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ABSTRACT

Anaerobic oxidation of methane (AOM) is capable of coupling the reduction of various substrates, which plays a crucial role in accelerating
the abatement of pollution. In this study, we employed a sequencing batch reactor (SBR) to enrich a mixed consortium that included AOM
microbes and examined the ensuing microbial reduction of tellurate. To obtain the mixed consortium, we enriched AOM microbes in anaerobic
conditions utilizing methane as the only electron donor, with nitrate serving as the electron acceptor. We evaluated the abundance of typical
methane-oxidizing microbes and associated genes in the reactor using quantitative PCR. Notably, the enriched microbes were able to achieve
microbial tellurate reduction and produce elemental tellurium. An analysis of community structure further indicated the vital roles of methanotrophs,
denitrifiers, and other heterotrophs in the reactor, although their molecular mechanisms require further investigation. These findings underscore
the role of enriched microbial communities in tellurate reduction using a lab-scale SBR, laying the groundwork for future studies into the
mechanism of this process, which utilizes methane as an electron donor.
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1. Introduction

Tellurium (Te) is a scattered metal found in the chalcogenide
group and typically forms compounds in association with other
metals (e.g., AuTe;, AgAuTes) [1]. In the natural environment,
tellurium exists in various forms, including tellurate (TeO,*), tellur-
ite (TeOs*), elemental tellurium (Te"), and telluride (Te?) [2]; how-
ever, tellurium is most commonly found in the form of oxyanions
in its toxic state. Tellurium and its compounds are commonly
used in solar panels to improve thermal, optical, and electrical
properties [3, 4], and as an additive, tellurium is also widely used
in metallurgy [5], petrochemical [6], electronics and electrical [7],
glass and ceramics [8], and medicine [9]. In addition, CdTe quantum
dots are used as probes for biological detection systems [10].
Although approximately 90% of tellurium is currently recovered
from copper anode slimes during the electrolytic refining of blister
copper [5], the increasing demand for Te, mainly in renewable
energy industries such as CdTe solar panels [11], could lead to
significant limitations on production mode and contamination of
industrial mining sites, particularly groundwater [12].

Tellurium distributes in the mineral deposits, solids, and sedi-
ments, for instance, 5 pgkg in the Earth's crust. However, because
tellurium oxyanions tend to sorb onto mineral surfaces, tellurium
is highly depleted in surface freshwater or seawater [13, 14]. The
complicated interplay of various tellurium sinks causes tellurium
to disperse in aerobic or anaerobic environments, including solids,
sediments, and ocean floor [12, 15]. These environments provide
a suitable opportunity to explore the interaction between microbes
and tellurium oxyanions. The biogeochemical processes of tel-
lurium can be divided into biooxidation, biosorption/bio-
accumulation, and bioreduction. Bioreduction of tellurium oxy-
anions from oxidative states to inorganic or organic compounds
is the more prevalent tellurium detoxification mechanism [12,
16]. Nonetheless, current research on tellurium biogeochemistry
is still in its infancy. Microbes present in tellurium-enriched envi-
ronments can transform various tellurium compounds, and their
intracellular enzymes, such as nitrate reductase [17], dihy-
drolipoamide dehydrogenase [18], and catalase, can reduce tel-
lurate (VI) and tellurite (IV) to elemental tellurium (0), which
is an insoluble form in water with reduced toxicity. Several strains,
for instance, Rhodobacter capsulatus [19], Methanogens [20],
Shewanella [21], Pseudomonas [22], and Stenotrophomonas [23],
can reduce tellurium oxyanion species to their elemental state,
and thus, play significant role in the bioreduction and detoxification
of the tellurium-contaminated environment. Recovery of insoluble
elemental tellurium from wastewater is convenient; therefore, this
microbial detoxification process offers a viable means to promote
the recovery of tellurium from waste streams.

The presence of a reliable carbon source as an electron donor
will typically facilitate tellurium bioreduction [12]. Methane, a
potent greenhouse gas with a global warming potential 28 times
greater than that of carbon dioxide, can be used in the anaerobic
oxidation of methane (AOM) to reduce its emission from anaerobic
environments into the atmosphere. This process can consume
up to 90% of the methane produced in deep ocean environments
[24]. AOM was first reported in 1974, in which methane was

oxidized by microorganisms as an electron donor, and sulfate was
used as an electron acceptor [25]. The microorganisms responsible
for this process are mainly thought to include a combination of
anaerobic methanotrophic (ANME) archaea and sulfate-reducing
bacteria (Deltaproteobacteria). ANME archaea are responsible for
methane oxidation, often through the reverse-methanogenesis
pathway, but can also independently couple methane oxidation
with the reduction of sulfate to elemental sulfur (S%) [26, 27].
AOM has been observed in different geographical environments,
such as marine sediment, freshwater environment silt, lake sedi-
ment, watersheds of forest valleys, and wetlands [27-31]. The en-
richment of a mixed consortium of AOM from environmental in-
oculum is frequently conducted at the laboratory scale using anae-
robic sequencing batch reactor (SBR) or membrane biofilm reactor
(MBIR) [32-36]. For example, Candidatus Methanoperedens is an
ANME archaea capable of reducing nitrate to nitrite [37], while
Candidatus Methylomirabilis, affiliated with the NC10 Phylum,
is responsible for converting nitrite to dinitrogen gas in SBR, jointly
executing the microbial coupling of the AOM and nitrogen [36,
38]. Currently, great efforts have been devoted to investigating
AOM showing that the coupling of AOM with various electron
acceptors, such as nitrate, nitrite, iron/manganese, bromate, per-
chlorate, selenate, tellurite, etc [27, 35, 39-42]. Given that tellurium
and methane co-occur in anaerobic environments, there will also
be microbial tellurium oxyanions reduction based on AOM in
such an environment.

In this study, we firstly enriched AOM microbes and determined
the abundance of typical microbes and methane-oxidizing genes
in an anaerobic SBR. Microbial tellurate reduction was demon-
strated to be feasible by the enriched consortium. Then, the spec-
trophotometric method and X-ray diffraction (XRD) analysis were
conducted to determine the transformation of tellurate. Finally,
the community structure of this enrichment was investigated and
the potential functional populations for tellurate reduction was
also discussed.

2. Materials and Methods

2.1. Reactor Setup

The enrichment of AOM microbes and further coupling with tel-
lurate reduction was performed in an anaerobic SBR with a working
volume of 500 mL and headspace of 600 mL. The schematic of
the reactor configuration is illustrated in Fig. 1. The culture medium
from the influence was replenished by a peristaltic pump, and
the discharging liquid was controlled by a level pump. The SBR
was connected to a gas cylinder (9x51-inch, 95% methane and
5% carbon dioxide), and methane pressure in the reactor headspace
was maintained at 2 atm using a gas-pressure regulator. The chan-
nels were equipped with a luer-lock connector to ensure proper
stages connection. A 100 mL sludge was collected from a lab-scale
SBR, which had been inoculated using anaerobic composting beef
manure and operated for more than 6 months using methane as
carbon source. The initial mixed liquor volatile suspended solids
(MLVSS) were diluted to 2 g/L. The solids in the SBR were com-
pletely mixed with a 150 rpm magnetic stirrer (220p, Fisher
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Fig. 1. A schematic of the CHs-based anaerobic SBR.

Scientific). To maintain anaerobic environment, the dissolved oxy-
gen in SBR liquid was monitored by a dissolved oxygen meter
(5000 series, YSI), and kept below 0.2 mg/L [43]. Methane concen-
tration in the headspace was detected using GC (Micro GC 490,
Agilent). The pH was measured using a pH meter (Orion 4 Star,
Thermo Scientific) and maintained at 6.9~7.1 by adding 1 M
HCI or 1 M NaOH stock solutions as necessary. The SBR was
operated in a temperature-controlled lab at 23 = 0.5°C.

2.2. Enrichment of AOM Microbes

The anaerobic reactor was supplied with nitrate as the sole electron
acceptor and methane as the only electron donor, to enrich AOM
microbes in the sludge. The operation cycle of this reactor was
24-hour with a 40% volume exchange ratio. Within each cycle,
the reactor ran continuously for 23 h, followed by 30 min of settling,
10 min of supernatant withdrawal, 10 min of fresh medium addi-
tion, and 10 min of methane purging. The medium consisted of
the following components per liter: 0.5 g KHCO;, 0.05 g KH,PO,,
0.3 g CaCl,-2H,0, 0.2 g/L. MgS0,-7H,0, 5 to 7 mg-N NaNO;, 0.5
mL acidic trace element solution, and 0.2 alkaline trace element
solution as previously described [36]. The main ingredients of
the medium were sterilized by autoclave, and the trace elements
solution was treated with 0.2 um filter. Before use, the medium
was purged continuously with nitrogen to eliminate dissolved
oxygen. Liquid samples were collected daily during the withdrawal
step to monitor the concentrations of nitrate and nitrite. After
the microbial activity reached steadily, solid samples were taken
for DNA extraction and quantitative PCR analysis to assess the
abundance of typical AOM microbes.

2.3. Microbial reduction of tellurate

To achieve the microbial reduction of tellurate in the enriched
consortium, no replenishment was supplied to phase out the nitro-
gen in the SBR, and tellurate was used to replace nitrate as the
sole electron acceptor. The concentration of tellurate in the influent
was 2.5-5 mg-Te/L and the cycle time of this stage varied from
1 to 3 days depending on reactor performance. Liquid samples
were collected daily during the withdrawal step to detect the con-

centrations of tellurate and tellurite. Solid samples from the reactor
were collected for XRD analysis to confirm the generation of ele-
mental tellurium. Furthermore, tests of methane deficiency and
recovery were also conducted to confirm the role of methane oxida-
tion in tellurate reduction. Methane was replaced with nitrogen
and later replenished to examine its influence on tellurate
reduction. The operation cycle of these processes was 72 h, with
tellurate replenished at the beginning of each cycle. This test
was performed with two independent replicates. An abiotic control
that lacked microorganisms was also included. The abiotic control
consisted of a 1-L serum glass bottle containing 500 mL of medium
with 4 mg-Te/L tellurate. After purging the abiotic reactor with
nitrogen gas, the bottle was filled with enough methane for 1
h. The operation conditions were pH 7.0, magnetic stirrer at 150
rpm, and a temperature of 23°C. Liquid samples were collected
hourly to scrutinize variations in tellurate and tellurite. A solid
sample at the final stage was taken to reveal the microbial commun-
ity of the mixed consortium.

2.4. Analytical Methods

Liquid samples collected from the SBR were subjected to filtration
using 0.2 um membranes, prior to analysis for nitrate, nitrite,
tellurate, and tellurite. Nitrate and nitrite were determined by
an ion chromatograph (AS22, Dionex) employing 4.5 mM Na,CO;
and 1.4 mM NaHCO; solutions as eluent, with a flow rate of 1.0
ml/min. To analyze tellurate and tellurite, the spectrophotometric
method using diethyldithiocarbamate (DDTC) and KI was im-
plemented [44, 45]. This approach entailed the reaction of tellurite
with DDTC to form yellow colloidal at neutral pH, which were
then via a spectrophotometer at 340 nm. This reaction is not inter-
fered with by the presence of tellurate. In contrast, the reaction
of tellurate with KI resulted in the reduction of tellurate to tellurite
[45], with measurement of total tellurium (tellurite and tellurate)
achieved through the same spectrophotometric procedure. The
phase composition and mineral elements in the last period of
reactor sludge were analyzed by X-ray diffraction (XRD, SmartLab,
Rigaku).

2.5. qPCR and Metagenomic Sequencing

For qPCR experiments, 5 mL solid samples were centrifuged at
5000 rpm for 10 min. After centrifugation, the supernatant was
removed, and the pellet (approximately 0.3 g) was stored at -80°C
until DNA extraction. DNA was then extracted from the collected
pellets using the DNeasy PowerSoil Pro Kit (Qiagen, Germany)
as per the manufacturer’s instructions. The extracted DNA samples
were washed using a One Step PCR Inhibitor Removal Kit (Zymo,
USA), and were quantified via Qubit (Invitrogen). The DNA samples
were stored at -20°C until for use. qPCR experiments were performed
to quantify the 16S rRNA gene of NC10 Phylum [36] and ANME-2d
[46], as well as the methane-oxidizing genes pmoA [47] and mcrA
[48]. The information on primers used in this study is provided
in Supplementary Table S1. Six independent qPCR reactions of
two DNA samples were performed for each time point. gPCR re-
action was performed on an Eppendorf reaplex* system. Each 20
pL reaction volume contained 10 pL. SYBR Green qPCR Master
Mix (Sigma-Aldrich), 1 pL of each forward and reverse primer
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(10 uM), and 1 pL DNA template. To establish standard curves,
targeted DNA fragments for each primer pair were synthesized
using G-blocks standard service (IDT, USA) and diluted in ddH,O
from 10 to 10° copies/uL. Finally, the abundance of target genes
was calculated based on the dry weight of the sample.

To investigate the microbial community of the mixed con-
sortium, a solid sample was taken by the end of the tellurate
reduction. The sample was centrifuged, pelleted, and stored for
DNA extraction. The DNA of the sample was isolated and purified,
as described above. DNA libraries were prepared using Nextera
XT kits and analyzed using the Illumina sequencing platform (San
Diego, CA) for high throughput metagenomic sequencing at the
University of Nebraska Medical Center Genomics Center, and the
details as previously described [49]. The sequencing data has been
deposited at the NCBI Sequence Read Archive with accession
numbers PRJINA970988.

3. Results and Discussion

3.1. Enrichment of AOM Microorganisms in Anaerobic SBR

AOM microbes were initially determined to couple with nitrate
or nitrite reduction [36-38], and the enrichment of associated con-
sortium was regularly with the supplement of nitrate as the elec
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Fig. 2. The concentration of nitrogen (a) and nitrate removal rate (b)
during the enrichment process of AOM microbes.

tron-electron acceptor [41, 43]. In this study, a mixed consortium
of AOM microorganisms was enriched in an anaerobic SBR using
nitrate as the only electron acceptor, and methane as the sole
electron donor in the sludge. The SBR was initially established
with 20 mg-N/L nitrite and 20 mg-N/L nitrate without replacing
the solution for 7 days during the startup; however, no significant
nitrate or nitrite reduction was observed in the reactor after seeding,
likely due to inhibition from high nitrogen concentrations [50].
Hence, to activate the microbes, both nitrate and nitrite in the
reactor were reduced to 10 mg-N/L on Day 8. Microbial activities
resumed, and denitrification began to appear after 4 days of
operation. Thereafter, the culture medium was periodically re-
placed from 5 mg-N/L to 7 mg-N/L nitrate/nitrite with a cycle
of 24 h. However, the concentration of nitrite increased with the
excess addition of nitrite, which indicated that microorganisms
could not consume the amount of either external addition or internal
nitrate conversion. Therefore, the influent concentration of nitrate
was adjusted to 7 mg-N/L nitrate. The anaerobic SBR operated
for 46 d until achieving steady microbial activity (Fig. 2a). The
removal efficiency of nitrate elevated continuously from 0.1
mg-N/L/d to 1.6 mg-N/L/d (Fig. 2b). The SBR effectively consumed
the external addition of nitrate, and the stability and denitrification
activity of the SBR operation continuously improved. After re-
plenishing the fresh medium on Day 44 for the next step of tellurate
reduction, no replenishment was conducted for four days to phase
out the nitrate and nitrite in the SBR, resulting in a slight decrease
in the removal efficiency of nitrate (Fig. 2b).

Based on steadily increasing the microbial activity of AOM,
quantitative PCR tests were employed to quantify the 16S rRNA
gene of NC10 Phylum [36] and ANME-2d [46], and also the func-
tional genes comprising particulate methane monooxygenase
pmoA [47] and methyl-coenzyme M reductase mcrA [48].
Candidatus Methylomirabilis oxyfera (M. oxyfera), a gram-negative
bacterium that belongs to the NC10 phylum [38]. It contains partic-
ulate methane monooxygenase (pmoA gene) and can oxidize meth-
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Fig. 3. The abundance of the methane-oxidizing genes, and the archaeal
and bacterial 16S rRNA gene for methane oxidation during
the enrichment of AOM microbes and after tellurate reduction.
The abundance of genes was calculated based on the volume
of the sample. ** means p<0.01.
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ane and reduce nitrite to nitrogen gas by intracellular aerobic
denitrification pathway. Candidatus Methanoperedens nitro-
reducens (M. nitroreducens) is a typical methane oxidation archaea
affiliated to ANME-2d cluster, which oxidizes methane using the
reverse methanogenic pathway and reduces nitrate to nitrite using
the nitrate reductase gene narGH [51]. The characteristic enzyme
of methanotrophic and methanogenic pathways is meth-
yl-coenzyme M reductase (MCR). The primers, McrA159F and
McrA345R, are specific for detecting mcrA from reactor sludge
or environmental sample [48]. The abundance of the functional
genes and the 16S rRNA genes increased in the SBR when nitrate
was used as the electron acceptor (Fig. 3). The abundance of mcrA
and pmoA increased by 9.5 and 1.25 folds, respectively, during
the SBR operation, indicating an increased abundance of AOM
microbes, particularly ANME-2d [37]. Taking together the above
results, the increasing abundance of methane oxidation genes and
related microorganisms indicate the increasing abundance of AOM
microbes.

3.2. Achieving Microbial Tellurate Reduction in Established
SBR

To achieve reduction of tellurate in the SBR using the enriched
microbial consortium, the sole electron acceptor was switched
from nitrate to tellurate (Fig. 4a). The influent concentration ranged
from 2.5 to 5 mg-Te/L, and the cycle time was set between 1
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Fig. 4. The concentration of tellurium (a) and tellurium removal rate
(b) in the AOM microbes enriched SBR.

to 3 d to match the microbial activity. Tellurate reduction in the
SBR began immediately even without prior adaptation, and the
reduction rate of tellurate was 0.25 mg-Te/L/d (Fig. 4b). The reduc-
tion rate reached 0.55 mg-Te/L/d on Day 5 and the highest reduction
rate of tellurate, 0.65 mg-Te/L/d, was achieved on Day 22 (Fig.
4b). Tellurite was nearly undetected throughout the operation with
only two occasions at 0.11 mg-Te/L and 0.15 mg-Te/L. These results
indicated that the AOM-enriched reactor was effective in reducing
tellurate to tellurite, and the latter could be further transformed
into elemental tellurium. Thus, the XRD analysis of the biomass
composition during confirmed the presence of elemental tellurium
in the system (Fig. 5). The intensity peaks of tellurium were weak,
due to the low abundance of tellurium. Further, the tellurate reduc-
tion could not be performed in an abiotic experiment (data not
shown), thereby demonstrating that microbial nature of tellurate
reduction. The detection of elemental tellurium in the SBR con-
firmed the integrated microbial reduction of tellurate to elemental
tellurium by the mixed consortium.

+ Tellurium

Intensity (a.u.)

I|I|||I||I||I\ Y Y
30 3 40 45 50 55 B0 B85 70 75 80

2-Theta (degree)
Fig. 5. XRD image of the solid sample at the final stage of SBR.

In this study, we established an anaerobic SBR for the enrichment
of methanotrophic microbes using methane as the sole carbon
source and nitrate as the electron acceptors. As a result, denitrifying
capacity was enhanced with sustained operation of the constructed
reactor, owing to the efficient consumption of provided nitrate.
Further, the removal rate of tellurate reached its peak at 0.65
mg-Te/L/d when nitrate was purged from the reactor and the elec-
tron acceptor was systematically switched to tellurate, with vir-
tually no tellurite detected throughout the operation. This finding
supports the complete transformation of tellurate, directly convert-
ing it to elemental tellurium within the reactor. Nitrate is a common
contaminant responsible for eutrophication soil or water environ-
ment [52], yet some microorganisms, including the denitrifying
microbes, can tolerate and thrive in such conditions. Moreover,
microorganisms used in this study came from nitrate-cultivated
sludge, and these kinds of denitrifying microbes would preferen-
tially utilize nitrate as the electron acceptor. Nevertheless, tellurate
and tellurite are toxic compounds that occur in many environments
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Fig. 6. The influence of methane on the microbial reduction of tellurate.

and adversely affect microbial metabolic activity [53]. The doses
of tellurate used in this study were higher than previously reported
[53], thereby slowing down the reduction rate, or even leading
to the reduction being incomplete.

Furthermore, the relationship between the microbial reduction
of tellurate and methane oxidation was not confirmed. Therefore,
tests of methane deficiency and recovery were conducted. During
this experiment, methane served as the sole electron donor and
was replenished at a pressure of 2 atm immediately following
the replenishment of fresh medium, ensuring that there was excess
methane in both the sludge and headspace. When methane was
sufficiently supplied, tellurate was constantly reduced, with an
average reduction rate of 0.017 mg-Te/L/h within 70 h (Fig. 6a).
To confirm that methane in the bioreactor played a role in tellurate
reduction, methane was replaced by pure nitrogen gas in the re-
plenishing step (Fig. 6b). After purging methane from the reactor
completely with nitrogen gas for 1 h, only 0.01% (v/v) methane
remained in the headspace. Despite this, tellurate unexpectedly
decreased from 1.83 mg-Te/L to 1.62 mg-Te/L over the next 14
h. High methane pressure in the headspace of SBR could not
effectively increase the mass transfer of methane between the
microbial consortium, and therefore could not significantly in-
crease the activity of microorganisms to oxidize methane [54].
However, the microbial reduction of tellurate was subsequently
abolished due to the shortage of methane (Fig. 6b). Upon reestablish-
ing the methane supplement, the reduction of tellurate resumed
with a reduction rate of 0.025 mg-Te/L/h. Overall, these results
suggest that the enriched consortium relied on methane as the
carbon source for the microbial reduction of tellurate to elemental
tellurium.

3.3. Microbial Community of the Tellurate Reducing
Consortium

In the final stage of SBR, a solid sample was collected for
high-throughput sequencing to reveal the microbial community.
The structure of this microbial community is illustrated in Fig.
7 at the family and genus levels. Comamonadaceae was found
to be the most abundant family in the reactor, and it includes
several denitrifying species typically found in activated sludge
[55]. Other identified families, such as Rhodobacteraceae,
Rhodocyclaceae, and Pseudomonadaceae, also contained ni-

trate-reducing bacteria commonly present in wastewater or acti-
vated sludge [35]. Although detected in small quantities (Fig. 7a),
known methanotrophic bacteria, such as Methylobacteriaceae,
Methylococcaceae, Methylocystaceae, and Methylophilaceae, were
identified, with a combined abundance of 0.90%. These microbes
can couple methane oxidation with the reduction of oxyanions
like nitrate, selenate, or perchlorate [35, 43, 56]. The presence
of methane-oxidizing microbes in the SBR highlights their role
in the nitrate and tellurate reduction processes (Fig. 7b). The domi-
nant genus  Methylobacterium,  which  belongs to
Methylobacteriaceae, can transform perchlorate and chlorite to
chloride using the electron from methane oxidation [35]. The en-
riched methanotrophs of the genera Pseudoxanthomonas and
Candidatus Methylomirabilis were also identified. Specifically,
Pseudoxanthomonas sp. Q3, one species of Pseudoxanthomonas,
can grow with methane as the sole carbon source [57]. Although
Candidatus Methylomirabilis can conduct anaerobic methane oxi-
dation coupled to nitrite [36], there are currently no reports of
it being able to utilize electron acceptors other than nitrite [41].
Despite being detected by qPCR, Candidatus Methanoperedens
was not observed through high-throughput sequencing, which im-
plies that the sensitivities of the two methods may differ.
The functional, dominant microbes in this study are denitrifiers
(Comamonadaceae, Rhodobacteraceae, Rhodocyclaceae and
Pseudomonadaceae),  methanotrophs  (Methylobacteriaceae,
Methylococcaceae, Methylocystaceae and Methylophilaceae), as
well as heterotrophs. The presence of Candidatus
Methanoperedens and Candidatus Methylomirabilis was detected
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Fig. 7. Relative abundance of dominating populations in the SBR on
Day 79 at the family level (a). Others indicated the sum of
the genus whose relative abundance was below 1%. Genera
that are the methanotrophs and methylobacterium detected in
the metagenomic library, which were speculated for tellurate
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Fig. 8. Potential functional populations participating in the reduction
of tellurate. The circular superposition represents the possible
inclusion relationships between microorganisms.

using qPCR analysis based on the abundance of correlative genes.
Given the coexistence of methanotrophs, denitrifiers, and other
heterotrophs, we propose that the bioreduction of tellurate is a
complex process, possibly driven by the diverse microbes in the
reactor (Fig. 3 and Fig. 8). Archaea of methanotrophs independently
oxidize methane at anaerobic conditions via a reverse methano-
genesis pathway and may drive tellurate reduction [37]. Oxygenic
methanotrophs might utilize extracellular/intracellular oxygen re-
leased from oxygenic bacteria for intra-aerobic pathways and oxi-
dize methane via initial monooxygenation reaction and may pro-
duce organic intermediates, which serve as the carbon sources
for denitrifiers [35]. In the future, additional studies are needed
to investigate the reduction mechanism of tellurates by the enriched
consortium in the reactor.

AOM archaea possess versatile abilities to use a range of electron
receptors, including promoting the reduction of nitrate, iron/man-
ganese, and selenate [27, 37, 41]. Given some of the similar phys-
icochemical properties of selenium and tellurium, these archaea
may play an important role in the microbial reduction of tellurate.
Tellurium has multiple forms, such as tellurate (VI), tellurite (IV),
elemental tellurium (0), and telluride (-II) in the natural environ-
ment [2]. Oxygenated tellurate and tellurite are noxious to archaea
and bacteria, with tellurite exhibits harmfulness at a concentration
of 1 pg/mL [58]. Since a bulky amount of tellurium compound
was introduced into the reactor, it had an inevitable negative effect
on the relevant consortium of AOM (Fig. 3). Luo et al. [41] inves-
tigated the microbial reduction of selenate in MBfR and they found
that the persistent attachment of elemental selenium precipitate,
produced by reduction, could cause adverse effects on
microorganisms. This may be due to elemental selenium hindering
the inter-microbial transfer of selenate or binding with extracellular
polymers, resulting in decreased activity. Therefore, the resulting
elemental tellurium in the reactor might also affect microbial activ-
ity for continued attachment to the cell surface [42]. However,
due to its weak adhesion, elemental tellurium can be continuously
removed by drainage in a continuous flow reactor, causing only
a feeble effect on microbial activity [20]. In the current study,
the generated elemental tellurium was dispersed in the sludge
for discontinuous running. Thus, the toxicity of elemental tellurium
and its compounds should be the main factor affecting the activity
of AOM.

Many microorganisms, such as bacteria, fungi, and archaea,
have demonstrated their ability to convert toxic tellurium oxy-
anions into low-toxicity elemental tellurium or nanoparticles [4,

12, 59]. For example, Rhodobacter capsulatus [19], Methanogens
[20], Shewanella [21], Pseudomonas [22], and Stenotrophomonas
[23] can reduce tellurium oxyanion species to their elemental
state. In our earlier work, we isolated a Rhodopseudomonas pal-
ustris strain from wastewater that exhibited tellurite reduction
ability [60]. In a CHy-based MBfR, Shi and colleagues demonstrated
the feasibility of nanoscale Te® formation by tellurite. The re-
searchers found that Thermomonas and Hyphomicrobium in the
mixed culture might conduct the tellurite reduction [42]. However,
only a few strains are known to produce nanoparticles from tel-
lurate, potentially because tellurite reduction to elemental tel-
lurium is more prevalent than tellurate reduction in micro-
organisms [61]. In this study, we first prove the microbial tellurate
reduction in an enriched consortium using methane as the carbon
source. Further studies are needed to investigate the mechanism
of tellurate reduction by the enriched consortium using methane
as the carbon source and the formation of elemental tellurium.

4. Conclusions

A mixed consortium of AOM microbes was enriched to conduct
the reduction of tellurate. Microbial tellurate reduction was ach-
ieved in the enriched consortium using methane as the carbon
source. The analysis of community structure further indicated
the coexistence of methanotrophs, denitrifiers, and other hetero-
trophs in the reactor. However, further investigation is required
to determine the molecular mechanism of the enriched consortium
driving the microbial reduction of tellurate into elemental
tellurium. These findings confirm the role of enriched microbial
communities using a lab-scale SBR in tellurate reduction and lay
the foundation for future studies on the mechanism of tellurate
reduction using methane as an electron donor. This study advances
our understanding of tellurium cycles and may facilitate the future
study of the biogeochemistry cycle of tellurium.
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