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Abstract Effluents of anaerobic digesters are an under-
estimated source of greenhouse gases, as they are often
saturated with methane. A post-treatment with methane-
oxidizing bacterial consortia could mitigate diffuse emis-
sions at such sites. Semi-continuously fed stirred reactors
were used as model systems to characterize the influence of
the key parameters on the activity of these mixed
methanotrophic communities. The addition of 140 mg L−1

NH4
+–N had no significant influence on the activity nor did

a temperature increase from 28°C to 35°C. On the other
hand, addition of 0.64 mg L−1 of copper(II) increased the
methane removal rate by a factor of 1.5 to 1.7 since the
activity of particulate methane monooxygenase was en-
hanced. The influence of different concentrations of NaCl
was also tested, as effluents of anaerobic digesters often
contain salt levels up to 10 g NaCl L−1. At a concentration
of 11 g NaCl L−1, almost no methane-oxidizing activity was
observed in the reactors without copper addition. Yet,
reactors with copper addition exhibited a sustained activity

in the presence of NaCl. A colorimetric test based on
naphthalene oxidation showed that soluble methane mono-
oxygenase was inhibited by copper, suggesting that the
particulate methane monooxygenase was the active enzyme
and thus more salt resistant. The results obtained demon-
strate that the treatment of methane-saturated effluents,
even those with increased ammonium (up to 140 mg L−1

NH4
+–N) and salt levels, can be mitigated by implementa-

tion of methane-oxidizing microbial consortia.
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Introduction

Effluents of anaerobic digester installations are often over-
saturated with methane (Hartley and Lant 2006). When
treating low-strength wastewaters, up to 25% of the
produced methane is lost in the effluent (Cakir and
Stenstrom 2005; Hartley and Lant 2006). It is important to
control these methane (CH4) emissions, as this greenhouse
gas is 23 times more effective at trapping heat than carbon
dioxide (CO2) (IPCC 2001). Methane-oxidizing consortia
could be used to mitigate methane-saturated effluents.
Methane-oxidizing bacteria (MOB) or methanotrophs form
a unique group of Gram-negative bacteria that are able to use
methane as their only source of carbon and energy (Anthony
1982; Hanson and Hanson 1996). The MOB can be
subdivided in three major groups. The low-concentration
methanotrophs (LCM), also referred to as type I methano-
trophs, belong mostly to the γ-proteobacteria and are found
under normal atmospheric conditions (Dunfield et al. 1999).
The high concentration methanotrophs (HCM), also referred
to as type II methanotrophs, are mostly α-proteobacteria,
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which are abundant at concentrations above 100–1,000 ppmv
CH4 (Bender and Conrad 1992). A smaller third group, also
referred to as type X methanotrophs, combines the features
of the former groups (Hanson and Hanson 1996). Growth
factors such as micro- and macronutrients, gas concentra-
tions, and physical parameters have an important influence
on the activity and growth rate (Begonja and Hrsak 2001;
Bender and Conrad 1995; Scheutz et al. 2009). Generally,
MOB have the highest activity in a pH range between 6 and
7 and a temperature range between 25°C and 35°C (Hanson
and Hanson 1996; Scheutz et al. 2009; Whittenbury et al.
1970). Although nitrate is commonly used as nitrogen
source in growth media for methanotrophs, ammonium can
be an alternative. However, it is still unclear which
concentrations of ammonium have a stimulating or inhib-
itory effect on the activity (Bodelier and Laanbroek 2004;
Nyerges and Stein 2009).

MOB possess two methane-oxidizing enzyme systems: the
particulate methane monooxygenase (pMMO), present in
most LCM and HCM, and the soluble methane monooxyge-
nase (sMMO), only present in some HCM (Dalton 2005;
Hanson and Hanson 1996). The similarity between those
methane-oxidizing enzyme systems is low, although they
perform the same task, i.e., oxidizing methane (Dalton
2005). The soluble form, sMMO, has a non-heme diiron
active site (Merkx et al. 2001). This cytoplasmic enzyme is
mostly found in HCM under copper-limiting growth
concentrations up to 0.06 mg Cu(II) L−1 (Jahng and Wood
1996; Koh et al. 1993). The pMMO, which has only been
studied to a limited extent, has a copper active site
(Balasubramanian and Rosenzweig 2008; Dalton 2005).
pMMO is the only active methane monooxygenase above
a concentration of 0.52 mg Cu(II) L−1 (Hakemian and
Rosenzweig 2007). In between these values, a gradual
switch between both enzymes is observed (Hakemian and
Rosenzweig 2007; Shah et al. 1992). The differential
expression of both enzyme systems is thus controlled by
the copper concentration. However, the exact mechanism of
this “copper switch” is still not known (Begonja and Hrsak
2001; Hakemian and Rosenzweig 2007).

The responses to elevated salt concentrations remain
subject of discussion. Gulledge and Schimel (1998) and
Whalen (2000) came to the conclusion that the inhibitory
effect of ammonium on methane oxidation was due to Cl−,
the counter ion of NH4

+. De Visscher and Van Cleemput
(2003) observed a high chloride sensitivity for soil HCM.
Other authors found no growth inhibition for 135 meth-
anotrophic strains in a medium with 10 g NaCl L−1

(Bowman et al. 1993).
Most research in the field of MOB focuses on soil

processes. Up till now, tests with bioreactors were mostly
performed with axenic cultures. Yet, methanotrophs are
more active when grown in communities together with

other bacteria (Begonja and Hrsak 2001; Helm et al. 2006).
The aim of this study was to examine the influence of
copper and salt addition on the methane oxidation activity
in mixed communities. Moreover, the effect of temperature
and nitrogen source was investigated. The outcomes of this
study provide a first attempt towards process development
for a methane-oxidizing bioreactor.

Materials and methods

Sampling and enrichment

As sources for MOB, samples were taken on sites expected to
contain an active and abundant methanotrophic community:
an anaerobic sludge effluent tank, an open pig manure
container, the top of a composting heap, an effluent vessel
of an anaerobic digester, a water sample out of a vessel with
rotting plant material, and a soil sample. MOB were enriched
in each sample: They were inoculated separately in nitrate
mineral salts medium (NMS), without copper addition
(Whittenbury et al. 1970). The enrichment cultures were
placed on a shaker (120 rpm) during 10 days under standard
conditions (28°C, pH7, 20% (v/v) methane in air). Therefore,
airtight bottles, with a volume of 1,150 mL were used
(Schott AG, Mainz, Germany), which were closed with a
rubber butyl stopper (Ochs GmbH, Bovenden, Germany).

Experimental setup to assess the influence of temperature,
nitrogen source, and copper addition (test 1)

The enriched cultures were added in equal volumes (1% in
total) to four identical airtight bottles of 1,150 mL. The
latter were filled with 400 mL NMS medium and were
placed on a shaker at 120 rpm (28°C, pH7, 20% (v/v)
methane in air). However, one parameter was altered for
each reactor. Reactor A was kept under the standard
conditions as mentioned before. Reactor B was placed at
a higher temperature of 35±1°C. In reactor C, the nitrate
was replaced by ammonium (140 mg NH4

+–N L−1), which
can be used as alternative nitrogen source for methano-
trophs. To reactor D, 0.64 mg Cu(II) L−1 was added as
CuSO4, as this can be assumed to stimulate the expression
of pMMO (Shah et al. 1992).

After each cycle of 70 h, half of the well-mixed liquid
phase was replenished with freshly made medium.
Hence, the hydraulic retention time (HRT) and sludge
retention time (SRT) were both 140 h. The addition of
new medium was performed under non-sterile conditions.
The reactors were open for at least 30 min, which
allowed the gas phase to equilibrate with the outside air.
A volume of 150 mL of methane (99.95% pure, Air
Liquide, Luik, Belgium) was then added to the closed
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reactors. During the whole test, the pH of all reactors
remained in the range of 6 to 7, which is optimal for
most methanotrophs (Hanson and Hanson 1996).

Experimental setup to assess the influence of a higher
copper concentration (test 2)

Enrichment and inoculation was identical to test 1. Six
reactors were placed under the standard conditions of test
1 (28°C, shaker at 120 rpm, NMS medium without
copper addition). However, to three of them, 0.64 mg L−1

Cu(II) was added. Half of the medium was replenished
after 46 h (one cycle), unless there was still more than 4%
(v/v) oxygen present in the reactor. This gives a HRT and
SRT of 92 h. From cycle7 on, NaCl (Normapur, VWR,
Leuven, Belgium) was added to the reactors at different
concentrations. As a control, reactors without salt addition
were maintained as in the previous cycles. After 16 cycles,
half of the medium of each reactor was replaced as
mentioned before. Then, they were autoclaved (20 min,
121°C, 1 bar). The airtight bottles were cooled down to
room temperature and placed on a shaker, while new
methane was added. The methane oxidation rate was
followed up during 9 days.

Gas composition analyses

For every cycle, a gas sample was taken right after the
addition of methane, after 1 day and at the end of each
cycle, by use of a gastight syringe (Hamilton, Sigma
Aldrich, Bornem, Belgium). Samples were stored in
vacutainers, under atmospheric pressure (Labco limited,
Buckinghamshire, UK). Gas phase analyses were per-
formed with a Finnigan Trace GC Ultra (Thermo Fisher
Scientific, Zellik, Belgium). CH4 concentrations were
measured with a flame ionization detector, while CO2 and
O2 were measured with a thermal conductivity detector.
The methane oxidation rate (MOR) was expressed as the
chemical oxygen demand of methane (CH4-COD) over
time. The COD value of methane is 4 mg COD mg−1 CH4.

Anion concentrations and pH

At the end of each cycle, samples were taken for further
analysis. Filtered samples (0.45-µm filter, Millipore, Brus-
sels, Belgium) were analyzed for Cl−, NO3

−, NO2
−, SO4

2−,
and PO4

3−, by means of an 761 Compact Ion Chromato-
graph, equipped with a conductivity detector (Metrohm,
Zofingen, Switzerland). Ammonium concentrations were
determined by means of steam distillation, according to
Greenberg et al. (1992). The pH was determined with an
SP10B pH electrode, connected to a C532 multimeter
analyzer (Consort, Turnhout, Belgium).

Biomass assessment

To correlate the methane oxidation and biomass growth, the
latter was followed up by measuring the COD content in
the water phase at the beginning and end of each cycle,
according to Bullock et al. (1996). This analysis was
performed with a kit, based on spectrophotometry (Hanna
Instruments type HI 93754B-25 MR, Temse, Belgium). In
test 2, cell dry weight (CDW) was assessed based on a
determination of total solids and volatile solids according to
Greenberg et al. (1992). To correlate both methods,
simultaneous tests were done on all types of the ongoing
reactors.

Naphthalene oxidation assay

A slightly modified version of the naphthalene oxidation
assay of Brusseau et al. (1990) was used to quantitatively
measure the sMMO activity. A crystal of naphthalene was
added to 25-mL cell suspension and incubated at 28°C on a
shaker for 2 h. After incubation, 250 μL of freshly prepared
tetrazotized-o-dianisidine solution (1.0 gL−1) was added to
each test tube, and the formation of a colored diazo-dye was
immediately monitored by recording the absorbance at a
wavelength of 525 nm via spectrophotometry, as described
by Koh et al. (1993). The protein content of the cell
suspension was determined by the total protein kit of Sigma
Aldrich (Bornem, Belgium) after lysis of the cells. The
specific activity of sMMO is expressed as nanomoles of
naphthol formed, per milligram of cell protein per hour.

Statistical analyses

Statistical analysis was performed with SPSS for Windows,
version 15 (SPSS Inc., Chicago, IL, USA). Linear
regression and ANOVA were performed, after tests for
homogeneity and normal distribution. A significance level
of 0.05 was used (LSD).

DNA extraction, polymerase chain reaction amplification,
and DGGE analysis

In test 2, samples were taken from the reactors, respectively
after 1, 6 (just before salt addition), and 15 cycles and
stored at −20°C. DNA extraction was performed according
to Boon et al. (2000). Gel electrophoresis was performed to
check if DNA was present. As low-concentration methano-
trophs are not assumed to play an important role in the total
activity (Henckel et al. 2000), primers specific for the high
concentration methanotrophs were chosen (Bodelier et al.
2005). These primers target a large part of the type II MOB
diversity and allow detection of Methylosinus and Methyl-
ocystis species. Fragments of the 16S rRNA gene fragment
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were amplified using nested polymerase chain reaction
(PCR), according to Bodelier et al. (2005). The total
amount of cycles was lowered to 15 and 25 respectively
for the first and second round. An INGENY phorU2X2
DGGE-system (Goes, The Netherlands) was used for
running 8% (w/v) polyacrylamide DGGE gels with a
denaturating gradient ranging from 40% to 60% (Bodelier
et al. 2005). The obtained DGGE patterns were subse-
quently processed, using Bionumerics software version 5.1
(Applied Maths, Sint-Martens-Latem, Belgium).

Results

Effect of temperature, ammonium, and copper
on the methane oxidation activity

In test 1, four reactors with the same inoculum were
incubated under different conditions: (A) a control reactor
at 28°C, (B) a reactor at an elevated temperature (35°C),
(C) a reactor with ammonium as nitrogen source (28°C),
and (D) a reactor with Cu(II) addition (0.64 mg Cu(II) L−1,
28°C). For reactors A, B, and D, NMS medium was used.
In reactor C, NO3

−–N was replaced by the same concen-
tration of NH4

+–N (140 mg L−1).
There was no significant difference in methane oxidation

activity observed between the reactors under the different
conditions of N source or temperature (reactors A, B, and C).
From cycle 4 on, the average MOR of these three reactors was
393±109 mg CH4-COD L−1 day−1 (Table 1). This was
observed for 11 consecutive cycles. The average biomass
growth, expressed as CDW, also stabilized from the fourth
cycle on, with an average value of 162±17 mg CDW-COD
L−1 cycle−1. The average growth yield of these reactors was
0.25±0.04 g CDW-COD g−1 CH4-COD. The pH value over
the whole test period was 6.4±0.2 for all three reactors. The
average nitrogen consumption of the three reactors was 18±
4 mg N L−1 per cycle (70 h). In most cases, the nitrite

concentration was lower than 2 mg NO2
−–N L−1. In the

reactor with NH4
+ as N donor, NO3

−–N and NO2
−–N

concentrations stayed below the detection limit (1 mg
NO2

− L−1).
In reactor D, the methane-oxidizing activity was signif-

icantly influenced by a copper(II) addition of 0.64 mg Cu
(II) L−1 (p≤0.001). The average oxidation rate of 582±
109 mg CH4-COD L−1 day−1 was a factor of 1.5 higher
than the average of the other three reactors. Nevertheless,
this higher activity had no significant effect on the biomass
growth nor growth yield (Table 1). The final gas concen-
tration at the end of each cycle did not differ significantly
between the four tested reactors. At the end of each cycle,
oxygen levels dropped to values lower than 1% (v/v). The
gas phase concentration of methane and carbon dioxide at
the end of each cycle was 4.2 ± 1.1% and 5.3±1.2% (v/v),
respectively. During a cycle of 70 h, on average, 861±
144 mg CH4-COD L−1 was oxidized.

Effect of copper on the methane oxidation activity
and the microbial community

To confirm the influence of copper addition on the methane
oxidation activity, a new test was performed. In test 2, six
reactors were set up as before. In three of them,
0.64 mg L−1 copper was supplemented; the other three
reactors served as controls without copper addition. During
the first 96 h after inoculation, the biomass concentration
increased from less than 22 to 231±45 mg CDW-COD L−1,
without significant differences between the reactors (p<
0.05). From the second cycle on, the average biomass
growth was stable, with average values of 200±9 and 237±
42 mg CDW-COD L−1 cycle−1 for the reactors without and
with copper, respectively (Table 2). There was no signifi-
cant difference in growth yield, nor C/N ratio, between the
reactors with and without copper addition (Table 2). The
activity was a factor of 1.7 higher in the reactors with
copper addition. An average oxidation rate of respectively
452±79 (without copper) and 755±40 (with copper) mg
CH4-COD L−1 day−1 was found over the last five cycles
(Table 2). The methane concentration after 46 h was
generally around 3.5% (v/v) for the reactors with copper
addition, while the oxygen level dropped below 0.5% (v/v).
The reactors without copper addition did not reach these
low levels after 46 h. There was still about 2% (v/v) oxygen
and 5% (v/v) of methane present in the gas phase.

No sMMO was detected in the reactors with copper
addition. For the reactors without copper addition, a naphtha-
lene oxidation rate of 121±26 nmol mg−1 protein h−1 was
observed.

Changes in the HCM composition of the reactors were
evaluated by means of DGGE analysis (Fig. 2). After six
cycles, different methane-oxidizing species became domi-

Table 1 Influence of the addition of 0.64 mg Cu(II) L−1 on the
average and maximum MOR (mg CH4-COD L−1 day−1) during the
first day of each cycle, the biomass growth (mg CDW-COD L−1

cycle−1), the growth yield (mg CDW-COD mg−1 CH4-COD), and pH
during test 1, over 11 consecutive cycles

No Cu(II) With Cu(II)

Average methane-oxidizing activity 393±109 582±109

Maximum methane-oxidizing activity 703±89 1053

Biomass growth 162±17 225±23

Growth yield 0.25±0.04 0.26±0.03

pH 6.4±0.2 6.3±0.2

For the reactors without copper, the average values of reactors A
(control), B (35°C), and C (NH4

+ –N) are given
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nant in the reactors with and without copper respectively,
which is reflected in a low Pearson correlation of less than
60%. The communities in the reactors with the same
treatment were similar to a high extent, with a Pearson
correlation in all cases higher than 80%.

Effect of salt addition on the methane oxidation activity
and the microbial community

Addition of 7 g NaCl L−1 to the reactors of test 1 did not
result in a significant decrease of activity. However, an
addition of 8.5 g NaCl L−1 resulted in a decreased MOR in
all four reactors. The activity decreased with a factor of 4 in
the reactors without copper(II) addition, where it lowered
only with a factor of 2 in the reactor with copper(II)
addition. This salt concentration was also tested in the
reactors of test 2. Addition of 8.5 g NaCl L−1 lowered the
MOR to the same extent as in test 1 (Fig. 1). From the eight
cycles on, the sodium chloride concentration was increased

again, to a final value of 11.2±0.5 g NaCl L−1. This led to a
decrease in activity in all the reactors. The highest decrease
was observed in the reactors without copper(II) addition.
The activity of the latter was a factor of 10 lower, with an
average MOR of 39±12 mg CH4-COD L−1 day−1,
immediately after the salt addition. The MOR was lower
than 60 mg CH4-COD L−1 day−1 during the first 10 days
following the salt addition. Moreover, one of the reactors
did not show any oxidation during those 10 days. After this
period, these reactors showed an increasing performance
with a maximum oxidation rate of 439±59 mg CH4-COD
L−1 day−1. However, the activity of these reactors showed a
large variation.

The decrease in activity was less in the reactors with copper
addition. The MOR decreased 41%, from 715±11 to 422±
180 mg CH4-COD L−1 day−1 when 8.5 g NaCl L−1 was
added (cycle 8). In the next cycle (cycle 9), the MOR
dropped to 241±168 mg CH4-COD L−1 day−1 (Fig. 1).
However, in the following cycles, these reactors showed a

Table 2 Influence of the addition of 11.2 g NaCl L−1 salts on the average (cycles11 to 16) and maximum MOR (mg CH4-COD L−1 day−1), the
biomass growth (mg CDW-COD L−1 cycle−1), the C/N ratio (mg NO3

−–N mg−1 CDW-COD), and the sMMO activity (nmol mg−1 protein h−1),
for the reactors with and without 0.64 mg Cu(II) L−1 during test 2

No Cu(II) With Cu(II)

No NaCl With NaCl No NaCl With NaCl

Average methane-oxidizing activity 452±79 177±111 755±40 396±95

Maximum methane-oxidizing activity 549±46 439±114 1147±19 474±61

Biomass growth 134±9 122±13 159±28 162±10

C/N ratio 20±4 17±5 17±4 17±4

sMMO 120 111 Not detected Not detected

Table 2 Influence of the addition of 11.2 g NaCl L−1 salts on the
average (cycles11 to 16) and maximum MOR (mg CH4-COD L−1

day−1), the biomass growth (mg CDW-COD L−1 cycle−1), the C/N

ratio (mg NO3
−–N mg−1 CDW-COD), and the sMMO activity

(nmol mg−1 protein h−1), for the reactors with and without 0.64 mg
Cu(II) L−1 during test 2

Fig. 1 The influence of salt
addition on the methane oxida-
tion rate of reactors without
(filled circles) and with (empty
circles) copper addition
(0.64 mg L−1) during test 2. The
average MOR (mg CH4-COD
L−1 day−1) and the standard
error were calculated for the first
day of each cycle. During the
seventh cycle, the concentration
of NaCl was 8.5 gL−1. From
cycle 8 on, the NaCl concentra-
tion was 11.2 L−1
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stable performance between 325 and 475 mg CH4-COD L−1

day−1, with a maximum of 474±61 mg CH4-COD L−1 day−1

in the eighth cycle after the first salt addition (cycle 14)
(Fig. 1).

The salt addition had no influence on the nitrogen
demand. However, in the reactors with copper addition,
nitrite concentrations up to 40 mg NO2

−–N L−1 were
detected. The increase of the nitrite concentration corre-
sponded with the decrease in the nitrate level.

There was no significant difference in biomass growth
between the reactors with and without salt addition nor
between the reactors with and without copper (Table 2).
When the cell dry weight was compared with COD
measurements, a ratio of 1.49±0.12 mg COD mg−1 CDW
was found for samples with, as well as without salt
addition. The growth yield was independent of the copper
and salt concentration and was on average 0.22 mg CDW-
COD mg−1 CH4-COD. The salt addition altered all HCM
communities to a large extent. In all reactors, expression of
new DGGE bands was observed. The dominant HCM
species before salt addition were less abundant after nine
cycles of higher salt concentrations, while other HCM
species became dominant (Fig. 2).

From cycle 17 on, the concentration of salt was adjusted
to 30 g NaCl L−1. During the test period of 10 days, the

MORs were in all reactors below 50 mg CH4-COD L−1

day−1. No methane oxidation could be detected after heat
killing the active communities.

Discussion

In this study, efforts are made to identify important
parameters that affect methane-oxidizing microbial systems,
applicable for the treatment of methane containing effluents.
It was found that the MOR was not influenced by either
increased temperature, or by the presence of exogenous
ammonium supplementation. The addition of copper or
NaCl, however, had a significant influence on the MOR.

The influence of temperature and ammonium

A temperature increase from 28° to 35°C did not
significantly affect the activity or growth rate of the
MOB. It has been reported that most methane-oxidizing
bacteria have an optimal temperature of 30°C, which
explains why an increase to 35°C was not accompanied
by a higher activity (Park et al. 2005; Scheutz and Kjeldsen
2004). Consequently, treatment of effluents in the range
between 28°C and 35°C should not give problems.

Fig. 2 Changes in DGGE patterns of the HCM community, in the
different reactors of test 2, resulting from the addition of copper and/or
salts. DGGE clustering was performed, based on the Pearson
correlation (given as a percentage). The reactor samples are labeled

as follows: inoculum (in triplicate), without Cu(II) (O1 to O3), and
with Cu(II) (C1 to C3), after one cycle without salt (cyc1), after six
cycles without salt (cyc6), and 15 cycles (nine cycles with salt
addition) (cyc15)
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Changing the nitrogen source from nitrate to ammonium
also had no significant influence on the MOR. This result
contrasts with those reported by other research groups, who
observed inhibition of methane oxidation at ammonium
levels of 140 mg N L−1 (Begonja and Hrsak 2001; Hanson
and Hanson 1996; King and Schnell 1998; Nyerges and
Stein 2009). These conflicting observations suggest that
more insight is needed into the specific effects that
ammonium has on the microbial methane oxidation
process, especially in mixed culture conditions.

The communities in the different reactors behaved
similarly under the different environmental conditions.
Hence, stable methane-oxidizing communities were pres-
ent. This was confirmed by DGGE analysis and the
presence of active sMMO (Fig. 2). These communities
reached a stable MOR after a start-up period of less than
72 h (Table 1). The observed activity, growth yield, and
nitrogen consumption were similar to previously described
methanotrophic–heterotrophic communities and confirm
the presence of high MOB activity in mixed communities
(Helm et al. 2006; Hrsak and Begonja 2000; Melse and Van
der Werf 2005). The used semi-continuous model system
seems a good model for methane-oxidizing bioreactors
since the removal rates were similar (Melse and Van der
Werf 2005).

It can be assumed that LCM only have a small share in
the methane-oxidizing activity, as it is known that they are
outcompeted by the HCM under high methane concen-
trations (> 1% (v/v) CH4) (Amaral and Knowles 1995;
Hanson and Hanson 1996). Moreover, fluorescent in situ
hybridization revealed that only a small amount of LCM was
present in the microbial community (data not shown). The
methane concentration at the end of each cycle was, in
agreement with the results of all tested reactors, never lower
than 3.5% (v/v). It seems that the observed oxygen
concentration of 0.5% (v/v) at the end of most cycles was
the lowest oxygen level that allowed methane oxidation.
This is in agreement with other authors, who found
maximum rates of methane oxidation in a range of 0.45%
to 20% (v/v) O2 (Henckel et al. 2000; Wilshusen et al. 2004).

The influence of copper

Copper had a significant positive effect on the MOR. The
addition of 0.64 mg Cu(II) L−1 increased the average
oxidation rate in test 2 by a factor of 1.7 to 755±40 mg
CH4-COD L−1 day−1 (Table 2). This is slightly more than
reported in studies with axenic methanotrophic cultures,
where a factor of 1.2 to 1.5 has been found (Begonja and
Hrsak 2001; Joergensen and Degn 1987). Oxygen became a
limiting factor for growth before the end of each cycle.
Therefore, the higher methane oxidation rate after copper
addition did not lead to a significantly higher biomass

concentration at the end of each cycle. However, no
conclusions can be made about the specific growth yield
of the methane-oxidizing bacteria, as only the biomass
growth of the whole bacterial community was measured.

The addition of copper had a distinct effect on the HCM
community. DGGE analyses of test 2 revealed that the
profiles of replicate treatments were very similar throughout
the entire test period, although there was no direct cross-
inoculation (Fig. 2). In contrast, copper(II) addition had a
distinctive selective power, as it shifted the HCM commu-
nity to an important extent. Moreover, the copper addition
had an influence on the MMO enzymes. No sMMO activity
was detected in the reactors with copper addition. The latter
is in agreement with former observations, where a
concentration of 0.64 mg Cu(II) L−1 had an inhibitory
effect on sMMO expression while stimulating the pMMO
expression (Hakemian and Rosenzweig 2007; Jahng and
Wood 1996; Shah et al. 1992).

The influence of salt addition

The addition of NaCl up to a concentration of 7 g NaCl L−1

had no significant influence on the MOR. However, a
concentration of 8.5 g NaCl L−1 led to a decrease in
methane-oxidizing activity in all reactors. Immediately after
the addition of 11.2 g NaCl L−1, the reactors without copper
(II) showed almost no activity (< 50 mg CH4-COD L−1

day−1) for 10 days (Fig. 1). These results are in agreement
with Schnell and King (1996), who found a 35% lower
methane oxidation rate when a salt concentration of 10 g
NaCl L−1 was amended to the HCM Methylosinus tricho-
sporium OB3b, although these results contrast with the
results of Bowman et al. (1993), who did not observe a high
sensitivity for NaCl, when using a rapid titer tray method.

Interestingly, the MOR remained above 250 mg CH4-
COD L−1 day−1 in the reactors which received both copper
and NaCl (11.2±0.5 gL−1). The different response to
increased salt concentrations could be a result of either
community and/or enzyme level effects. At the community
level, a population shift was seen during the cycles without
salt addition. It is possible that a fortuitous selection took
place towards more salt tolerant species. This, however,
appears unlikely, as the dominant HCM species before and
after salt addition were completely different (Fig. 2).
Moreover, since no significant activity was seen at a
concentration of 30 g NaCl L−1, it is clear that truly
halophilic methanotrophs were not present in considerable
amounts. However, over time, the fact that methane-
oxidizing activity recovered partly in all reactors (Fig. 1)
suggests that salt tolerant species were enriched and became
more abundant, as shown by DGGE analysis.

The fast decrease in activity after salt addition is
probably due to differences at the enzyme level. The
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immediate effect of the salt addition clearly correlated with
the copper concentration (Table 2). As copper is the key
element in the expression of both sMMO and pMMO, the
differential effect of salt on reactor performance could be
related to the type of methane monooxygenases present in
the different reactors: The reactors without copper were
enriched with methanotrophs that showed sMMO activity,
whereas the reactors with added copper addition did not
show any sMMO activity. As the only other enzyme in
MOB known to oxidize methane with such a high rate is
pMMO, the MOB in these reactors appear to have pMMO
as the active methane monooxygenase (Begonja and Hrsak
2001; Hakemian and Rosenzweig 2007; Shah et al. 1992).
This suggests that sMMO and pMMO possess different
sensitivities towards NaCl. To our knowledge, these
findings have not previously been reported and need to be
confirmed by means of pMMO and sMMO expression
assays. However, they are consistent with the work of
Trotsenko and Khmelenina (2002), who found that only
two of the 30 salt-resistant methanotrophs they analyzed
produced sMMO. This difference in sensitivity can also be
due to the different locations of the monooxygenase
enzymes in the bacterial cells, rather than the intrinsic
tolerance of the enzyme itself. pMMOs are embedded in
intraplasmatic membranes, which might offer protection
against the increased salt concentrations, where sMMOs
have less osmotic protection in the cytoplasm (Colby et al.
1977; Dalton 2005). If location is more important than
enzyme structure itself, then the difference in sensitivity
might also extend to other types of salts or solutes.

After ten cycles with salt addition, the MORs were still a
factor of 2 lower than the controls. It has been reported that
bacteria use additional energy to regulate their metabolism
under hyperosmotic conditions (Csonka 1989). That could
lead to a lower bacterial activity. The formation of nitrite
could also be a reason for the lower activity. Nitrite
concentrations up to 40 mg NO2

−–N L−1 were observed
in the reactors where copper(II) and salt were amended.
Although the reason for the high nitrite concentration is
unknown, similar levels of nitrite have been shown to
reduce the methane oxidation activity of at least three
axenic MOB strains (Nyerges and Stein 2009).

The findings of this work provide a first attempt for
optimizing microbial methane removal systems. The max-
imum MOR achieved was 280 mg CH4 L

−1 reactor day−1.
As the maximum solubility of methane in water is 26 mg
CH4 L−1 (22°C) (Melse and Van der Werf 2005), a
hydraulic retention time of 2.2 h would be required to treat
methane-saturated effluents. Because of the low solubility
of both methane and oxygen, treatment of the aerated water
phase as such would be necessary. Since the MOR is
comparable at temperatures of 28°C and 35°C, good
methane removal can be achieved at lower temperatures.

In situations where increased copper concentrations are
acceptable, addition of copper(II) to methanotrophic bio-
reactors should be considered, as this increased the MORs
by more than 50%. Anaerobic effluents can contain salt
concentrations of up to 10 g NaCl L−1 (Gourdon et al.
1989; Ismail et al. 2008). As concentrations of up to 7 g
NaCl L−1 and 140 mg NH4

+–N L−1 did not seem to have a
negative influence on the MOR, treatment of methane-
saturated effluents, rich in salts and high in ammonium,
should be possible.
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