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ABSTRACT

Ethane, the second most abundant gaseous hydrocarbon in vast anoxic environments, is an overlooked
greenhouse gas. Microbial anaerobic oxidation of ethane can be driven by available electron acceptors
such as sulfate and nitrate. However, despite nitrite being a more thermodynamically feasible electron
acceptor than sulfate or nitrate, little is known about nitrite-driven anaerobic ethane oxidation. In this
study, a microbial culture capable of nitrite-driven anaerobic ethane oxidation was enriched through the
long-term operation of a nitrite-and-ethane-fed bioreactor. During continuous operation, the nitrite
removal rate and the theoretical ethane oxidation rate remained stable at approximately 25.0 mg NO2 N
L' d~ ! and 11.48 mg CHg L1 d~, respectively. Batch tests demonstrated that ethane is essential for
nitrite removal in this microbial culture. Metabolic function analysis revealed that a species affiliated
with a novel genus within the family Rhodocyclaceae, designated as 'Candidatus Alkanivoras nitro-
soreducens’, may perform the nitrite-driven anaerobic ethane oxidation. In the proposed metabolic
model, despite the absence of known genes for ethane conversion to ethyl-succinate and succinate-CoA
ligase, 'Ca. A. nitrosoreducens' encodes a prospective fumarate addition pathway for anaerobic ethane
oxidation and a complete denitrification pathway for nitrite reduction to nitrogen. These findings
advance our understanding of nitrite-driven anaerobic ethane oxidation, highlighting the previously
overlooked impact of anaerobic ethane oxidation in natural ecosystems.
© 2024 The Authors. Published by Elsevier B.V. on behalf of Chinese Society for Environmental Sciences,
Harbin Institute of Technology, Chinese Research Academy of Environmental Sciences. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

cyanobacteria isolated from hot springs [10]. Accordingly, global
ethane emissions have been as high as 18.7 Tg yr~! [2] and have

Ethane is an overlooked greenhouse gas; its global warming
potential is 12.8 times that of carbon dioxide (CO;) [1]. Ethane is the
second most abundant short chain alkane in natural gas. Nature gas
exploitation and crude oil refining have led to significant anthro-
pogenic ethane emissions, accounting for ~60% of global ethane
emissions [2,3]. Thus, ethane is a tracer for natural gas fugitive
emissions [4,5]. Burning fossil fuels and biofuels is another
important ethane emission source [3,6]. Biological and abiotic
ethane production has also been widely observed in natural envi-
ronments, such as hydrothermal vent fluids [7], hydrothermally
heated sediments [8], deep marine sediments [9], and
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significantly contributed to global climate change. Ethane emis-
sions may also lead to ozone layer depletion, atmospheric voids,
and photochemical pollution because ethane is a precursor for
photochemical reactions [11].

Fortunately, geochemical profile data suggest that microbial
activity reduces the emissions of short-chain alkanes in anaerobic
or hypoxic environments [12,13]. Anaerobic ethane oxidation was
found in mud volcanoes in the Nile deep-sea fan with other short-
chain hydrocarbon gas oxidation [12]. For instance, bacteria affili-
ated with Deltaproteobacteria, particularly sulfate-reducing line-
age, were predicted to mediate anaerobic ethane oxidation and
sulfate reduction in hydrothermal vent and mud volcano sediment
[14,15]. A previously described propane-oxidizing 'Candidatus
Alkanivorans nitratireducens' has been demonstrated to perform
nitrate-driven anaerobic ethane oxidation [16]. These findings
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elucidate the overlooked role of ethane in linking several global
biogeochemical cycles.

Several studies have revealed the mechanism of microbial sul-
fate or nitrate-driven anaerobic ethane oxidation through biomass
cultivation and meta-omics analysis [16—19]. Thus, archaea activate
and oxidize ethane through ethyl-coenzyme M (ethyl-CoM)
reductase, and sulfate-reducing partner bacteria are associated
with these archaea for receiving electrons [17—19]. The subsequent
oxidation to CO, was achieved through the reverse
Wood—Ljungdahl pathway. In addition, bacteria could indepen-
dently complete anaerobic ethane oxidation by synchronously
reducing nitrate to nitrogen (N;) [16]. A prospective fumarate
addition pathway is crucial for ethane oxidation in bacteria [16,20],
although the detailed mechanism requires further explanation.
Nitrite is a common electron acceptor in freshwater ecosystems
[21], which can coexist with ethane in hot springs [22,23]. As a
potential electron acceptor for anaerobic ethane oxidation, nitrite is
more thermodynamically feasible than sulfate and nitrate (equa-
tion (1)—(3)). However, whether nitrite-driven anaerobic ethane
oxidation exists remains unclear.
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through a pulsed supply of nitrite. Then, a stable continuous nitrite
supply was provided to accelerate the enrichment of microorgan-
isms. From days 87-211, the influent nitrite concentration was
maintained at 100 mg NO5-N L, and the nitrite loading rate in the
bioreactor was increased by shortening the hydraulic retention
time (HRT) in stages. From days 212—350, the influent nitrite
concentration was increased to 500 mg NO3-N L~! to avoid mi-
crobial biomass loss. A peristaltic pump (BT600s, Lead Fluid, China)
maintained internal recirculation and the complete mixture. A
water jacket was used for stabilized temperature control at
45 + 0.5 °C. The system's pH was monitored by a pH meter (AZ Co.,
Ltd., China) and maintained at 6.5—7.5 by manually injecting 1 M
HCI or 1 M NaOH solutions.

2.2. Batch tests to verify ethane metabolism

Batch tests for checking the ethane metabolism were performed
on biomass inoculated from the M-EGSB, with 200 mL of anaerobic
synthetic culture medium and 50 mL of microbial culture inocu-
lated into two 510 mL continuous stirred-tank reactors (CSTR).

4CyHg 4 7S05~ — 75>~ + 8 CO, + 12 H,0 AG” = —318.3 k] per mol C,Hg (1)
5C,Hg + 14NO3 — 7N, + 140H™ + 10 CO; + 8 H,0 AG” = —1160.6 k] per mol C;Hg (2)
3C,Hg + 14NO5 — 7N, + 140H™ + 6 CO, + 8 H,0 AG” = —1521.0 k] per mol C;Hg (3)

This study used a bioreactor inoculated with hot-spring sedi-
ments to enrich and characterize the microbial culture that medi-
ates nitrite-driven anaerobic ethane oxidation. We employed 16S
rRNA gene amplicon sequencing to investigate microbial commu-
nity changes during long-term reactor operation. Metagenomics
and metatranscriptomics analysis identified functional microor-
ganisms and related metabolic mechanisms. The bacteria 'Candi-
datus Alkanivoras nitrosoreducens' encoded a prospective fumarate
addition pathway for anaerobic ethane oxidation and a complete
denitrification pathway for nitrite reduction to nitrogen. These
findings significantly advance our understanding of nitrite-driven
anaerobic ethane oxidation.

2. Materials and methods
2.1. Bioreactor configuration, inoculum, and enrichment

A lab-scale membrane-bound expanded granular sludge bed
(M-EGSB) fed with ethane and nitrite was employed to enrich the
bacterial cultures. Reactor configurations and schematic diagrams
are provided in Text S1 and Fig. S1 (Supplementary Material). The
pressure of supply gas (v/v: 95% C;Hg/5% CO,) was maintained at
~0.1 MPa by a gas regulator (GENTEC, China). Fresh hot-spring
sediment collected from Tangyu, Shaanxi province, China, was
used as inoculum. The sediment was transformed into slurry by
adding a synthetic mineral medium (the composition refers to
Supplementary Material Text S2).

A total of 500 mL of slurry was injected into the reactor after
filtration through a screen. The bioreactor was operated in the
start-up stage (Phase I: days 0—86) and the continuous stage (Phase
II: days 87—350). During the start-up phase, the microbial culture
capable of nitrite-driven anaerobic ethane oxidation was cultivated

Then, both CSTRs were immediately aerated with a mixed gas (v/v:
95% argon [Ar]/5% CO;) for 15 min to maintain an anaerobic envi-
ronment. The CSTRs were divided into experimental groups
(flushed with 95% C;Hg and 5% CO; for 10 min) and control groups
(flushed with 95% Ar and 5% CO, for 10 min). Nitrite was added to
the experimental and control groups to produce a final concen-
tration of about 10 mg N L~ Liquid samples were collected every
20 min, and the nitrite concentration was analyzed over 2 h. All
batch tests were repeated in triplicate.

2.3. DNA extraction and 16S rRNA gene amplicon sequencing

The biomass samples were collected from the bioreactor and
stored at —80 °C. The total genomic DNA was extracted using the
OMEGA Soil DNA Kit (M5636-02, Omega Bio-Tek, USA). The quan-
tity and quality of the extracted DNAs were measured using a
NanoDrop NC2000 spectrophotometer (Thermo Fisher Scientific,
USA) and agarose gel electrophoresis. The Bact341F-Bact805R
primer pair was used to amplify the bacterial V3—V4 region
(Supplementary Material Table S1). Amplicon bacterial libraries
were sequenced on the Illumina Mi-Seq PE300 high-throughput
platform (Illumina, USA) at Sangon Biotech (Shanghai, China). Af-
ter sequencing, the adapters and primer sequences were clipped
from the retrieved sequences using the DADA2 plugin [24]. After
the sequences were quality filtered, denoised, and merged, and the
chimera was removed, they were assigned to amplicon sequence
variant (ASVs) and identified taxonomy using the DADA2 plugin
against the SILVA Release v138.1 [25]. For ASVs with incomplete
taxonomy information, KEGG Blast was used for manual correction
(https://www.genome.jp/tools/blast). The raw sequence data was
deposited in the Genome Sequence Archive at the National Geno-
mics Data Center (GSA: CRA014268). They are publicly accessible at
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https://ngdc.cncb.ac.cn/gsa [26,27].

2.4. Metagenomic DNA extraction, sequencing, and analysis, and
genome recovery

Biomass samples were collected from the bioreactor, immedi-
ately frozen using liquid nitrogen, and stored at —80 °C on days 150,
250, and 350. Metagenome shotgun sequencing was performed at
Personal Biotechnology (Shanghai, China). Metagenomic DNA
extraction, sequencing, and DNA library construction are described
in Supplementary Material Text S3. Metagenomic shotgun
sequencing reads were analyzed on the KBase platform [28]. The
methods for metagenomic raw data processing and genome re-
covery are described in Supplementary Material Text S4. Meta-
genomic reads were mapped to the obtained metagenomic
assembly by DiTing v0.9 to determine the relative abundance of
metabolic pathways [29], which was calculated as genes per kilo-
base million (GPM) values (Supplementary Material Data Set S1).
The metagenomic reads were aligned with the metagenomic as-
sembly using Bowtie2 v2.3.2, and then relative gene abundance
were calculated using StringTie v2.1.5 [30,31]. Redundant
metagenome-assembled genomes (MAGs) were dereplicated with
dRep v2.3.2 using the dereplicate_wf [32].

Metagenomic assembly data were annotated using Prokka
v1.14.5, and MAGs were annotated using RASTtk v1.073 [33,34]. All
MAGs were taxonomically classified with GTDB-Tk v1.7.0 [35]. The
average nucleotide identity (ANI) of MAGs was calculated by Fas-
tANI [36]. The nucleotide sequences of genes encoding alkylsucci-
nate synthase (KEGG database, Dalk_1731 AssA1, Dalk_2199 AssA2)
were aligned with nucleotide sequences of metagenomes and all
MAGs using usearch (Version 11) to detect known alkylsuccinate
synthase genes [37]. The MAGs were reannotated using the DRAM
plugin (default parameters) on the KBase platform [28,38] to
identify the core metabolism and key genes involved in prospective
nitrite-driven anaerobic ethane oxidation. A species tree was con-
structed by the Insert Set of Genomes into SpeciesTree plugin v2.2.0
using a set of 49 core, universal genes defined by clusters of
orthologous groups gene families [28]. The species tree was opti-
mized using MEGA11 [39].

2.5. Extraction of RNA, shotgun sequencing, and reads processing

The metatranscriptomic sample was collected from the biore-
actor, immediately frozen using liquid nitrogen, and then stored
at —80 °C on day 250. The total RNA was extracted using an RNA
PowerSoil® Total RNA Isolation Kit (12866-25, MoBio, USA). The
integrity of RNA was detected using an Agilent 2100 (Agilent, USA).
After removing ribosomal RNA from the microbial RNA, the TruSeq
Stranded mRNA LT Sample Prep Kit (Illuminia, USA) was used for
reverse transcription and macro-transcriptome  birdshot
sequencing library construction. Each library was sequenced using
the Illumina NovaSeq platform (Illumina, USA) with the PE150
strategy at Personal Biotechnology Co., Ltd. (Shanghai, China).

Metatranscriptomic sequencing reads were analyzed on the
KBase platform [28]. The RNA paired-end reads were quality
controlled by Trimmomatic v0.36 [40]. The quality of trimmed
reads was assessed using FastQC [41]. Quality-controlled RNA reads
were mapped to the obtained metagenomic assembly by DiTing
v0.9 to determine the relative abundance of metabolic pathways
[29], which were calculated as transcripts per million (TPM) (Sup-
plementary Material Data Set S1). The quality-controlled RNA reads
were also aligned with the corresponding metagenome using
Bowtie2 v2.3.2, and then assembled into transcripts for which
relative abundance was calculated using StringTie v2.1.5 [30,31].
The metatranscriptomic paired RNA reads library was mapped to
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potential functional MAGs (recovered from the metagenome
collected on day 250) to determine the relative transcriptional
abundance of genes involved in denitrification (nitrite to Ny), the
prospective fumarate addition pathway, and the reverse
Wood—Ljungdahl pathway. The raw metagenomic and metatran-
scriptomic sequence data were deposited in the Genome Sequence
Archive at the National Genomics Data Center (GSA: CRA014262)
and are publicly accessible at https://ngdc.cncb.ac.cn/gsa [26,27].

2.6. Routine chemical analytic methods

Liquid samples were filtered through a Millipore filter (0.45 pm
pore size) and immediately subjected to routine chemical analysis.
Concentrations of nitrite (APHA-4500-NO; B and APHA-4500-NO3
B) were measured using standard methods [42], and concentra-
tions of NHf-N were measured using the Nessler method [43]. An
Agilent 7890A (Agilent, USA) gas chromatograph equipped with an
electron capture detector was used to measure the concentrations
of ethane, nitrogen gas, and methane in the reactor exhaust gas.

3. Results and discussion

3.1. Enrichment and performance of nitrite-driven anaerobic ethane
oxidation microbial culture

Long-term reactor operation was employed to enrich the
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microbial culture capable of nitrite-driven anaerobic ethane
oxidation and to investigate its nitrogen removal performance
(Fig. 1). A pulsed supply of nitrite was used to cultivate nitrite-
driven anaerobic ethane-oxidizing microorganisms during the
start-up stage. The nitrite removal rate in the reactor gradually
decreased from 17.8 to 8.1 mg NO3-N L~ d~! in 0—48 days. It was
speculated that nitrite was mostly removed by heterotrophic
denitrifying microorganisms during this time, while some micro-
organisms decayed to produce organic matter for denitrification.

Subsequently, the nitrite removal rate remained stable but
slightly increased from days 48—85. After 86 days, a continuous
nitrite supply was used to enrich the microbial culture. From days
86—210, the HRT stepwise decreased from 11.1 to 4.0 d, and the
nitrite loading rate stepwise increased from 9.0 to 25.0 mg NO3-N
L' d~1. Accordingly, the nitrite removal rate gradually increased
from 8.7 to 25.0 mg NOz-N L~! d~! in the bioreactor, where the
nitrite concentration in the effluent was nearly below the detection
limit. However, the decrease in HRT resulted in a washout of
biomass. To avoid biomass loss, the nitrite concentration in the
influent was increased from 100 to 500 mg NOz-N L~! on day 210,
and the HRT was increased from 4.0 to 20.0 d to maintain the nitrite
loading rate at 25.0 mg NOz-N L~! d~. During continuous opera-
tion, the nitrite removal rate was stable at about 25.0 mg NO3-N
L' d~! from days 198—350. The corresponding theoretical ethane
oxidation rate was calculated using equation (3), which was stable
at about 11.48 mg CHg L~ d~! (Supplementary Material Fig. S2).
Moreover, the flocculent biomass showed significant growth during
the reactor's entire operation (Supplementary Material Fig. S3).
These results indicated that microorganisms performing nitrite-
driven anaerobic ethane oxidation were likely enriched in the
bioreactor.

Batch experiments investigated the relationship between
ethane metabolism and nitrite reduction (Fig. 2). When supplying
ethane, the nitrite concentration decreased from 9.73 to 1.66 mg
NO3-N L' in 2 h. However, when ethane was replaced with the
inert gas Ar, the nitrite concentration decreased from 9.77 to
8.90 mg NO3-N L' in 2 h. The average nitrite removal rate reached
4.03 mg NOz-N L~! h~! with ethane, much higher than without
ethane. Since ethane was the only available electron donor in batch
experiments, these results suggest the occurrence of nitrite-driven
anaerobic ethane oxidation, and the electrons required for nitrite
reduction may be generated from ethane oxidation.

Concentration of nitrite (mg N L")

—O- C,H+CO,
Ar+CO,
0 T T T T T
0 20 40 60 80 100 120
Time (min)

Fig. 2. Nitrite removal performance in batch tests on day 209. Circles: 95% C,Hg + 5%
CO, in headspace; squares: 95% Ar + 5% CO, in headspace.
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Fig. 3. Microbial community changes during long-term operation. Relative order-level
abundance of microbial population (>2% in at least one sample) was shown.

3.2. Microbial community dynamics during the long-term
operation

The dynamics of microbial community structure during the
operation of the bioreactor were revealed by classifying the tax-
onomy of 16S rRNA gene amplicon sequencing data (Fig. 3 and
Supplementary Material Table S2). During the start-up stage (days
0—87), Proteobacteria, Acidobacteriota, and Bacteroidota were the
most abundant phylum-level microorganisms, accounting for an
average of 48.4%, 15.73%, and 14.21%, respectively. Burkholderiales,
Blastocatellales, Chitinophagales, and Rhizobiales were the domi-
nant order-level taxa. Although microorganisms affiliated with
these orders may be involved in nitrite reduction, eliminating these
microorganisms (except for Burkholderiales) during long-term
operations indicates that these microorganisms may not be
responsible for anaerobic ethane oxidation. During the continuous
stage, Candidatus Kerfeldbacteria, Burkholderiales, and Ignavi-
bacteriales were the dominant order-level taxa. Interestingly, the
microorganisms affiliated with Candidatus Kerfeldbacteria rapidly
expanded the realized niche breadth with increasing influent
concentration, which may have helped stabilize the microbial
community, although its exact ecological significance was unclear.
No known archaea capable of anaerobic ethane oxidation were
detected. Thus, Burkholderiales, the dominant taxa through the
whole bioreactor operation, could play a significant role in nitrite-
driven anaerobic ethane oxidation.

3.3. Analysis of nitrogen and carbon metabolic pathways in
microbial culture

The abundance of key genes for denitrification, assimilation
nitrate reduction, anaerobic ammonium oxidation (anammox), and
nitrogen fixation at metagenomic and metatranscriptomic levels
have been assessed for nitrogen metabolism in the microbial cul-
ture (Fig. 4a). Nitrite reductase genes (nirK and nirS), nitric oxide
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a hydrazine — nitrogen (hdh) log(TPM+1)
nitric oxide + ammonia — hydrazine (hzs) 10.0
nitrite — nitrate (nxrAB)
hydroxylamine — nitrite (hao) 8.0
ammonia — hydroxylamine (amoABC) 6.0
nitrogen — ammonia (nifKDH)
nitrous oxide — nitrogen (nosZ) 4.0
nitric oxide — nitrous oxide (norBC) 2.0
nitrite — nitric oxide (nirK or nirS)
nitrite — ammonia (NIT-6 or nirA) 00
nitrate — nitrite (narB or NR or nasAB)
nitrite — ammonia (nirBD or nrfAH)
nitrate — nitrite (narGHI or napAB)
b  Succinate dehydrogenase (sdhABCD, frdB)* log(TPM+1)
Succinate-CoA ligase (sucCD)* 15.0
Propionyl-CoA carboxylase (pccB, accD)*
Methylmalonyl-CoA mutase (mcm, scpA, bhbA)* 12.0
Long chain fatty acid-CoA ligase (fadD, IcfB)* 9.0
Calvin-Benson-Bassham cycle (prkB)
rTCA cycle (aclAB, ccsAB, ccl) 6.0
Wood-Ljungdahl pathway (acsABCDE) 3.0
3-Hydroxypropionate Bicycle
Entner-Doudoroff pathway 0.0
Glycolysis (glk, pfk, pyk)
TCA cycle
Methanogenesis, acetate to methane (cdhCDE)
Methanogenesis, CO, to methane
Methane to methanol (mmoABC, amoABC)
Acetylaldehyde to acetate (ald)
Acetyl-CoA to acetylaldehyde (reversible)
Ethanol to acetylaldehyde (adh, mdh)

\qab "[?JQ %@Q &
P & P

Fig. 4. Relative abundance and transcript level of genes involved in nitrogen (a) and
carbon (b) metabolism pathways. Relative abundance was calculated by DiTing. The
asterisks indicate that the metagenomic reads and trimmed metatranscriptomic reads
were mapped onto metagenomic assembly using Bowtie2 (v2.3.2) and StringTie
(v2.1.5). The relative gene abundance was determaind as GPM, and relative tran-
scriptional abundance was determaind as TPM. MT, metatranscriptomic profiles on day
250. Nitrate reductase (NAR, narB); nitrate reductase (NAD(P)H) (NR); assimilatory
nitrate reductase (NAS, nasAB); nitrite reductase (NAD(P)H) (NIT-6); ferredoxin-nitrite
reductase (NiR, nirA); membrane-bound (NAR, narGHI) and periplasmic (NAP, napAB)
dissimilatory nitrate reductases; dissimilatory nitrite reductase (ccNIR, nrfAH); haem-
containing (cd1-NIR, nirS) and copper-containing (Cu-NIR, nirK) nitrite reductases;
nitric oxide reductase (NOR, norBC); nitrous oxide reductase (NOS, nosZ); nifKDH,
nitrogenase; ammonia monooxygenase (AMO, amoABC); hydroxylamine dehydroge-
nase (HAO, hao); nitrite oxidoreductase (NXR, nxrAB); hydrazine synthase (HZS, hzs);
hydrazine dehydrogenase (HDH, hdh); rTCA, reductive tricarboxylic acid cycle; TCA
cycle, tricarboxylic acid cycle; phosphoribulokinase (PRK, prkB); ATP-citrate lyase
(aclAB); citryl-CoA synthetase/ lyase (ccsAB/ccl); acetyl-CoA synthetase (ACS,
acsABCDE); acetyl-CoA decarbonylase/synthase (CODH/ACS, cdhCDE); methane/
ammonia monooxygenase, (MMO/AMO, mmoABC/amoABC); alcohol/methanol dehy-
drogenase (ADH, adh; MDH, mdh); acetaldehyde dehydrogenase (ALDH, ald).

reductase genes (norBC), and the nitrous oxide reductase gene
(nosZ) were detected in the three metagenomes. The high tran-
script levels of these genes confirmed that the microbial culture
mediated the complete reduction of nitrite to N,. The absence of
genes involved in anammox indicated that the microbial culture
could not undergo anammox [44], and the dynamics of the mi-
crobial community structure supported this result (Fig. 3).

Methane monooxygenases (pmoABC) were identified in these
metagenomes (Fig. 4b). Although methane monooxygenases
exhibit broad substrate specificity and can oxidize ethane under
aerobic conditions [45], no transcript was detected in the meta-
transcriptomic profiles. Its absence indicates that methane mono-
oxygenase did not catalyze ethane oxidation in the microbial
culture. Alcohol/methanol dehydrogenase (ADH, adh; MDH, mdh)
and acetyl-CoA decarbonylase/synthase (CODH/ACS, cdhCDE) were
also expressed at low levels. Together, these results demonstrate
that the oxidation of ethane to CO, does not likely involve methane
monooxygenases.

Alkylsuccinate synthase and methyl-/ethyl-CoM reductase were
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implicated in the anaerobic ethane oxidation process in bacterial
and archaeal-mediated systems [20,46]. No genes encoding these
enzymes were identified in the metagenomic and metatran-
scriptomic data. However, long-chain fatty acid-CoA ligase (fadD,
I¢fB), methylmalonyl-CoA mutase (mcm), propionyl-CoA carbox-
ylase (pccB, accD), succinate-CoA ligase (sucCD), and succinate de-
hydrogenase (sdhABCD, frdB) were identified in the metagenomic
data and were expressed at high transcript levels in the meta-
transcriptomic data (Fig. 4b). Genes involved in beta-oxidation have
also been identified in metagenomic data and expressed in meta-
transtriptomic data, including electron transfer flavoprotein alpha
and beta subunit (eftAB, K03521 and K03522), acetyl-CoA acyl-
transferase (fadA, K00632; bktB, K00626), enoyl-CoA hydratase
(echA, K15866), and 3-hydroxyacyl-CoA dehydrogenase (fadN,
K07516) (Supplementary Material Data Set S1C). These results
suggest an inferred pathway for the anaerobic degradation of
ethane via fumarate addition and further beta-oxidation
(Supplementary Material Fig. S4), consistent with that proposed
for the species 'Candidatus Alkanivorans nitratireducens' [16,47].
Meanwhile, the electrons generated by ethane oxidation could be
used to reduce nitrite to Ny through the classical denitrification
pathway.

3.4. Genome recovery and metabolic function analysis of MAGs

A non-redundant set of 50 MAGs was recovered from three
metagenomes. All of them had a distant genetic relationship (ANI
<60%) with nitrate-driven ethane oxidizing bacteria 'Candidatus
Alkanivorans nitratireducens' [16], which may be attributed to
differences in inoculums and electron receptors. Among them, nine
MAGs encoded the canonical denitrification pathway (nirK, nirs,
norBC, and nosZ), which can completely reduce nitrite to N5 (Fig. 5
and Supplementary Material Data Set S2A). Based on ANI analysis
and phylogenetic affiliation analysis, these nine MAGs were affili-
ated with three classes: Gammaproteobacteria, Xenobia, and
Anaerolineae (Supplementary Material Data Sets S2B and S2C).
Except for MAG_22 affiliated with an unclassified Gammaproteo-
bacteria, the remaining MAGs all encoded genes involved in pro-
spective anaerobic short-chain alkane (ethane/propane/n-butane)
oxidation pathways (Fig. 5). These results indicated that these
MAGs could have potential for nitrite-driven anaerobic ethane
oxidation.

To identify the keystone taxa for nitrite-driven anaerobic ethane
oxidation, the trimmed metatranscriptomic paired-end reads were
mapped to MAGs with the potential for nitrite-driven anaerobic
ethane oxidation. The transcripts of gene encoding nitrite reductase
were detected in several MAGs (Table 1), indicating that nitrite
reduction in the microbial culture was likely mediated by multiple
microorganisms. Among them, MAG_36 (designated as 'Candidatus
Alkanivoras nitrosoreducens'), affiliated with the family Rhodocy-
claceae and order Burkholderiales, was the most transcriptionally
active, indicated by the high transcript abundance of key genes
involved in nitrite reduction and prospective ethane oxidation
(Table 1). Genes involved in beta-oxidation were also identified in
the bacteria 'Ca. A. nitrosoreducens' (Supplementary Material Data
Set S2D). However, genes encoding alkylsuccinate synthase (assAs)
and succinate-CoA ligase (sucCD) were missing in its genome. The
reverse Wood—Ljungdahl pathway identified in the genome of 'Ca.
A. nitrosoreducens' was also transcriptionally active (Table 1),
which suggests a potential pathway for CO;, generation.

We successfully constructed a prospective metabolic model of
nitrite-driven anaerobic ethane oxidation by the bacteria 'Ca. A.
nitrosoreducens' (Fig. 6). Ethane was determined to be oxidized to
acetyl-CoA by a prospective fumarate addition pathway and beta-
oxidation, consistent with the ethane oxidation pathway
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Fig. 5. Phylogenetic affiliation and metabolic potential of prospective functional MAGs. Branch lengths in the species tree were hidden if shorter than 0.01. Five neighbor public
genomes and bacterial species 'Candidatus Alkanivorans nitratireducens' were included in the species tree. ETC, electron transfer chain; TCA, tricarboxylic acid cycle; long-chain
fatty acid-CoA ligase (fadD, IcfB); methylmalonyl-CoA mutase (mcm); propionyl-CoA carboxylase (pccB, accD); succinate-CoA ligase (sucCD); succinate dehydrogenase (sdhABCD,

frdB); alkylsuccinate synthase (assAs).

Table 1

Relative abundance of genes by metatranscriptomic data mapping on MAGs.
Enzymes MAG_12 MAG_16 MAG_22 MAG_28 MAG_36
Long-chain fatty acid-CoA ligase 66.53 764.68 5.61 3.67 3553.01
Methylmalonyl-CoA mutase 0.00 1279.96 n.a. 1.00 2296.18
Propionyl-CoA carboxylase 2.76 0.00 n.a. 0.00 5.76
Succinate-CoA ligase n.a. n.a. n.a. n.a. n.a.
Succinate dehydrogenase 13.73 46.86 14.69 7.09 20946.94
Assimilatory nitrite reductase 342 12.48 807.02 0.00 1431.82
Nitrite reductase (nirS/nirK) 438.09 17.69 3.84 0.00 3.25
Nitric-oxide reductase 15.85 117.86 0.00 0.00 137.36
Nitrous-oxide reductase 4.37 0.00 0.00 39.81 93.76
5,10-methylenetetrahydrofolate reductase 0.00 97.05 0.00 0.00 0.00
Methylenetetrahydrofolate dehydrogenase 0.00 0.00 5.28 0.00 0.75
Formyltetrahydrofolate deformylase 0.00 0.00 n.a. n.a. 1.68
Formate dehydrogenase n.a. 268.90 0.70 0.73 180.39

n.a.: not available; the related genes were not identified in MAGs.

proposed for 'Candidatus Alkanivorans nitratireducens' [16,47].
Then, acetyl-CoA entered the TCA cycle or reverse
Wood—Ljungdahl pathway and was oxidized to CO,. Meanwhile,
nitrite was reduced to N, through a denitrification pathway.

4. Conclusion

This study used ethane and nitrite as substrates to enrich mi-
crobial culture capable of nitrite-driven anaerobic ethane oxida-
tion. Based on a meta-omic analysis, 'Ca. A. nitrosoreducens'

encoded and expressed a prospective fumarate addition pathway
for anaerobic ethane oxidation and a complete denitrification
pathway for nitrite reduction to N, although the genes for ethane
conversion to ethyl-succinate (assAs) and succinate-CoA ligase
(sucCD) required further identification. Phylogenetic affiliation
analysis showed a distant genetic relationship between 'Ca. A.
nitrosoreducens' and the previously reported 'Candidatus Alka-
nivorans nitratireducens' that was capable of nitrate-driven
anaerobic ethane oxidation [16], which suggests functional mi-
crobial differences in different natural environments. This study
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Fig. 6. Prospective metabolic model of nitrite-driven anaerobic ethane oxidation by
bacteria 'Ca. A. nitrosoreducens'. The black mark of the gene indicates that the gene has
been identified in the genome, while the gray mark indicates that the gene has not
been identified. TCA, tricarboxylic acid cycle; acetyl-CoA decarbonylase/synthase
(CODH/ACS); alkylsuccinate synthase (assAs); long-chain fatty acid-CoA ligase (fadD,
IcfB); methylmalonyl-CoA mutase (mcm); propionyl-CoA carboxylase (pccB, accD);
succinate-CoA ligase (sucCD); succinate dehydrogenase (sdhABCD, frdB); 5,10-
methylenetetrahydrofolate reductase (Mthfr); Methylenetetrahydrofolate dehydroge-
nase (Mthfd); Formyltetrahydrofolate deformylase (Fthd); Formate dehydrogenase
(fdh); haem-containing (NirS, nirS) and copper-containing (NirK, nirK) nitrite re-
ductases; nitric oxide reductase (NorB, norB); nitrous oxide reductase (NosZ, nosZ);
dissimilatory nitrite reductase (nrfAH).

offers new evidence of nitrite-driven anaerobic ethane oxidation
occurring in enriched cultures from hot-spring sediment. These
findings will advance the understanding of ethane and the nitrogen
cycle in an environment rich in nitrite and shot-chain alkanes,
highlighting the previously overlooked impact of anaerobic ethane
oxidation in natural ecosystems.

Description of new species
Candidatus Alkanivoras nitrosoreducens

Etymology. Alkanivoras (al.ka.ni.vo'ras. N.L. neut. n. alkanum,
alkane; L. pres. part. voras, devouring; N.L. masc. n. ethanivoras, an
alkane eater). nitrosoreducens (Ni.tro.so.re.du'cens. N.L. masc. n.
nitrosum (gen. nitroso), nitrite; L. pres. part. reducens, converting
to a different state; N.L. part. adj. nitrosoreducens, reducing nitrite).
This name implies an organism capable of consuming alkane and
reducing nitrite.

Locality. Enriched from a bioreactor inoculated with fresh hot-
spring sediments collected from Tangyu, Shannxi, China.

Diagnosis. Anaerobic, alkane-oxidizing, nitrite-reducing bacte-
ria. Mesophilic in terms of pH and thermophilic in terms of tem-
perature (enriched at 45 + 0.5 °C and pH 6.5—7.5).
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