

7.0

3.5

ANME

2.0

1.024

DSS

1.4

1.024

Figure 6b
Inﬂuent CH4 ¼ 14 mM

7.0

7.0

ANME

2.4

1.023

DSS

1.8

1.023

Figure 7b
Inﬂuent CH4 ¼ 26 mM

6.5

7.5

ANME

3.0

1.022

DSS

2.1

1.022

Figure 8b
Inﬂuent CH4 ¼ 44 mM

9.0

12.0

ANME

3.5

DSS

2.4

1.018
1.018
1

Reversible reactions are not presented. In computer simulations, mol L
for concentrations.

units were used

a

In the model, in all ﬁgures for ANME and DSS the same biomass yield coefﬁcients
1

Y ¼ 0:05 mmol mmol

, the biomass decay coefﬁcients for ANME and DSS kd ANME ¼ 0

and kd DSS ¼ 0, the half-saturation coefﬁcients KCH4 ¼ 0:5 mM, KSO2 ¼ 0:5 mM,
4
KHCO3 ¼ 0:01 mM, KHS2 ¼ 0:001 mM, and the maximum speciﬁc biomass growth rate
1

μANME
¼ Y ANME ρANME
¼ 0:020 d
m
m

1

DSS ANME
and μDSS
ρm
¼ 0:018 d
m ¼Y

were used. Biomass

decay was not taken into account.
1

b
In Figures 4–8, consortium formation growth and decay coefﬁcients k ¼ 10 mM1 d
kd ¼ 10 d1 were used. The value of β ¼ 0.48 was used for consortium.

Figure 1

|

Two schemes of AOM-SR: traditional (a) and non-traditional with consortium of
ANME þ DSS (b).
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divided into two parts. First, calibration was performed for
non-isotopic data (methane, sulfate and hydrogen sulﬁde
dynamic curves). Second, the isotopic data (δ 34 S dynamic
changes in sulfate and hydrogen sulﬁde) were used in the
calibration process. The sulfur isotope signature is
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calculated using the next equation:
34S

Q=(Q  34S Q)
34S
1 ,
δ Q [‰] ¼
0:0112372

(25)

where 34S Q and Q are the concentrations of heavier and
total sulfur components, respectively.

RESULTS AND DISCUSSION
The conventional description of AOM-SR dynamics
Figures 2 and 3 demonstrate the system dynamics at low
(3.3 mM) and high (26 mM) inﬂuent methane concentrations. The model parameters are shown in Table 1. The
initial active biomass concentration (Figure 2(c)) is less
than the cell weight concentration (4:6 gDW L1 ) measured
by Deusner et al. (). As Td ¼ ln 2=μm (Td, biomass doubling time; μm, maximum speciﬁc biomass growth rate), the
biomass doubling time in the model is 35 d for ANME and
39 d for DSS. Concentrations of ANME and DSS are
slowly increasing during incubation (Figures 2(c) and 3(c)).
The concentration of intermediate product HS
2 is much
2
lower than the concentration of substrate (SO4 ) (Figures 2(b)
and 3(b)). Soon after the start, the hydrogen disulﬁde concentration reaches a steady-state value when the production of

Figure 2

|
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HS
2 becomes approximately equal to its consumption. It
can be concluded that AOM is the rate-limiting reaction
and the system dynamics is not in a true steady state due to
the continuous biomass accumulation (Figures 2(c) and 3(c)).
Deusner et al. () evaluated sulfur isotope fractionation in the reaction (1) using simple balance Equations (4)
and (5) that did not consider biomass. It was shown that
the smallest sulfur and oxygen isotope fractionation was
observed for the highest inﬂuent methane concentration
with the highest AOM-SR rate. In accordance with our
dynamic model that takes into account biomass accumulation, the sulfur isotope fractionation may occur in both
reactions of AOM and SR. In agreement with experimental
data, the dynamic model shows that the sulfur isotope fractionation factors are lower at higher inﬂuent methane
concentration (Figure 2(e) and 2(f), Figure 3(e) and 3(f)),
which corresponds to a higher biomass concentration.
When biomass accumulation was not considered, a relatively
high AOM rate at increasing of inﬂuent methane concentration cannot be obtained. The model demonstrates that
the system dynamics depends weakly on the ratio of S/C in
the biomass (not shown).
Correct measurement of active biomass concentration
in experiments is often problematic. Traditional models of
microbial dynamics are based on writing equations for the
consumption and production rates of different chemical

System dynamics of AOM-SR at a low inﬂuent methane concentration of 3.3 mM. Symbols: experimental data (Deusner et al. 2014); curves: traditional model. Panels: inﬂuent
(open symbols) and efﬂuent (asterisks) reagent concentrations. Curves: (a) efﬂuent methane concentration; (b) efﬂuent sulfate and hydrogen disulﬁde concentrations; (c)
efﬂuent biomass concentrations of free-swimming ANME and DSS; (d) efﬂuent hydrogen sulﬁde concentration; (e) efﬂuent isotope signatures (25) of sulfate; (f) efﬂuent isotope
signatures (25) of hydrogen sulﬁde. α – sulfur isotope fractionation factor. In the panels, the respective inﬂuent reagent concentrations used in the model are written (inﬂow).
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System dynamics of AOM-SR at a high inﬂuent methane concentration of 26 mM. Symbols: experimental data (Deusner et al. 2014); curves: traditional model. Panels: inﬂuent
(open symbols) and efﬂuent (asterisks) reagent concentrations. See caption to Figure 2.

and biological components and the concentrations of those
components. A decrease in biomass concentration is generally compensated for by an increase in the value of ρm to
have approximately the same substrate consumption and
product formation rates (similar model adequacy) in the
Monod functions (7)–(10). In accordance with the rate functions (7)–(10) of ANME and DSS, instead of the assumption
of biomass accumulation, the respective increase in the
maximum speciﬁc biomass growth rates μm of ANME and
DSS may be assumed. The model shows that experimental
data are described well without considering a reversible
character of AOM and DSS.
From the results presented in Figures 2 and 3 we can
postulate that different microbial species of ANME and
DSS can be responsible for the variability of αS . However,
this assumption is rather unlikely because the sulfur isotope fractionation factor proved to be the same for
ANME and DSS. Also, if the maximum biomass growth
rate of ANME is somewhat higher than that of DSS, the
concentration of ANME during a long incubation should
be higher than that of DSS. It is contradictory to the results
shown in Figures 2(c) and 3(c) with the same initial concentration of both biomasses. During sequential
incubations at the time interval between 46 and 117 days
(Deusner et al. ), in accordance with the model, a
high increase of the biomass concentrations of ANME
and DSS from 2.2 to 7.5 mM (Table 1) should be assumed
that is not possible with the biomass doubling time equal to
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35 d (ANME) and 39 d (DSS). Similar conclusions were
obtained from the other inﬂuent methane concentrations
of 8, 14.9, and 43 mM (not shown).
The biomass performing AOM-SR consists of active biomass, inactive or non-AOM-SR cells, extracellular polymeric
substances and carbonate precipitates (Michaelis et al. ;
Deusner et al. ). Very slow biomass growth rates with a
biomass doubling time (Td) up to a few months were
reported in a number of studies (Girguis et al. ; Nauhaus
et al. ; Wegener ; Orphan et al. ). For batch
experiments, biomass doubling time depends on the value
of the half-saturation constant KS for methane (Wegener
). Based on the Rayleigh equation, Holler et al. ()
showed that the isotope fractionation factors αC and αH
for δ13 CH4 =δ12 CH4 and δCDH3 =δ CH4 from duplicate
experiments were 1.012 and 1.12 (Hydrate Ridge: 12  C),
1.02 and 1.2 (Amon Mud Volcano: 20  C) and 1.036 and
1.34 (microbial mat from the Black Sea: 12  C), respectively.
For the microbial mat from the Black Sea, the highest fractionation factors αC and αH were obtained at lowest
speciﬁc methane consumption rate. Holler et al. ()
suggested that different microbial species could be responsible for the variability of αC and αH .
From the Monod functions (7)–(10), it should be noted
that, during calibration, a higher value of Td may be
obtained when lower values of μm were assumed. In that
case, during model calibration, higher values of initial biomass concentrations of ANME and DSS have to be used.
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The signiﬁcance of ANME þ DSS consortium in the
process of AOM-SR
Besides microbial species, diffusion limitation as well as
different reversibility in the enzymatic steps may affect
methane consumption rate, which, in turn, may lead to the
observed difference of isotope fractionation (Valentine
et al. ; Holler et al. ; Thauer ). Milucka et al.
() reported that ANME reduces sulfate to zero-valent
sulfur during methane oxidation while DSS gains energy
from disulﬁde disproportionation, and that AOM coupled
with SR becomes energetically more favorable if the disulﬁde produced is scavenged. Evidently, in the microbial
consortium of ANME þ DSS, the overall process has a low
energy output (Equation (1)) which is shared between
ANME and DSS. The model describing consortium formation shows that experimental data are described well
without considering a reversible character of AOM and
DSS.
Figures 4–8 demonstrate the system dynamics with the
formation of consortia at the different inﬂuent methane
concentrations and at the same rate constant k of consortium formation. The model parameters are shown in
Table 1. The speciﬁc biomass growth rates of ANME and
DSS are assumed to be similar to those used in Figures 2
and 3. In the model, a single isotope fractionation factor

Figure 4
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is used for ANME and DSS. A process of AOM-SR stops
at CS ¼ 0 (not shown). The biomass concentrations of
free-swimming ANME and DSS are signiﬁcantly less for
the non-traditional model (18) than for the model not considering the formation of consortia (compare Figures 7(c)
and 3(c)). The model demonstrates that the increasing concentration of consortia is adjusted to the current values of
biomass concentrations of ANME and DSS (not shown).
The concentration of product (HS ) as well as its isotope
signature (δ 34 S-HS ) increases at the higher inﬂuent
methane concentration.
The formation rate of the ANME þ DSS consortia which
is much higher than the biomass growth rates of freeswimming microorganisms is signiﬁcantly higher at higher
inﬂuent methane concentration (compare part (c) of
Figures 4–8) causing a strong decrease of the current
concentration of HS
2 (part (b), Figures 4–8). In accordance
with the model, AOM is the rate-limiting stage in the total
process of AOM-SR, where the inﬂuent concentration of
dissolved methane was signiﬁcantly increased from 3.3
to 44 mM, while the inﬂuent concentration of sulfate
was only in the range from 6.5 to 9.0 mM. Evidently, a
limitation in sulfate concentration decreases the rate of
AOM (Equations (7) and (19)).
The greater is the concentration of microbial consortia,
the smaller the average distance between microorganisms

System dynamics of AOM-SR at the inﬂuent methane concentration of 3.3 mM. Symbols: experimental data (Deusner et al. 2014); curves: non-traditional model that takes into
account consortium formation. Panels: inﬂuent (open symbols) and efﬂuent (asterisks) reagent concentrations. Curves: (c) consortium CS and free-swimming ANME and DSS
concentrations; curves of other panels are as given in caption to Figure 2.
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System dynamics of AOM-SR at the inﬂuent methane concentration of 8 mM. Symbols: experimental data (Deusner et al. 2014); curves: non-traditional model that takes into
account consortium formation. Panels: inﬂuent (open symbols) and efﬂuent (asterisks) reagent concentrations. See captions to Figures 2 and 4.

Figure 6

|

System dynamics of AOM-SR at the inﬂuent methane concentration of 14.9 mM. Symbols: experimental data (Deusner et al. 2014); curves: non-traditional model that takes into
account consortium formation. Panels: inﬂuent (open symbols) and efﬂuent (asterisks) reagent concentrations. See captions to Figures 2 and 4.


and sulfur-containing molecules (SO2
4 , HS2 ). This fact, in
turn, because of diffusion, may lead to the lower sulfur isotope fractionation. According to Deusner et al. (), at
the lowest inﬂuent methane concentration (1.4 ± 0.6 mM)
a high scatter in the isotope signature values was observed.
Taking into account that in this case the concentration
of consortia was lowest, quite different consortium
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concentrations may be in the different samples taken from
non-perfect mixing solution.
It should be noted that at a very low concentration of
HS
2 a variation of the isotope fractionation factor for
SR is not important while the isotope fractionation factor
for AOM has a dominant effect on the sulfur isotope
dynamics.
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System dynamics of AOM-SR at the inﬂuent methane concentration of 26 mM. Symbols: experimental data (Deusner et al. 2014); curves: non-traditional model that takes into
account consortium formation. Panels: inﬂuent (open symbols) and efﬂuent (asterisks) reagent concentrations. See captions to Figures 2 and 4.

Figure 8

|

System dynamics of AOM-SR at the inﬂuent methane concentration of 43 mM. Symbols: experimental data (Deusner et al. 2014); curves: non-traditional model that takes into
account consortium formation. Panels: inﬂuent (open symbols) and efﬂuent (asterisks) reagent concentrations. See captions to Figures 2 and 4.

CONCLUSIONS

•

Two dynamic models of reversible methane oxidation
by ANME and sulfate reduction by DSS, that took
into account biomass growth and included sulfur
isotope variables without and with formation of

Downloaded from http://iwaponline.com/wst/article-pdf/79/11/2056/620048/wst079112056.pdf
by guest

microbial consortia, were developed to describe
Deusner’s experimental data of continuous-ﬂow
laboratory incubations. In both the models, if biomass
was not considered, relatively high AOM rate at a
higher inﬂuent methane concentration could not be
obtained.
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Disulﬁde formation as an intermediate product during
AOM and SR is considered in the models based on the
stoichiometry with sulfur element. The models predict
that the concentration of intermediate product HS
2 is
2
much less than that of SO4 . It can be concluded that
AOM is the rate-limiting reaction and the system
dynamics is not in a true steady state due to continuous
biomass accumulation. Similar sulfur isotope fractionation occurred in both reactions of AOM and SR.
In the models, the biomass doubling time of ANME and
DSS is equal to 35d and 39d, respectively. ANME and
DSS are slowly growing microorganisms. The models
demonstrate that the dynamics of the system is marginally affected by the ratio of S/C in biomass and that
introduction of reversibility of the AOM and SR reactions
cannot improve the model ﬁt to experimental data.
A dynamic model of AOM-SR that considers a formation of
consortia of ANME þ DSS is proved to be more appropriate
to describe system dynamics. In accordance with the model,
the system dynamics may be interpreted as a signiﬁcant
increase in the concentration of ANME þ DSS consortia at
a higher inﬂuent methane concentration, which may lead
to lower sulfur isotope fractionation factors due to the shorter
average distance between microbial consortia of ANME þ

DSS and the respective sulfur substrates (SO2
4 , HS2 ).
Finally, it should be noted that, despite the offered dynamic
model being rather complex, it substantially reduces the
overall complexity of reactions involved in AOM and SR,
highlighting the most critical steps. Obviously, the set of parameters used in our model is not unique, as some of the
parameters mutually inﬂuence each other. For example, in
order to ﬁt the model, higher initial concentrations of
microorganisms can be compensated for by a decrease of
their maximum speciﬁc growth rates. Although a ‘correct’
description of the microbial consortium formation needs
knowledge of the actual ratio of ANME and DSS biomasses,
changes in the value of this parameter within reasonable
limits would not affect the major conclusion done on the
basis of our model that the fractionation of sulfur isotopes
in the course of AOM-SR is inversely proportional to the
rate of formation of ANME þ DSS consortia which
coincides with an increase of the total reaction rate.
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