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a b s t r a c t

The process of anaerobic oxidation of methane (AOM) is globally important because of its contribution to
the carbon cycle in the environment. Besides, microorganisms play important roles in the environmental
fate of chromium. However, there have been no studies to date on the interaction between methane and
chromium in batch reactor systems. In this study, biological Cr(VI) reduction was investigated using
methane as the sole electron donor. Isotopic 13CH4 in the batch experiments and long-term performance
in the reactor demonstrated that Cr(VI) reduction is coupled with methane oxidation. High-throughput
sequencing of the 16S rRNA genes demonstrated that the microbial community had changed substan-
tially after Cr(VI) reduction. The populations of ANME-2d archaea were enhanced, and they became the
only predominant AOM-related microbe. Interestingly, other bacteria with significant increases in
abundance were not reported as having the ability to reduce Cr(VI). According to these results, two
mechanisms were proposed: 1) Cr(VI) is reduced by ANME-2d alone; 2) Cr(VI) is reduced by unknown
Cr(VI)-reducing microbes coupled with ANME-2d. This study revealed the potential relationship between
Cr(VI) reduction and CH4 oxidation, and extended our knowledge of the relationship between the AOM
process and biogeochemical cycles.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Hexavalent chromium (Cr(VI)) is highly toxic to all living or-
ganisms and carcinogenic and mutagenic in humans (Kathiravan
et al., 2011). It is an important raw material in the metallurgical,
electroplating, printing, ceramics, wood preservation and leather
manufacturing industries and commonly present in their effluent
streams (Testa et al., 2004). Cr(VI) is toxic because of its high sol-
ubility and, as a result, it can be readily transported through
groundwater (Faybishenko et al., 2008). The reduction of Cr(VI) to
Cr(III) is a key process for the removal of Cr(VI) contamination in
water and wastewater. When Cr(VI) is reduced to Cr(III), its solu-
bility and mobility decrease (Pan et al., 2014). Chromium is also an
environmental background element in soils on a global scale
(Adriano, 2001). The two common oxidation states of Cr present in
the environment, i.e. Cr(III) and Cr(VI), are interchangeable through
Urban Pollutant Conversion,
Technology of China, Hefei
oxidation and reduction reactions. Microbial reduction of Cr(VI) is
seemingly ubiquitous in both Cr(VI)-contaminated and uncon-
taminated environments (Fuller et al., 2015; Katsaveli et al., 2012).
Many genera of bacteria and archaea, common to different envi-
ronments, are able to reduce Cr(VI) (He et al., 2015; Kashefi and
Lovley, 2000; Miao et al., 2015). Under anaerobic conditions,
there are two main chromate-reducing mechanisms: 1) indirect
reduction through a non-enzymatic reduction pathway such that
the products of microbial metabolism and/or decomposition, such
as Fe2þ or H2S, can mediate the reduction of Cr(VI) to Cr(III)
(Kamaludeen et al., 2003); 2) direct reduction through an enzy-
matic reduction pathway (Ackerley et al., 2004).

A variety of organic compounds can be used as the electron
donor for Cr(VI) reduction. Bartlett et al. reported that Cr(VI) was
reduced by natural organic matter (NOM) in the soil and also humic
substances in water (Bartlett, 1991). Similar to NOM, methane is
widely distributed in the environment. However, the question is
whether methane can serve as an electron donor for Cr(VI)
reduction.

Among natural environments, wetland soils are the largest
single source of greenhouse gas methane. The anaerobic oxidation
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of methane (AOM), using electron acceptors such as sulfate, man-
ganese/iron and nitrite/nitrate, has been identified as an important
sink for methane in wetland soils (Katrin and Antje, 2009;
Raghoebarsing et al., 2006; Siegert et al., 2011). Besides, in natu-
ral soils, such as aquatic sediments and soils, generally contain
detectable levels of chromium (Richard and Bourg, 1991). There-
fore, we can infer the coexistence of methane and chromium in
environmental soils, but the relationship between them has seldom
been studied. A characterized model methanotroph Methylococcus
capsulatus (Bath) was reported to be able to reduce Cr(VI) with
methane aerobically (Al Hasin et al., 2010). However, the connec-
tion between Cr(VI) and methane under anaerobic condition needs
to be investigated. There are probable connections between the
AOM process and chromium. By comparing the changes in Gibbs
free energy (DG), it is evident that the process of methane oxidation
coupledwith Cr(VI) reduction (DG00 ¼ �878.8 kJ mol�1 CH4; Eq. (1))
is much more thermodynamically favorable than the process of
methane oxidation coupled with nitrate reduction
(DG00 ¼ �519.8 kJ mol�1 CH4; Eq. (2)). In theory, the bioreaction
involving Cr(VI) (Eq. (1)) must exist, although scientists have not
found any evidence for it thus far.

CH4 þ 4/3Cr2O7
2� þ 32/3Hþ / 8/3Cr3þ þ CO2 þ 22/3H2O

(DG00 ¼ �878.8 kJ mol�1 CH4) (1)

CH4 þ 4NO3
� / CO2 þ 4NO2

� þ 2H2O (DG00 ¼ �519.8 kJ mol�1

CH4) (2)

Experimental evidence for denitrifying anaerobic methane
oxidation (DAMO) has been obtained using sludge from bio-
reactors, in which the DAMO process involves both DAMO archaea
and DAMO bacteria (Islas-Lima et al., 2004) or solely DAMO bacteria
(Haroon et al., 2013). A follow-up study found that the DAMO
archaea belong to the ANME-2d family and are related to the NC10
phylum (Shi et al., 2013). Although the enriched DAMO cultures
have been documented and characterized thoroughly, the impact of
Cr(VI) on them have never been studied seriously. It has been re-
ported that Cr(VI) interventionwas able to affect the denitrification
performance and alter the microbial community structure and
function in an activated sludge system (Miao et al., 2015). But how
the community structure of DAMO organisms shifts under Cr(VI)
stress remains unknown.

The main aim of this study was to investigate the effects of
Cr(VI) intervention on an AMO process inoculated with DAMO
cultures. 13C-labeled CH4 was used to investigate the possible
involvement of methane oxidation in Cr reduction. Meanwhile,
high-throughput sequencing, metagenomic analysis and quantita-
tive PCR (qPCR) were used to evaluate the changes in microbial
consortia structure after Cr reduction. Finally, a mechanism for
Cr(VI) reduction and methane oxidation was proposed. It is antic-
ipated that these findings may extend our knowledge of the AOM
process in biogeochemical element cycles.

2. Materials and methods

2.1. Inocula and cultivation conditions

A parent reactor culture containing DAMO archaea and DAMO
bacteria was enriched with methanogenic sludge (1.18 mmol dis-
solved CH4/L and 0.06 mmol Cr(VI)/L) and activated sludge from a
wastewater treatment plant (1.36 mmol dissolved CH4/L and
0.39 mmol Cr(VI)/L) in a 3-L glass reactor with a working volume of
2 L that had been running for more than 2 years. The temperature
was controlled at 35 �C and the pH was controlled between 7.0 and
8.5. Nitrate was added by injection of a concentrated stock solution
to maintain the concentration of nitrate between 0.7 and 14 mmol/
L. A gas mixture (95% CH4, 5% CO2) was used to flush the reactor to
provide methane. Each month, the reactor contents were allowed
to settle and 500 mL of supernatant were exchanged for fresh
medium in which the dissolved oxygen concentration was below
the detection limit. After enrichment over a long time period, the
consumption rate of NO3

�eN was stable at around 10.0 mg/L per
day.

2.2. Mineral salts medium

The mineral salts medium contained (per L) KHCO3 0.5 g,
KH2PO4 0.05 g, MgSO4$7H2O 0.2 g, CaCl2 0.2265 g, NH4Cl 0.12 g (not
present in the medium of the parent reactor), acidic trace element
solution 0.2 mL and alkaline trace element solution 0.5 mL. The
acidic trace element solution contained (per L) FeSO4$7H2O 2.085 g,
ZnSO4$7H2O 0.068 g, CoCl2$6H2O 0.12 g, MnCl2$4H2O 0.5 g, CuSO4
0.32 g, NiCl2$6H2O 0.095 g, H3BO3 0.014 g and HCl 100 mmol. The
alkaline trace element contained (per L) Na2WO4$2H2O 0.05 g,
Na2MoO4 0.242 g and NaOH 0.4 g. The medium was sparged with
N2eCO2 (95:5, v/v) for more than 30 min to obtain anaerobic
conditions, and the pH was adjusted to 7.3e7.6 by manual addition
of 1 M HCl or 1 M NaOH.

2.3. Isotope tracer experiments

Potential methane oxidation in the experimental vials was
evaluated using 13C stable isotope labelling. Two identical 100-mL
glass vials with 50-mL working volumes were used: one as the
control without CH4, named the control vial, and the other for CH4
addition, named the methane vial. Both vials contained 40 mL of
N2-purged mineral salt medium and 10 mL of nitrate-free inocula
from the parent reactor. Themethane vial was continuously flushed
with CH4eCO2 (95:5, v/v) and the control vial was continuously
flushed with N2eCO2 (95:5, v/v). After about 30min of flushing, the
vials were coveredwith butyl rubber stoppers. Subsequently, Cr(VI)
stock solution was injected into each vial, resulting in a final con-
centration of 0.01 mM Cr in each vial. From the methane vial, 10 mL
of headspace gas was removed and replaced with an equal volume
of 13CH4 (>99%, Sigma Aldrich), resulting in a final concentration of
20% 13CH4 (by volume). The vials were stirred at 180 rpm in an
incubator shaker, and the temperature was maintained at 35 �C. All
experiments were performed in duplicate.

2.4. Long-term Cr(VI) reduction with methane oxidation in the
bioreactor

A 450-mL bottle with 300 mL of working volume was used to
determine the long-term performance of Cr(VI) reduction. The
inocula were obtained from the parent reactor after NO3

�eN was
exhausted (the consumption rate of NO3

�eN was 10.15 mg/L/day).
The inocula were diluted with mineral salts medium to a biomass
concentration of approximately 0.11 g volatile suspended solids
(VSS)/L. Every 5e10 days, the bioreactor was sparged with
CH4eCO2 (95:5, v/v) and injected with Cr(VI) stock solution to a
final concentration of approximately 10 mg Cr/L. After all the Cr(VI)
was reduced, the reactor contents were allowed to settle and
100 mL of the supernatant were removed and replaced with fresh
mineral salts medium and sparged with CH4eCO2 (95:5 v/v) for
15 min. Cr(VI) was supplied via the Cr(VI) stock solution.

2.5. Valence state analysis of reduced chromium

After reacting with Cr(VI), Cr-loaded microbes were centrifuged
at 5000 g for 10 min and collected. They were then washed three
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times with deionized-distilled water and dried at 60 �C for 6 h. The
valence state of the chromium bound to the microbes was analyzed
by X-ray photoelectron spectroscopy (XPS) recorded on a VG
ESCALAB MKII X-ray photoelectron spectrometer, using non-
monochromatized Mg K-alpha X-rays as the excitation source.
2.6. DNA extraction and quantitative PCR

DNA in the inoculum and Cr(VI) reduction microbes was
extracted from 10 mL of liquid using the PowerSoil DNA isolation
Kit (MoBio Laboratories) according to the instruction manual (Hu
et al., 2014). Quantitative (q) PCR was performed on a Light-
Cycler480 Software Setup (Roche) with SybrGreen PCR Master Mix
(ABI) to estimate the abundance of DAMO archaea and DAMO
bacteria. The sequences of primers used are shown in Table S1.
Standard curveswere obtainedwith serial dilutions of plasmid DNA
containing the target genes, and copy numbers were calculated
based on the threshold cycle values (Fu et al., 2015).
2.7. PCR amplification of 16S rRNA genes and sequencing using
Illumina MiSeq PE300

A pair of universal 16S rRNA gene primers (341b4_F e 806_R)
reported by Lu et al. (2015) were used to amplify V4 region of the
16S rRNA gene with the barcode. The 50 mL reaction solution con-
sisted of 10 ng of the extracted DNA template, 2.5 U of Platinum®

Taq DNA polymerase (Invitrogen, USA), 5 mL of the supplied 10�
TAP buffer (Takara, China), 0.5 mL of dNTPs (10 mM) and 0.5 mL of
the combined forward and reverse primers. PCR was conducted
under the following conditions: 94 �C for 3min; 5 cycles of 94 �C for
30 s, 45 �C for 20 s and 65 �C for 30 s; 20 cycles of 94 �C for 20 s,
55 �C for 20 s and 72 �C for 30 s; followed by a final extension at
72 �C for 5 min. The PCR products were purified using a SanPrep
ColumnDNAGel Extraction Kit (Sangon, China) and quantifiedwith
a Qubit 2.0 fluorometer (Invitrogen, USA). The amplicons from
different samples were mixed in equimolar amounts and
sequenced on the Illumina MiSeq platformwith the MiSeq Reagent
Kit v3 (Illumina, USA). Details of the method of sequencing data
analysis were presented in Supporting information. This part of
work was conducted by Novogene Institute (Beijing, China).
2.8. Microscopic investigation

Samples for transmission electron microscopy coupled with
energy dispersive X-ray spectroscopy (TEM-EDX) were centrifuged
at 5000 g. They were chemically fixed and then thin-sectioned at a
thickness of 70 nm prior to analysis. The details of sample prepa-
ration and TEM-EDX analysis were described in Zhou et al. (2014).
Fig. 1. Cr(VI) reduction combined with methane oxidation in experimental vials.
2.9. Chemical analysis

Dissolved methane was measured using the method of Alberto
et al. (2000). The methane content in headspace was measured
with gas chromatography (FULI, China) (Fu et al., 2015), and the
13CO2 produced from 13CH4 was measured with gas
chromatography-mass spectroscopy (Aglient7890A/5975C, USA)
(Ettwig et al., 2009). Soluble Cr(VI) concentrations were measured
using the 1,5-diphenylcarbazide method (Urone, 1955). Nitrate was
measured with a discrete photometric analyzer Aquakem 200
(Thermo Fisher Scientific, Finland) according to the standard
methods (Federation and Association, 2005).
3. Results

3.1. Cr(VI) reduction coupled with methane oxidation

The reducing capacities of Cr(VI) from the incubations under
methane and control conditions are shown in Fig. 1. Cr(VI) reduc-
tion commenced after inoculation and was depleted at almost 32
days in the methane vials, while the concentrations of Cr(VI) in the
control vials remained almost stable. Meanwhile, the isotopic study
in the methane vials showed that the ratio of 13CO2 to 12CO2
increased, indicating that methane oxidationwas involved in Cr(VI)
reduction.

Cr(VI) reductions in the presence of methane under different
medium conditions (control, ferric-free, sulfate-free) are evalu-
ated in Fig. S1. There was little diversity in results among the
different medium conditions. These experiments demonstrated
that Cr(VI) reduction had nothing to do with ferric or sulfate ions.
Meanwhile, the lower potential Gibbs free energy provided by
AOM coupled with Cr(VI) (Eq. (1)) compared to that with NO3

� (Eq.
(2)) indicates that AOM occurs more easily with Cr(VI), as is
actually proved in Fig. S2. As shown in Fig. S2, even though Cr(VI)
or NO3

� could be reduced independently in the presence of CH4,
only Cr(VI) was reduced when Cr(VI) and NO3

� co-existed in the
system.

3.2. Long-term performance of Cr(VI) reduction

Fig. 2 presents the long-term performance of Cr(VI) reduction in
the presence of methane in the reactor. Apparently, Cr(VI) reduc-
tion was accompanied by methane oxidation. The 210-day oper-
ating period was divided into four parts (marked by segments in
Fig. 2) according to the Cr(VI) consumption. Through linear
regression analysis, the reduction rate of Cr(VI) was
1.735 mmol day�1 in part I, 1.300 mmol day�1 in part II and
1.138 mmol day�1 in part III. In part IV, the reduction rate gradually
dropped and reached a lag phase. The amount of methane
consumed corresponded to the amount of Cr(VI) reduced. The
consumption rate of methane was 0.565, 0.387 and
0.387 mmol day�1 in parts I, II and III, respectively. The methane
content continued to drop in part IV and gradually increased at the
end (Fig. 2).



Fig. 2. Long-term performance of Cr(VI) reduction in a reactor.
Fig. 4. XPS spectrum of microorganisms in the Cr(VI) reduction reactor.
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3.3. Distribution and valence state of chromium in the system

Upon Cr(VI) reduction, no soluble chromium products were
detected in the medium except Cr(VI). To investigate the distribu-
tion of chromium, conventional thin-section TEM of samples
together with EDS was analyzed. As demonstrated in Fig. 3a, if
Cr(VI) was not introduced into the system, themicrobial cells cut by
transverse sectionwere of the elliptical type, and the cell structures
could be seen clearly. After Cr(VI) reduction, the microbial cells
appeared ill-defined and non-transparent sediment adhered to
them, indicating that the microbial cells were greatly affected
during the Cr(VI) reduction and immobilization processes (Fig. 3b).
EDS analysis of the material in the red circle in Fig. 3b showed that
the external surfaces of the microbial cell membranes contained
bound chromium due to bioaccumulation. The amount of chro-
mium inside the microbial cells was less than that external to the
cells and no obvious precipitates had formed inside the cells. The
white areas in both Fig. 3a and b were resin caused by ultrathin
sectioning.

To investigate the possible valence state of chromium bound to
the microbial cells after Cr(VI) reduction, XPS analysis was con-
ducted. Fig. 4 shows the XPS results for the microbial cells in the
Fig. 3. Microscopic investigations of TEM of the inoculum (a) and microorganism
reactor. The Cr-loaded microbial cells gave two distinct peaks:
585.0e588.0 eV (Cr 2p1/2) and 576.0e578.0 eV (Cr 2p3/2). The
spectrum of the microbial cells indicated that chromium bound to
them was mostly in the Cr(III) oxidation state, which suggests the
complete reduction of chromium to Cr(III) on the surface of the cells
with no absorption of Cr(VI). The reduction of Cr(VI) and its
immobilization in the form of Cr(III) on the cells has been
demonstrated in both pure cultures and mixed species of activated
sludge (Mary Mangaiyarkarasi et al., 2011; Wang et al., 2013).
3.4. Microbial community changes induced by Cr(VI) reduction

In order to investigate the structure of the microbial community
and its shifts, the 16S rRNA genes of both the inoculum and reactor
culture were subjected to high-throughput sequencing on the
Illumina Miseq platform. The results showed that biodiversity
tended to increase slightly after Cr(VI) reduction in the reactor, as
the Shannon indices increased from 3.81 to 4.06 (Table 1). This
result was also confirmed by the rarefaction curves (Fig. S3). A total
of 20,650 raw sequences and 18,805 effective sequences of average
length 416 bp were obtained from the inoculum and sample from
the Cr(VI) reduction reactor, respectively (Table 1). The effective
sequences represented 97% of the microbes in the inoculum and
s in the Cr(VI) reduction reactor (b). Insert: TEM-EDS of red circular portion.



Table 1
Summary of Illumina Miseq high-throughput sequencing of 16S rRNA genes.

Sample Raw tags Effective tags Mean length OTU number Shannon ACE Chao1 Coverage

Inoculum 9910 9571 419 bp 568 3.81 2051 1276 0.97
Cr(VI) reduction 10,740 9234 413 bp 714 4.06 2734 1667 0.96
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96% of the microbes in the reactor culture after Cr(VI) reduction,
respectively. The OTU number of 714 for the reactor culture was a
little higher than that of 568 for the inoculum. ACE and Chao1
values of the reactor culture were also higher than those of the
inoculum except for the Alpha diversity indexes of Shannon.

The distributions of bacteria and archaea at the phylum level are
shown in Fig. 5a. In the inoculum, bacteria and archaea accounted
Fig. 5. Relative abundances of microorganisms in the inoculum and Cr(VI) reduction
reactor. a, Family; b, Phylum.
for 94.8% and 5.2% of the microbes, respectively. The dominant
phyla included Chlorobi, Proteobacteria, NC10, Chloroflexi and
GN04 with relative abundances of 40.3%, 10.4%, 10.3, 8.7% and 6.5%,
respectively. Compared with the reactor culture, the bacterial
abundance was lower at 82.5% and the archaea abundance was
higher at 17.5% in the inoculum. The dominant phyla altered to
Proteobacteria, Euryarchaeota, Planctomycetes, Armatimonadetes
and Chloroflexi with abundances of 43.5%, 17.5%, 12.8%, 8.8% and
4.7%, respectively, in the reactor culture. The relative abundances of
Chlorobi, NC10 and GN04 decreased to 4.0%, 0.3% and 2.8%,
respectively.

On the family level, the dominant microorganisms in the inoc-
ulum included ‘Others’, Ignavibacteriaceae, Methylomirabiliaceae,
ANME-2d and Comamonadaceae with relative abundances of
47.5%, 35.1%, 10.3%, 5.1% and 2.0%, respectively (Fig. 5b). Compared
with the inoculum, the percentages of Others, Comamonadaceae,
ANME-2d, Rhodocyclaceae and Methanosaetaceae in the reactor
culture were 37.7%, 17.9%, 8.4%, 8.1% and 7.1%, respectively, while
Ignavibacteriaceae and Methylomirabiliaceae decreased to 4.0%
and 0.3%, respectively.

In this study, the NC10 phylum and ANME-2d family were the
only potential AOM microorganisms detectable in the inoculum
and reactor culture. All of the sequences in the NC10 phylum were
affiliated with DAMO bacteria of the genus Candidatus Methyl-
omirabilis. All of the sequences in the ANME-2d family were un-
classified and grouped into the same 714 OTUs. These OTUs were
similar to those reported for DAMO archaea with identity of >98%.
NC10 abundance decreased substantially from 10.3% to 0.3% in
response to Cr(VI) reduction, while ANME-2d growth was stimu-
lated (abundance changed from 5.1% to 8.4%) slightly. This variation
was also confirmed by quantifying their 16S ribosomal RNA (rRNA)
genes. The copy number of the DAMO bacterial 16S rRNA gene was
1.51 � 106 copies/L in the inoculum and decreased sharply to
1.39 � 104 copies/L in the reactor culture. In contrast, the copy
number of the DAMO archaeal 16S rRNA gene was
1.36 � 104 copies/L in the inoculum and increased slightly to
1.56 � 104 copies/L in the reactor culture (Table 2).

Different from the relative abundances of AOMmicroorganisms,
the content of reported Cr(VI) reduction microorganisms was low
(Table S2). The Pseudomonas genus belonging to the Pseudomo-
nadaceae family and the Enterobacteriales order belonging to the
Proteobacteria phylum have a tendency to reduce Cr(VI). However,
the abundances of microbes of the Pseudomonas genus and Enter-
obacteriales order in the reactor culture were only 0.4% and 0.6%,
respectively.
4. Discussion

Although increasing interest has been paid to AOM processes
recently (Segarra et al., 2015), so far little attention has been
focused on the potential association between Cr(VI) reduction and
methane oxidation. In this study, an enriched culture of an AOM
process based on environmental sediment was used to confirm
that Cr(VI) reduction was coupled to methane oxidation. Never-
theless, the Cr(VI) reducing ability during the AOM process was
obviously weaker than the activity of most types of microbes that
are capable of Cr(VI) remediation (Yan et al., 2014). Methylococcus



Table 2
Abundances of DAMO archaea (16S rRNA genes) and DAMO bacteria (16S rRNA genes) estimated from qPCR assays for microorganisms in the inoculum and Cr(VI) reduction
reactor.

DAMO archaea DAMO bacteria

Abundance (copies/L) Inoculum 1.36 � 104 1.51 � 106

Cr(VI) reduction 1.56 � 104 1.39 � 104

Percentage change (%) þ14.71 �99.08
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capsulatus (Bath), which is a model methanotroph in the envi-
ronment, also demonstrated a low reducing rate when bio-
remediating Cr(VI) with methane aerobically (Al Hasin et al.,
2010). That might have been because of the low solubility of
methane as the sole carbon and electron donor. On the other hand,
microbial communities obtained from environmental samples
generally present relatively low Cr(VI) reduction rates (Martins
et al., 2010). Moreover, in natural soil, Cr(VI) reduction may be
extremely slow, requiring years (Bartlett, 1991). The mole ratio
between Cr(VI) reduction and methane oxidation was calculated
as shown in Table 3. The measured ratio was about 0.326 in part I
and increased to 0.352 after deducting the background according
to the control vial data of Fig. 1. This measured ratio was compa-
rable to the theoretical value of 0.375 (Eq. (1)). It indicates the
existence of AOM-related Cr(VI) reduction. The Cr(VI) reduction
rate decreased from part I to part III until it ceased in part IV. More
than the toxicity of Cr(VI), the growth rate of the AOM consortium
was so low that the Cr(III) continuously accumulating around
them would easily cause a negative impact on them (Caldwell
et al., 2008). What was worse, some extracellular components,
such as peptidoglycan, present in the cell walls of the bacteria,
were reported to be potent binder of Cr(III) (Thatoi et al., 2014).
The binding Cr(III) was hard to be removed from the cells. Besides,
the methane oxidation rate also decreased from part I to part III
until the increase in methane content in part IV. Meanwhile,
methanogens such as Methanosaeta increased substantially (from
0 to 7.1%); this indicates that there is methane production via
methanogenesis (Mori et al., 2012). Microbes that could not adapt
to the toxic effects would have been degraded and released some
dissolved organic matter (DOM). The released DOM was used for
methane production via methanogenesis (Kampas et al., 2007).
Although both the methane oxidation rate and the Cr(VI) reduc-
tion rate decreased from part I to part III, the methane oxidation
rate decreased more than the Cr(VI) reduction rate because of
methanogenesis. That is why the equivalence ratios in part II and
part III were smaller than in part I.

This study also showed that Cr(VI) addition altered the mi-
crobial community structure, which agrees withMiao et al. (2015).
The variation in microbes that are capable of methane oxidation
was remarkable. Within archaea, the unclassified genus belonging
to the ANME-2d family that was detected in both the inoculum
and the Cr(VI) reduction reactor appeared to out-compete the
others after Cr(VI) reduction. The ANME-2d family reportedly
contains microbes that are capable of methane oxidation (Haroon
et al., 2013), and their dominance in the Cr(VI) reduction reactor
Table 3
The mole ratios of methane oxidation to Cr(VI) reduction based on theoretical calculatio

Theoretical value

Methane oxidation rate (mmol day�1)
Cr(VI) reduction rate (mmol day�1)
Methane oxidation/Cr(VI) reduction 0.375

Note: “*” indicates the value after deducting the background according to the control vi
corresponded to the coupling of methane oxidation with Cr(VI)
reduction. Moreover, AOM coupled to iron, manganese, sulfate
and nitrate reduction has been demonstrated in consortia con-
taining anaerobic methanotrophic (ANME) archaea (Beal et al.,
2009; Boetius et al., 2000; Haroon et al., 2013). Most of the pre-
vious microbiological investigations of AOM involved a high
biomass of ANME (Lloyd et al., 2006). The various oxidizing ma-
terials coupled with AOM and the presence of a mosaic of ANME
phylotypes demonstrate their generality in different methane
oxidation fields. That might explain why ANME-2d plays a large
role in the Cr(VI)-AOM process. Although it is another microor-
ganism in the inoculum that is related to methane oxidation, the
population of the NC10 phylum declined dramatically in the Cr(VI)
reduction reactor. This indicated that NC10 was negligibly
involved in the Cr(VI) reduction process. NC10 was previously
shown to be involved in a unique anaerobic methane oxidation
pathway called the “Intra-Aerobic” (Ettwig et al., 2010). O2 was
produced intracellularly and used as a co-substrate for methane
mono-oxygenation, which means that NC10 can only carry out
methane oxidation in the presence of substances that can produce
O2 by dismutation, such as NO2

� and ClO4
� (Luo et al., 2015).

However, the Cr(VI) reduction pathway was never reported to
involve dismutation to produce O2. That is why NC10 microbes do
not survive during the Cr(VI)-AOM process. Beside the methane
oxidation-related microbes, the populations of Cr(VI) reduction-
related microbes also changed. The Pseudomonas genus (which
increased from 0 to 0.4%) and the Enterobacteriales order (which
stabilized around 0.6%) that were detected in the Cr(VI) reduction
reactor were reported previously to have a tendency to reduce
Cr(VI) (Katsaveli et al., 2012; Xu et al., 2009). However, in this
study their abundances were too low to play a major role in Cr(VI)
reduction in the reactor. Interestingly, the microbial communities
that had substantially increased included the Comamonadaceae
family (from 0.2% to 16.0%), Phycisphaerae class (from 1.7% to
11.3%) and Azospira genus (from 0 to 8.1%), which have never been
reported to be Cr(VI)-resistant and/or Cr(VI)-reducing strains.
Consequently, there may be unreported species among these
enhanced microbial communities that are capable of Cr(VI)
reduction, especially ones present at low concentration in the
inoculum.

With no involvement of ferric or sulfate reduction (Figs. S1 &
S2), and based on the existing knowledge of the AOM process
and ANME-2d, two mechanisms are proposed for the coupling
process between methane oxidation and Cr reduction. First, Cr(VI)
is reduced by ANME-2d alone (Fig. 6a), and CH4 is oxidized by
ns and practical measurements.

Measured value

Part I Part II Part III

0.565 0.387 0.339
1.735 (1.604*) 1.300 1.138
0.326 (0.352*) 0.298 0.298

al of Fig. 1.



Fig. 6. Proposed mechanism of Cr(VI) reduction coupled with CH4 oxidation.
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ANME-2d to generate the electrons for reducing Cr(VI). The
reduced Cr(III) is bound to ANME-2d. Haroon et al. reported that
ANME-2d was capable of independent AOM through reverse
methanogenesis using nitrate as the terminal electron acceptor
(Haroon et al., 2013). Therefore, Cr(VI) may be reduced by ANME-2d
through the same pathway as nitrate. Second, Cr(VI) is reduced by
an unknown Cr(VI)-reducing microbe coupled with ANME-2d
(Fig. 6b). CH4 is oxidized by ANME-2d to generate an intermedi-
ate or electron, which is then utilized by an unknown Cr(VI)-
reducing microbe to reduce Cr(VI). The reduced Cr(III) is bound to
the Cr(VI)-reducing microbe. The reported archaeal groups
responsible for AOM (ANME-1, ANME-2 and ANME-3) commonly
have sulfate/manganese/iron-reducing bacterial partners (Beal
et al., 2009). Thus, ANME-2d is also probably associated with an
unknown microbe during Cr(VI) reduction. Although there was no
clear identification of genera that belong to the ANME-2d family or
other specific genera responsible for Cr(VI) reduction, as the com-
munities remained relatively diverse, future identification of spe-
cific bacterial species could help improve our understanding of the
Cr(VI) reduction mechanism combined with methane oxidation.

According to estimations, the AOM process consumes 5e20% of
total global methane flux (Valentine and Reeburgh, 2000) and is an
important part of the global carbon cycle today. Among the AOM
processes, electron acceptors found so far include sulfate, manga-
nese, iron and nitrate (nitrite), and all of the AOM processes have
been linked to ANME (Beal et al., 2009; Boetius et al., 2000;
Raghoebarsing et al., 2006). Due to the widespread use of chro-
mium, large quantities of Cr compounds are discharged into the
environment and can ultimately have significant biological and
ecological effects (Kota�s and Stasicka, 2000). But the connection
between the AOM process and chromium in the environment has
never before been examined. Our study confirmed that the AOM
process occurs when coupled with Cr(VI) reduction, which sup-
ports the idea that AOM is directly linked to metal reduction.
Moreover, ANEM-2d have been shown to play a leading role in
methane oxidation when coupled with Cr(VI) reduction, which
enhances the reducing capacity of ANME. Despite the slow reduc-
tion rate of Cr(VI) coupled with AOM, it is likely an important part
of biogeochemical methane cycling.
5. Conclusions

An enriched AOM culture was used to study the potential rela-
tionship between methane oxidation and Cr(VI) reduction. Based
on the results of this study, the following conclusions were drawn:

� Cr(VI) was reduced with enriched AOM culture, the control
experiment with N2 and 13CH4 analysis revealed that AOM was
involved in Cr(VI) reduction.

� Microbial community changed significantly after several cycles
of Cr(VI) reduction. The populations of ANME-2d archaea
became the only predominant AOM-related microbe with their
both numbers and proportions rising. However, other obviously
increased bacteria were not reported as having the ability to
reduce Cr(VI).

� Two possible mechanisms were proposed according to the re-
sults we found: 1) Cr(VI) is reduced by ANME-2d alone; 2) Cr(VI)
is reduced by unknown Cr(VI)-reducing microbes coupled with
ANME-2d.
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