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Abstract

Background The trophic strategy is one key principle to categorize microbial lifestyles, by broadly classifying micro-
organisms based on the combination of their preferred carbon sources, electron sources, and electron sinks. Recently,
a novel trophic strategy, i.e, chemoorganoautotrophy—the utilization of organic carbon as energy source but inor-
ganic carbon as sole carbon source—has been specifically proposed for anaerobic methane oxidizing archaea
(ANME-1) and Bathyarchaeota subgroup 8 (Bathy-8).

Results To further explore chemoorganoautotrophy, we employed stable isotope probing (SIP) of nucleic acids
(rRNA or DNA) using unlabeled organic carbon and 13C-labeled dissolved inorganic carbon (DIQ), i.e., inverse sta-
ble isotope labeling, in combination with metagenomics. We found that ANME-1 archaea actively incorporated
13C-DIC into RNA in the presence of methane and lepidocrocite when sulfate was absent, but assimilated organic
carbon when cellulose was added to incubations without methane additions. Bathy-8 archaea assimilated '*C-
DIC when lignin was amended; however, their DNA was derived from both inorganic and organic carbon sources
rather than from inorganic carbon alone. Based on SIP results and supported by metagenomics, carbon transfer
between catabolic and anabolic branches of metabolism is possible in these archaeal groups, indicating their ana-
bolic versatility.

Conclusion We provide evidence for the incorporation of the mixed organic and inorganic carbon by ANME-1
and Bathy-8 archaea in the environment.
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Background

Microbes are physiologically classified according to their
modes of carbon, energy, and electron utilization, as in,
e.g., chemoorganoheterotrophy or photoautotrophy. This
key concept to define categories of similar lifestyles has
been often used to characterize uncultivated microbes
based on their metagenomically reconstructed genetic
content [1-3]. The identification of trophic strategy is
even more crucial for uncultivated archaea due to the
severe knowledge gaps regarding their ecophysiology in
the environment.

In recent years, a novel and unique nutritional cat-
egory, chemoorganoautotrophy has been proposed
for two archaeal groups: anaerobic methanotrophic
archaea subgroup 1 (ANME-1) and Bathyarchaeota sub-
group 8 (Bathy-8) [4, 5]. In these archaea, organic sub-
strates such as methane and lignin are utilized solely as
energy sources, while dissolved inorganic carbon (DIC)
is assimilated autotrophically [4, 5]. Characterization of
this trophic strategy is surprising because these archaea,
as autotrophs, would have to have a disjointed pathway
between energy metabolism (using organic carbon) and
inorganic carbon assimilation, meaning that the basic
amphibolic pathways [6, 7] are not present in these
organisms. Nonetheless, the strategy of chemoorgano-
autotrophy has been demonstrated in biotechnologically
engineered strains [8, 9]. In these synthetic autotrophic
organisms, key genes connecting dissimilatory and
assimilatory pathways are deleted, and CO, fixation
pathways are added to facilitate autotrophic capabilities.
Although a few studies have classified some bacterial
strains as chemoorganoautotrophs, their utilization of C1
organic substrates or methyl groups (formic acid, metha-
nol, and choline) identifies them as C1-compound utiliz-
ers rather than chemoorganoautotrophs [10-12].

Without genetic engineering modifications of ana-
bolic carbon utilization pathways, it seems unlikely for
naturally occurring microbes to thrive as organoauto-
trophs. In general, microbes have amphibolic pathways
that link energy metabolism and carbon assimilation,
and thus, inorganic and organic carbon sources will be
mixed within the cell [6, 7]. Furthermore, it is difficult
to identify carbon utilization patterns accurately for as
yet uncultivated microbes such as ANMEs and Bath-
yarchaeota, thus, requiring to test organoautotrophy of
these microbes in environmental samples. Considering
such low possibility of chemoorganoautotrophic activity
in environments, we hypothesize that catabolic and ana-
bolic pathways in ANME-1 and Bathy-8archaea are most
likely linked. Thus, we propose that organic carbon could
be transferred into cell carbon during energy metabo-
lism, meaning that mixed carbon sources from both
organic and inorganic carbon can contribute to the cell
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biomass rather than strict autotrophy. In order to address
this hypothesis, we tracked organic carbon incorpora-
tion by nucleic acid-based stable isotope probing (SIP) in
the presence of a high background of *C-DIC. In com-
bination with metagenomics, the evidences show that
ANME-1 and Bathy-8 archaea may utilize both organic
and inorganic carbon for their growth instead of purely
relying on CO, fixation.

Methods

Sediment incubation setup for SIP

Sediment retrieved from the Helgoland mud area (54°
05.23" N, 007° 58.04" E) by gravity coring during the RV
HEINCKE cruise HE443 were used for SIP incubations in
2015. Sediment gravity cores were kept at 4 °C on board
and then were cut into 25 cm sections. The fresh sedi-
ment was stored in 2.6-L jars at 4 °C with anoxic artificial
sea water and headspace of N,. The geochemical pro-
files of the sediment were described in a previous study
[13]. For SIP incubations conducted in 2017, sediment
belonging to methanic zone from the depth of 238-263
cm was homogenized with artificial water (w:v = 1:4,
50 mL; 26.4 g L' NaCl, 11.2 g L™' MgCl,-6H,0, 1.5 g
L™! CaCl,-2H,0, and 0.7 g L™ KCl) and filled into ster-
ile 120-mL serum bottles which were sealed with butyl
rubber stopper. The slurry was vacuumed 3 times for 3
min in order to remove O,, and the headspace of culture
was flushed with N, at 1.5 atm as described previously
[14]. Substrates added included lignin (30 mg/l; Sigma—
Aldrich, USA—5% moisture), cellulose (30 mg/]; Sigma—
Aldrich, USA—microcrystalline), and methane (50% in
headspace; Linde, Germany—99.99%), lepidocrocite (30
mM; LanXess GmbH, Germany) with different combina-
tions after a 10-day preincubation. All incubations were
setup with triplicates. For inverse labeling, high concen-
tration of 99% '3C-labeled bicarbonate (10 mM; Cam-
bridge Isotope Laboratories, Tewksbury, Massachusetts,
USA) was amended. This starting concentration achieved
a 13C-labeling level of ~80% in DIC (dissolved inorganic
carbon) in slurry based on the measurement CO, con-
centrations in headspace (control, 45.35 + 3.09 uM; 13C-
DIC treatment: 213.46 + 6.59 uM), which was still high at
the end the incubations (cellulose + Lep. 67.32 + 1.16%;
lignin + Lep: 63.28 + 4.57%) that can facilitate density
shift to the heavy fractions for nucleic acid SIP [15].
This concentration of DIC (10 mM) will not substan-
tially affect microbial community since DIC concentra-
tion from pore water of raw sediment at the same depth
is ~7.5 mM [16]. The triplicate incubations were har-
vested after 255 and 386 days for RNA-SIP and DNA-SIP,
respectively (see Table 1 for the reason of using RNA-SIP
and DNA-SIP at different time points).
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Table 1 The reason of using RNA-SIP and DNA-SIP for studying ANME-1 and Bathy-8, respectively

SIP Sensitivity Downstream metagenomics MAG availability Archaeal group
RNA-SIP High MAGs cannot be retrieved from RNA Yes ANME-1
DNA-SIP Relatively low Possible to retrieve MAGs from the DNA-SIP No (Bathy-8 MAG was not retrieved  Bathy-8

heavy fractions

from sediment)

Nucleic extraction, isopycnic centrifugation, gradient
fractionation, and 16S rRNA gene sequencing

Nucleic acids were extracted according to Lueders et al.
[17]. Briefly, 2 mL of slurry was transferred and centri-
fuged at 20,000 g for 5 min, and the wet sediment with-
out supernatant was then collected from biological
triplicates, which was used for cell lysis by bead beating,
nucleic acid purification by phenol-chloroform-isoamyl
alcohol extraction and precipitation with polyethylene
glycol. For the RNA extract, DNA was removed by using
the RQ1 DNase kit (Promega, Madison, W1, USA). DNA
and RNA were quantified fluorimetrically using Quant-
iT PicoGreen and Quant-iT RiboGreen (both Invitro-
gen, Eugene, OR, USA), respectively. In order to obtain
enough nucleic acids for SIP, a volume of 30- to 50-ml
slurry from each bottle was used for both RNA and DNA
extraction separately.

Isopycnic centrifugation and gradient fractionation
were performed to separate '*C-labeled from unlabeled
nucleic acids as previously described [17]. Nucleic acid
extracts from individual triplicate bottles were pooled
to make up for low yields. We used RNA-SIP for the
study of ANME-1 due to its high sensitivity while using
DNA-SIP for Bathy-8 owing to the possibility of retriev-
ing Bathy-8 MAGs from the heavy DNA-SIP fractions
instead of the original sediment. Briefly, DNA and RNA
were centrifuged at 192,600 g (48 h) and 124,000 g (65
h) after mixing with CsCl and CsTFA, respectively.
After ultracentrifugation, 13 fractions were obtained.
For RNA-SIP, cDNA from fractions 4 and 5 (heavy—
1.810-1.820 g/ml), 6 and 7 (middle—1.800-1.809 g/
ml), 8 and 9 (light—1.790-1.799 g/ml), as well as 10
and 11 (ultra-light—1.780-1.789 g/ml) were combined
for sequencing. The heavy and light fractions were
defined based on the nucleic acid amount quantified
fluorimetrically in each fraction of the SIP runs with
mixed 2C- and '3C nucleic acid (Fig. S1). In brief, the
RNA-SIP profiles of the E. coli standard had the unla-
beled peak at a density of ~1.790 g/ml and the fully
13C-labeled peak at ~1.823 g/ml; and the DNA-SIP pro-
files had the unlabeled DNA peaked at 1.696 g/ml and
the fully labeled DNA peaked at 1.712 g/ml (Fig. S1).
PCR was performed with a KAPA HiFi HotStart PCR
kit (KAPA Biosystems, Cape Town, South Africa) and
barcoded archaeal primer Arc519F (5'-CAGCMGCC

GCGGTAA-3") [18] and Arch806R (5"-GGACTACVS-
GGGTATCTAAT-3") [19] as well as bacterial primer
Bac515F (5'-GTGYCAGCMGCCGCGGTAA-3") and
Bac805R (5"-GACTACHVGGGTATCTAATCC-3")
[20]. Thermocycling was as follows: 95 °C for 3 min; 35
cycles at 98 °C for 20 s, 61 °C for 15 s, and 72 °C for 15
s; 72 °C for 1 min. PCR products were purified using
the Monarch PCR Cleanup Kit according to the manu-
facturer. Equimolar amounts of PCR products per sam-
ple were combined. Amplicons were sequenced using
the Illumina Hiseq 4000 platform with 150-bp paired-
end reads at GATC Biotech (Konstanz, Germany). Raw
reads were processed using the QIIME 1.9.0 software
package [21]. Briefly, barcodes were extracted from
the merged file of forward and reverse reads, followed
by sequence demultiplexing to obtain a fastq file con-
taining sequencing and sample information. Sequence
reads with forward primer (Arch519F) were selectively
sorted and then truncated to 143 bp, and low-quality
reads with expected errors of more than 0.5 were dis-
carded by quality filtering on USEARCH 10 [22]. After
sequence dereplication and removal of singletons by
USEARCH 10, OTUs were clustered at 97% identity
using the UPARSE-OTU algorithm [23]. Taxonomy was
assigned to OTUs based on the Silva database (Silva
132 [24]) on UCLUST [22] with 97% identity threshold.
The OTU table and taxonomy assignment files were
merged to obtain the final OTU table [25].

Phylogenetic analyses

Archaeal 16S rRNA gene sequences were aligned with
SINA Aligner [26], including 16S rRNA gene OTUs from
[llumina sequencing, clone sequences, and archaea rep-
resentative sequences obtained from ARB (Silva 138
database) [27]. Maximum-likelihood tree was inferred
with RAxML (8.2.11) with rapid bootstrapping using
the GTRGAMMA model [28]. The tree files were edited
through iTOL software [29]. For phylogenomic tree, the
concatenated set of 36 ribosomal protein genes based
on the hidden Markov Model profile from Lee [30] were
used for phylogenetic analyses in Anvi'o (6.1) [31]. Max-
imum-likelihood trees were built using IQ-TREE (1.6.12)
[32] with the best-fit model and 1000 times ultrafast
bootstrapping.



Yin et al. Microbiome (2024) 12:68

Metagenomic assembly, genome binning, and gene
annotation

Metagenomic analysis was followed by our previous
study [17]. In brief, a total of ~1 ug DNA extracted from
the original samples collected from Helgoland Mud area
sediments with different depths (0-25 cm and 50-75
cm) and ~100 ng DNA from the DNA-SIP heavy frac-
tion (density = 1.707 g/ml) were used for metagenomic
sequencing on the Hiseq 4000 platform (2 X 150 bp) at
Novogene (Cambridge, UK) [33]. The Ultra" II DNA
Library Prep Kit (New England Biolabs, USA) was used
for metagenomic sequencing library preparation. The
Metawrap package (1.2.1) [34] was employed to analyze
the metagenomic reads. Briefly, quality-checked reads
were trimmed and then assembled using Megahit (1.1.3)
with the default settings [35]. Scaffolds (>1000 bps) were
binned using a combination of MaxBin2 (2.2.6) [36],
CONCOCT (1.0.0) [37], and metaBAT2 (2.12.1) [38].
The quality of the bins was improved by remapping the
raw reads using short-read mapper BWA (0.7.17) [39]
and reassembled using SPAdes (3.13.0) [40]. The com-
pleteness and contamination of MAGs were estimated
by CheckM2 (0.1.3) [41]. Taxonomic classifications
of archaeal MAGs were based on the GTDB database
(0.3.3) [42]. Protein-coding regions were predicted using
Prodigal (version 2.6.3) with the “-p meta” option [43].
The KEGG server (BlastKOALA) [44], eggNOG-mapper
(5.0.0) [45], InterProScan tool (5.44-79.0) [46], and Dia-
mond (0.9.22) vs. NCBI-nr database searched on April
2020 (E-value cutoff <le-5) were used to annotate the
protein-coding regions. The genes encoding proteins
located outside of the cytoplasm were determined by
using SignalP software (5.0b) with default parameters
[47].

Analysis of '3C-acetate, ethanol, and TOC

Concentrations and carbon isotope composition of ace-
tate and ethanol were analyzed in the slurries’ superna-
tants of incubations amended with cellulose. Prior to
analysis, 50 pl phosphoric acid were added to 200 pl of
each supernatant retrieved from the incubations and
incubated overnight to remove the high amount of *C
dissolved inorganic carbon. The §'3C values of acetate
and ethanol were determined by liquid chromatography-
isotope ratio mass spectrometry (LC-IRMS) according
to approaches described previously by Heuer et al. [48].
The 8'3C values of TOC were measured on a Flash 2000
elemental analyzer coupled with DELTA V Plus IRMS
via a ConFlow II interface (EA-IRMS, Thermo Scientific,
Bremen, Germany) [49]. Prior to analysis, dried sediment
from 0.5-ml slurry was acidified using 1 ml HCI (37%)
overnight to remove inorganic carbon and followed
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by evaporation for several days until HCI acid was fully
evaporated.

Analysis of methane and CO,

The concentration of methane and CO, in the headspace
of bottles was measured by gas chromatography as previ-
ously described [50]. The §'3C values of CO, in the head-
space were determined using a Thermo Finnigan Trace
GC connected to a DELTA Plus XP IRMS (Thermo Sci-
entific, Bremen, Germany) as described previously [51].

Results and discussion

We set up incubations of marine sediment close to in situ
conditions with high concentrations of '*C-labeled DIC,
reaching ~80% labeling level, to specifically track the
incorporation of different organic compounds into rRNA
and DNA of active archaea (“inverse labeling”; Fig. 1a), a
similar concept adapted to the previous studies [52, 53].
This strategy aims to identify taxa that do not purely
incorporate DIC but also use organic carbon substrates
to build biomass (Fig. 1la). We focused on autotrophy
while cross-feeding will not be a concern since auto-
trophs will not incorporate organic biomass (Fig. 1b). If
cross-feeding is considered, the involved microbes have
to be heterotrophs that assimilate produced biomass or
metabolites although these organisms might have a low
contribution (1-8% [54]) of inorganic carbon to the bio-
mass via heterotrophic CO, fixation (Fig. 1b).

SIP revealed that unlabeled carbon was assimilated

into nucleic acids by ANME-1 and Bathy-8

Triplicate SIP incubations were setup anaerobically by
amending unlabeled organic substrates, '*C-DIC, and the
potential electron acceptor lepidocrocite (an iron oxide
y-FeO(OH) commonly found in sediments [13]) due to
the samples’ source from the methanic zone. Such setups
can promote the stimulation of the fastidious ANME-1
and Bathy-8 archaea without enrichment, which can be
detected by nucleic acid-SIP with its high sensitivity [55,
56]. As the amount of carbon from *C-DIC in incuba-
tions was ~10 times higher than that of added unlabeled
organics, the dilution effect of *C-DIC by unlabeled
DIC derived from organic carbon degradation is negligi-
ble (see methods), and thus, the signal of cross-feeding
of CO, from the cellulose oxidation will not be detected
[15]. During incubation, 83 C-TOC (total organic car-
bon) development was tracked in order to define suit-
able sampling times for SIP (Fig. S2). Due to the slow
growth rate of ANME-1 and the availability of ANME-1
MAGs from the original sediment, RNA-SIP was used for
the ANME-1 experiment running for 255 days. In con-
trast, DNA-SIP in combination with metagenomics was
performed for the Bathy-8 experiments because of the
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Fig. 1 The strategy used in this study for identifying carbon utilization pattern during SIP. a Concept of inverse labeling for tracking unlabeled
carbon assimilation compared to direct labeling. b Trophic strategies when cross-feeding occurs

difficulty to retrieve MAGs from the original sediment
due to their low abundance and high diversity. Here, we
used the heavy fraction after incubating 386 days in the
presence of lignin for obtaining MAGs (Table 1).

RNA of ANME-1 was much more abundant in the iso-
topically “heavy” gradient fractions than in the “light”
fractions from the incubations amended with *C-DIC,
CH,, and lepidocrocite (Fig. 2a, Fig. S3a), indicating
labeling of RNA by '3C-DIC. Such carbon fixation by
ANME-1 might owe to the sufficient input of electron
acceptor, which was similar with the previous study
showing that a high amount of inorganic carbon was
assimilated into lipids in the presence of replete amounts
of sulfate as electron acceptor [4]. However, ANME-1
was still active in incubations with cellulose in the
absence of added methane. In those incubations, the rela-
tive abundance of RNA of ANME-1 in total archaea was
substantially higher in the light fractions (~25%) than in
the heavy fractions (below 5%) as well as in all fractions
of the unlabeled DIC control (~5%); a similar pattern
of labeling was observed for the distribution of hetero-
trophic microorganisms, i.e., cellulose degraders such
as Spirochaetaceae [57] (Fig. 2a). In contrast, ANME-1
archaea were much less active in incubations amended
with other organic polymers including lignin and humics
(Fig. S4). Because RNA-SIP reflects the cell activity and
thus RNA being newly synthesized, the unlabeled por-
tion of carbon in RNA of ANME-1 archaea must have
originated from the degradation of cellulose (Figs. 1a, 2a).
Such unlabeled carbon assimilation was mainly derived

from organic carbon instead of unlabeled DIC from cellu-
lose for the following reasons: (i) *C-DIC was amended
at ten times higher concentration compared to the DIC
that can potentially be liberated from unlabeled cellu-
lose assuming full oxidation, and thus the DIC pool had
a high !®C-labeling potential; (ii) amendment of cellu-
lose (1*C-DIC+Cellulose+Lep) strongly stimulated RNA
accumulation of ANME-1 in light fractions compared
to an incubation with methane (**C-DIC+CH,+Lep)
(Fig. 2a), reflecting the utilization of unlabeled organic
carbon.

For DNA-SIP samples in the Bathy-8 experiments,
archaeal OTUs were indeed involved in degradation of
lignin or possible intermediates and assimilation of inor-
ganic carbon as their abundance was strongly increased
in fractions containing '*C-DNA (density fractions,
1.698-1.714 g/ml) of incubations amended with lignin
and ®C-DIC (Fig. 2b, Fig. S3a). This observation was
consistent with a previous enrichment of Bathy-8 on
lignin and a recent DNA-SIP study of carbon fixation by
Bathy-8 [5, 58]. However, in contrast to the typical auto-
trophic Thiohalomonas (Fig. 2b, Fig. S5) [59, 60], the
gradual decrease in relative abundance from the heavy
to light fractions [61] was not observed for “autotrophic”
Bathy-8 (Fig. 2b). Instead, Bathy-8 archaeal DNA abun-
dance increased to the maximum in the density fraction
of 1.702 g/ml (middle density fraction) while autotrophic
Thiohalomonas had a very low abundance in the same
fraction (Fig. 2b). The dilution of unlabeled background
DNA of Bathy-8 archaea was ruled out as DNA of the
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Fig. 2 Identification of carbon assimilation patterns using inverse labeling of nucleic acid-SIP with methanic sediments from the Helgoland mud
area. Relative abundance of 165 rRNA gene sequences of ANME-1 in total archaea and Spirochaetaceae in total bacteria from RNA-SIP gradient
fractions (a), and Bathy-8 (percentage in archaea) and autotrophs Thiohalomonas (percentage in bacteria) from DNA-SIP gradient fractions (b).
Densities from the heavy fractions of RNA- and DNA-SIP were marked in bold. DIC, dissolved inorganic carbon, i.e., bicarbonate; Lep, lepidocrocite.
OTU1, OTU2, and OTU3 represent the most abundant operational taxonomic units for the individual microbe in b and ¢ for each taxon (ANME-1,

Spirochaetaceae, Bathy-8, and Thiohalomonas), respectively

newly identified OTU3 had a high abundance in the
middle density fraction, and thus, this DNA was newly
formed and partially labeled by incorporating unlabeled
organic carbon and '*C-labeled DIC (Fig. 1a). Hence, the
DNA of Bathy-8 shows a mixed carbon source signal,
indicating these archaea incorporated both unlabeled
lignin and '3C-labeled DIC into their biomass.

Metagenomic analysis showed the link of catabolic

and anabolic pathways for carbon utilization

To support our SIP observations, we reconstructed the
carbon utilization pathways based on our metagenomic
results. We analyzed ANME-1 MAGs from the original
sediment and Bathy-8 MAGs from the heavy DNA-SIP
fraction (density fraction: 1.710 g/ml), as well as the pre-
vious enrichments with lignin for Bathy-8 [5] (Fig. S3,
Table S1, see Methods). The multiple MAGs for each
archaeal group were checked: 3 for ANME-1 and 4 for
Bathy-8. We checked the phylogenetic identities of OTUs
and clone sequences, together with the phylogenomic
analysis of these MAGs, indicating their relevance to

active OTUs (Fig. S3). The central energy and carbon
metabolic pathways, including the Wood-Ljungdahl
pathway (WL) and nucleic acid synthesis, were pre-
sent in both archaeal types (Fig. 3). However, the other
autotrophic pathways including reductive TCA cycle
(rTCA), reductive glycine pathway (RGP) [62, 63], and
reductive hexulose-phosphate pathway (RHP) [64] were
highly incomplete in ANME-1 (Fig. 3b, Fig. S6). In par-
ticular, the features of carbon utilization in ANME-1 and
Bathy-8 were obviously different from the typical syn-
thetic chemoorganoautotrophs [8, 9], as we have indica-
tions of pathway interaction between energy metabolism
and carbon assimilation in both archaea at the branching
point of CH;-H,MPT, which can be used for both, energy
and carbon metabolisms (Fig. 3). In contrast, the link
between energy and carbon metabolism is disjointed in
typical chemoorganoautotrophs [8, 9], and thus organic
carbon acquisition for cell biomass synthesis is not pos-
sible during energy metabolism [8, 9]. Due to this met-
abolic link of organic carbon intermediates, organic
carbon sources were utilized for biomass formation in
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Fig. 3 Pathway and carbon utilization pattern of ANME-1 and Bathy-8 archaea. Gene presence (a) and pathways involved in carbon utilization

by ANME-1 and Bathy-8 with carbon contribution from organic carbon added besides the compounds (b). Black circle, presence of gene in MAG;
white circle, absence of gene in MAG. Green arrows indicate the AOM pathway in ANME-1 and orange arrow indicates the putative transformation
of methoxy groups by Bathy-8. Black arrows indicate the pathways for both ANME-1 and Bathy-8. Dashed arrows denote reactions catalyzed
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a nonautotrophic fashion in ANME-1 and Bathy-8, and
thus organic carbon assimilation was observed in the SIP
incubations (Fig. 2a, b).

In our incubations without the typical amendment of
sulfate, ANME-1 can utilize organic carbon, which is sug-
gested by the following scenarios: (i) intermediates pro-
duced during cellulose degradation promote the growth
of ANME-1. For example, given that acetate is an impor-
tant carbon source for many obligate H,-dependent
methanogens [65-67], and the genes encoding acetyl-
CoA synthetase catalyzing reversible biosynthesis of
acetyl-CoA from acetate were expressed [68], it is possi-
ble that ANME-1 assimilate intermediates such as acetate
and ethanol as carbon source produced during cellulose
degradation (Fig. 3, Table S2); It is also possible that
ANME-1 utilize cell biomass for biosynthesis, a com-
mon activity has been identified in archaea [33, 69, 70];
(ii) as methanotrophs, ANME-1 archaea still can incor-
porate organic carbon from methane, as they feature the
required pathways and low concentrations of methane
(~0.8 puM in headspace) were available in incubations

amended with cellulose (Fig. 3, Fig. S7). This is supported
by the expression of the key gene (acetyl-CoA decar-
bonylase/synthase) encoding acetyl-CoA synthesis using
methane (organic carbon) and inorganic carbon in a pre-
vious study [68].

For Bathy-8, it is still unclear how lignin is degraded.
The activity of Bathy-8 archaea was only detected in the
incubations amended with lignin but not protein, lipids,
benzoate, fatty acids, and polysaccharide (laminarin) (Fig.
S8) [59, 61, 71]. Degradation of aromatic compounds
can be ruled out due to the lack of most genes encod-
ing pathways for the degradation of lignin or its phenolic
monomers (Fig. S6). Futher, utilization of these organic
compounds would result in a heterotrophic or mixo-
trophic lifestyle instead of autotrophy [59, 61, 72]. Lignin
is a common recalcitrant material in sediments giving its
complex structure and low biodegradability. For example,
lignin structure can be broken down by enzyme lignin
peroxidases produced by fungi aerobically, which is very
harsh in anaerobic condition. Our results rather sug-
gest the possibility of utilizing methoxy groups, a typical
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functional group present in lignin, because ~1% of genes
in the MAGs of Bathy-8 archaea encoded homologs
of putative extracellular pectin lyase, which might be
associated with the activity of demethylation (Table S3,
S4) [73]. In line with our findings, more recent stud-
ies suggest that Bathy-8 archaea have potentials for the
degradation of multiple aromatic methoxy compounds
including 3,4-dimethoxybenzoate; vanillate; 2-methoxy-
phenol; 3,5-dimethoxybenzaldehyde; and vanillin [5, 74,
75]. However, it is still unclear if Bathy-8 archaea can
directly utilize methoxy groups of lignin or have a syn-
trophic relation with other organisms for the utilization
of the methoxy group of lignin monomers. Further work
should specifically examine the role of Bathy-8 on lignin
degradation based on enrichment cultivation and pure
cultures.

For both, ANME-1 and Bathy-8, we searched for
rTCA, RGP, and RHP genes. Regardless of MAG com-
pleteness, several genes encoding rTCA (pyruvate car-
boxylase, fumarate reductase, succinate-CoA-ligase for
r'TCA); RGP (formate-THF ligase, serine deaminase, gly-
cine reductase); and RHP (phosphoribulokinase, D-ara-
bino-3-hexulose-6-phospate synthase) are absent in all
ANME-1 and Bathy-8 MAGs (Fig. S6), rendering carbon
fixation unlikely by these autotrophic pathways. This is
consistent with previous reports, which could not find
these carbon fixation pathways [76, 77]. In addition, the
reductive WL pathway for stepwise C1 reduction can-
not be operative when acetyl-CoA, methane, or methoxyl
group oxidation to CO, is necessary for energy acquisi-
tion by running the WL in oxidative mode [78] (Fig. 3b).

For long-term SIP incubations, however, cross-feed-
ing is a general concern. For example, the amendment
of cellulose stimulated the growth of Spirochaeta 2 and
FCPU426 bacteria while their biomass was unlabeled,
indicating that the *C-label was not significantly incor-
porated (Fig. 3b, Fig. S9). In the presence of lepidocrocite
and *C-DIC, *C-labeled Thiohalomonas were detected
(Fig. 2b, Fig. S5), showing a strong labeling level of
amended *C-DIC in SIP incubations and a clear-cut case
of bacterial autotrophy. However, there is a potential for
cross-feeding on bacterial biomass or metabolic products
by ANME-1 and Bathy-8 no matter whether labeled or
not; under these conditions, ANME-1 and Bathy-8 would
be heterotrophs and not autotrophs (Fig. 1b). Another
option would invoke isotopic equilibrium of *C label
from DIC, i.e., back-flux might have occurred in incuba-
tions with slow growth rates [79, 80], but this scenario
cannot change the fact that the methyl group has been
utilized as carbon source, which abiotically decrease the
contribution of carbon from methyl group to biomass.

In our SIP incubations with very low energy yields for
anaerobic oxidation of methane and lignin degradation,
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it seems difficult for microorganisms to fully gain
energy for inorganic carbon assimilation and hence
drive the utilization of intermediates from organic car-
bon degradation for biomass synthesis. Based on our
metagenomic results, both ANME-1 and Bathy-8 show
capacities of organic carbon assimilation, specifically C1
substrates derived from methane and methoxy groups
in lignin, which has been also formerly suggested by
natural isotope analysis and lipid SIP experiments
[81-83]. This reflects a special nutritional category as
C1 substrates can only provide the methyl group via
CH;-H,MPT and an additional carbon from DIC is
required for synthesizing carbon-carbon bonds. Nev-
ertheless, both inorganic carbon and organic C1 com-
pounds (methane or methanol) are important carbon
sources for archaeal C1 utilizers (e.g., ANME-2a/c/d
and methylotrophic methanogens) [80, 82, 84], while
inorganic carbon is the main carbon source for nucleic
acids when these C1 compounds and DIC are presented
(Fig. 3b) [80].

Conclusion

Our results evidence that ANME-1 and Bathy-8 archaea
have the physiological versatility to utilize both organic
and inorganic carbon sources. Thus, they are likely not
sole chemoorganoautotrophs but rather more flex-
ible in carbon assimilation. Given that there is a lack of
mechanism about enigmatic chemoorganoautotrophs
(ANME-1 and Bathy-8), our study developed the basic
concept of microbial trophic strategy for understanding
the uncultivated microorganisms in environments.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/540168-024-01779-z.

[ Supplementary Material 1. }

Acknowledgements
We thank the captain, crew, and scientists of R/V HEINCKE expeditions HE443.

Authors’ contributions

X.Y.and M\WF. designed the research; M.C, X.Y,, G.Z, RN, Y.L, and TX.
analyzed metagenomic data; Q.Z.Z. and M.E. analyzed §13C values and con-
centrations of acetate, DIC and TOC; A.CK performed the cloning sequencing;
XY, GZ,MWEF, TRH, M.C, M.M, M.E,Q.ZZ TX,and M.L. contributed to the
discussion of the results and wrote the paper.

Funding

Open Access funding enabled and organized by Projekt DEAL. This research
was supported by the Research Center/Cluster of Excellence EXC 309 (project-
ID 49926684) “The Ocean in the Earth System’, the Cluster of Excellence EXC
2077 (project-ID 390741601), the National Natural Science Foundation of
China (No. 31700430 and 91851105), the Science and Technology Innovation
Committee of Shenzhen (Grant No. JCYJ20170818091727570), the Key Project
of Department of Education of Guangdong Province (No. 2017KZDXMO071),


https://doi.org/10.1186/s40168-024-01779-z
https://doi.org/10.1186/s40168-024-01779-z

Yin et al. Microbiome (2024) 12:68

and the start-up research fund (project-ID XJ2300006031) of Hainan Uni-
versity.“The Ocean Floor—Earth's Uncharted Interface” was funded by the
Deutsche Forschungsgemeinschaft (DFG) and the University of Bremen.

Availability of data and materials

The archaeal MAGs data are available in the NCBI database under the

project PRINA505997 (Biosample SAMN 14451653 and SAMN14451654) and
PRINAG678468 (Biosample SAMN16802728 to SAMN16802739, SAMN20193292
and SAMN20193293). Sequencing data of SIP samples have been submitted
to the Short Reads Archive under the project PRINA505997.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 27 August 2023 Accepted: 15 February 2024
Published online: 03 April 2024

References

1. Baker BJ, De AndaV, Seitz KW, Dombrowski N, Santoro AE, Lloyd
KG. Diversity, ecology and evolution of Archaea. Nat Microbiol.
2021;5:887-900.

2. LiuY, Makarova KS, Huang W-C, Wolf Y1, Nikolskaya AN, Zhang X, et al.
Expanded diversity of Asgard archaea and their relationships with eukary-
otes. Nature. 2021;593:553-7.

3. Hug LA, Baker BJ, Anantharaman K, Brown CT, Probst AJ, Castelle CJ, et al.
A new view of the tree of life. Nat Microbiol. 2016;1:16048.

4. Kellermann MY, Wegener G, Elvert M, Yoshinaga MY, Lin YS, Holler T, et al.
Autotrophy as a predominant mode of carbon fixation in anaerobic
methane-oxidizing microbial communities. Proc Natl Acad Sci U S A.
2012;109:19321-6.

5. YuT,WuW,Liang W, Lever MA, Hinrichs KU, Wang F. Growth of sedimen-
tary Bathyarchaeota on lignin as an energy source. Proc Natl Acad Sci
USA. 2018;115:6022-7.

6. Sanwal BD. Allosteric controls of amphilbolic pathways in bacteria. Bacte-
riol Rev. 1970,34:20-39.

7. Shenl, Fall L, Walton GM, Atkinson DE. Interaction between energy
charge and metabolite modulation in the regulation of enzymes of
amphibolic sequences Phosphofructokinase and pyruvate dehydroge-
nase. Biochem. 1968;7:4041-5.

8. GasslerT, Sauer M, Gasser B, Egermeier M, Troyer C, Causon T, et al. The
industrial yeast Pichia pastoris is converted from a heterotroph into an
autotroph capable of growth on CO,. Nat Biotechnol. 2020;38:210-6.

9. Gleizer S, Ben-Nissan R, Bar-On YM, Antonovsky N, Noor E, Zohar Y, et al.
Conversion of Escherichia coli to generate all biomass carbon from CO..
Cell. 2019;179:1255-63.e12.

10. Bazylinski DA, Williams TJ, Lefévre CT, Trubitsyn D, Fang J, Beveridge TJ,
et al. Magnetovibrio blakemorei gen. nov., sp. nov., a magnetotactic bacte-
rium (Alphaproteobacteria: Rhodospirillaceae) isolated from a salt marsh.
IJSEM. 2013,;63:1824-33.

11. Egert M, Hamann A, Kémen R, Friedrich CG. Methanol and methylamine
utilization result from mutational events in Thiosphaera pantotropha. Arch
Microbiol. 1993;159:364-71.

12. Grunwald S, Mottet A, Grousseau E, Plassmeier JK, Popovi¢ MK, Uribelar-
rea JL, et al. Kinetic and stoichiometric characterization of organoauto-
trophic growth of Ralstonia eutropha on formic acid in fed-batch and
continuous cultures. Microb Biotechnol. 2015;8:155-63.

13. Oni O, Miyatake T, Kasten S, Richter-Heitmann T, Fischer D, Wagenknecht
L, et al. Distinct microbial populations are tightly linked to the profile of

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

Page 9 of 11

dissolved iron in the methanic sediments of the Helgoland mud area
North Sea. Front Microbiol. 2015;6:365.

Yin X, Kulkarni AC, Friedrich MW. DNA and RNA stable isotope probing of
methylotrophic methanogenic archaea. In: Dumont M, Herndndez Garcia
M (eds), Stable Isotope Probing, Methods in Molecular Biology, Humana
Press: New York. 2019: pp 189-206.

Manefield M, Whiteley AS, Ostle N, Ineson P, Bailey MJ. Technical consider-
ations for RNA-based stable isotope probing an approach to associating
microbial diversity with microbial community function. Rapid Commun
Mass Spectrom. 2002;16:2179-83.

Aromokeye DA, Kulkarni AC, Elvert M, Wegener G, Henkel S, Coffinet S,

et al. Rates and microbial players of iron-driven anaerobic oxidation of
methane in methanic marine sediments. Front Microbiol. 2020;10:3041.
Lueders T, Manefield M, Friedrich MW. Enhanced sensitivity of DNA- and
rRNA-based stable isotope probing by fractionation and quantita-

tive analysis of isopycnic centrifugation gradients. Environ Microbiol.
2003;6:73-8.

Ovreas L, Forney L, Daae FL, Torsvik V. Distribution of bacterioplankton in
meromictic Lake Saelenvannet, as determined by denaturing gradient
gel electrophoresis of PCR-amplified gene fragments coding for 16S
rRNA. Appl Environ Microbiol. 1997;63:3367-73.

Takai K, Horikoshi K. Rapid detection and quantification of members of
the archaeal community by quantitative PCR using fluorogenic probes.
Appl Environ Microbiol. 2000;66:5066-72.

Parada AE, Needham DM, Fuhrman JA. Every base matters: assess-

ing small subunit rRNA primers for marine microbiomes with mock
communities, time series and global field samples. Environ Microbiol.
2016;18:1403-14.

Caporaso JG, Kuczynski J, Stombaugh J, Bittinger K, Bushman FD, Costello
EK, et al. QIIME allows analysis of high-throughput community sequenc-
ing data. Nat Methods. 2010,7:335-6.

Edgar RC. Search and clustering orders of magnitude faster than BLAST.
Bioinformatics. 2010;26:2460-1.

Edgar RC. UPARSE: highly accurate OTU sequences from microbial ampli-
con reads. Nat Methods. 2013;10:996-8.

Quast C, Pruesse E, Yilmaz P, Gerken J, Schweer T, Yarza P, et al. The SILVA
ribosomal RNA gene database project: improved data processing and
web-based tools. Nucleic Acids Res. 2013;41:D590-6.

McDonald D, Price MN, Goodrich J, Nawrocki EP, DeSantis TZ, Probst

A, et al. An improved Greengenes taxonomy with explicit ranks for
ecological and evolutionary analyses of bacteria and archaea. ISME J.
2012,6:610-8.

Pruesse E, Peplies J, Glockner FO. SINA: accurate high-throughput
multiple sequence alignment of ribosomal RNA genes. Bioinformatics.
2012;28:1823-9.

Ludwig W, Strunk O, Westram R, Richter L, Meier H, Yadhukumar, et al.
ARB: a software environment for sequence data. Nucleic Acids Res.
2004;32:1363-71.

Stamatakis A. RAXML version 8: a tool for phylogenetic analysis and post-
analysis of large phylogenies. Bioinformatics. 2014;30:1312-3.

Letunic |, Bork P. Interactive Tree Of Life (iTOL): an online tool for phyloge-
netic tree display and annotation. Bioinformatics. 2006;23:127-8.

Lee MD. GToTree: a user-friendly workflow for phylogenomics. Bioinfor-
matics. 2019;35:4162-4.

Eren AM, Esen OC, Quince C, Vineis JH, Morrison HG, Sogin ML, et al.
Anvi'o: an advanced analysis and visualization platform for‘omics data.
Peer). 2015;3:e1319.

Nguyen LT, Schmidt HA, von Haeseler A, Minh BQ. IQ-TREE: a fast and
effective stochastic algorithm for estimating maximum-likelihood phy-
logenies. Mol Biol Evol. 2015;32:268-74.

Yin X, Cai M, LiuY, Zhou G, Richter-Heitmann T, Aromokeye DA, et al. Sub-
group level differences of physiological activities in marine Lokiarchaeota.
ISME J. 2020;15:848-61.

Uritskiy GV, DiRuggiero J, Taylor J. MetaWRAP-a flexible pipeline for
genome-resolved metagenomic data analysis. Microbiome. 2018;6:158.
Li D, Luo R, Liu CM, Leung CM, Ting HF, Sadakane K; et al. MEGAHIT v1.0: A
fast and scalable metagenome assembler driven by advanced method-
ologies and community practices. Methods. 2016;102:3-11.

Wu Y-W, Simmons BA, Singer SW. MaxBin 2.0: an automated binning
algorithm to recover genomes from multiple metagenomic datasets.
Bioinformatics 2015;32:605-7.



Yin et al. Microbiome

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

52.

53.

54.

55.

56.

57.

58.

(2024) 12:68

Alneberg J, Bjarnason BS, de Bruijn |, Schirmer M, Quick J, ljaz UZ, et al.
Binning metagenomic contigs by coverage and composition. Nat
Methods. 2014;11:1144-6.

Kang DD, Li F, Kirton E, Thomas A, Egan R, An H, et al. MetaBAT 2: an
adaptive binning algorithm for robust and efficient genome recon-
struction from metagenome assemblies. PeerJ. 2019;7:€7359-e.

Li H, Durbin R. Fast and accurate long-read alignment with Burrows-
Wheeler transform. Bioinformatics. 2010;26:589-95.

Nurk S, Meleshko D, Korobeynikov A, Pevzner PA. metaSPAdes: a new
versatile metagenomic assembler. Genome Res. 2017;27:824-34.
Chklovski A, Parks DH, Woodcroft BJ, Tyson GW. CheckM2: a rapid, scal-
able and accurate tool for assessing microbial genome quality using
machine learning. Nat Methods. 2023;20:1203-12.

Chaumeil PA, Mussig AJ, Hugenholtz P, Parks DH. GTDB-Tk: a toolkit to
classify genomes with the Genome Taxonomy Database. J Bioinform.
2019;36:1925-27.

Hyatt D, Chen GL, LoCascio PF, Land ML, Larimer FW, Hauser LJ.
Prodigal: prokaryotic gene recognition and translation initiation site
identification. BMC Bioinformatics. 2010;11:119.

Kanehisa M, Sato Y, Morishima K. BlastKOALA and GhostKOALA: KEGG
tools for functional characterization of genome and metagenome
sequences. J Mol Biol. 2016;428:726-31.

Huerta-Cepas J, Forslund K, Coelho LP, Szklarczyk D, Jensen LJ,

von Mering C, et al. Fast genome-wide functional annotation
through orthology assignment by eggNOG-mapper. Mol Biol Evol.
2017;34:2115-22.

Jones P, Binns D, Chang H-Y, Fraser M, Li W, McAnulla C, et al. InterPro-
Scan 5: genome-scale protein function classification. Bioinformatics.
2014,;30:1236-40.

Almagro Armenteros JJ, Tsirigos KD, Sonderby CK, Petersen TN, Winther
O, Brunak S, et al. SignalP 5.0 improves signal peptide predictions using
deep neural networks. Nat Biotechnol. 2019;37:420-3.

Heuer VB, Pohlman JW, Torres ME, Elvert M, Hinrichs K-U. The stable
carbon isotope biogeochemistry of acetate and other dissolved car-
bon species in deep subseafloor sediments at the northern Cascadia
Margin. Geochimica et Cosmochimica Acta. 2009;73:3323-36.

Wu W. Microbial activity in marine sediment constrained via lipid-
based stable isotope probing [Doctoral dissertation]. [Bremen, Ger-
many]: University of Bremen, Bremen; 2018.

Aromokeye DA, Richter-Heitmann T, Oni OE, Kulkarni A, Yin X, Kasten
S, et al. Temperature controls crystalline iron oxide utilization by
microbial communities in methanic ferruginous marine sediment
incubations. Front Microbiol. 2018;9:2574.

. Ertefai TF, Heuer VB, Prieto-Mollar X, Vogt C, Sylva SP, Seewald J, et al.

The biogeochemistry of sorbed methane in marine sediments. Geo-
chim Cosmochim Acta. 2010;74:6033-48.

Dong X, Jochmann MA, Elsner M, Meyer AH, Backer LE, Rahmatul-

lah M, et al. Monitoring microbial mineralization using reverse stable
isotope labeling analysis by mid-infrared laser spectroscopy. ES&T.
2017;51:11876-83.

Meselson M, Stahl FW. The replication of DNA in Escherichia coli. Proc
Natl Acad Sci U S A. 1958;44:671-82.

Braun A, Spona-Friedl M, Avramov M, Elsner M, Baltar F, Reinthaler

T, et al. Reviews and syntheses: heterotrophic fixation of inorganic
carbon-significant but invisible flux in environmental carbon cycling.
Biogeosciences. 2021;18:3689-700.

Aoyagi T, Hanada S, Itoh H, Sato Y, Ogata A, Friedrich MW, et al. Ultra-
high-sensitivity stable-isotope probing of rRNA by high-throughput
sequencing of isopycnic centrifugation gradients. Environ Microbiol
Rep. 2015;7:282-7.

Aoyagi T, Morishita F, Sugiyama Y, Ichikawa D, Mayumi D, KikuchiY, et al.
Identification of active and taxonomically diverse 1,4-dioxane degrad-
ers in a full-scale activated sludge system by high-sensitivity stable
isotope probing. ISME J. 2018;12:2376-88.

Schmidt O, Horn MA, Kolb S, Drake HL. Temperature impacts dif-
ferentially on the methanogenic food web of cellulose-supplemented
peatland soil. Environ Microbiol. 2015;17:720-34.

Liang W, YuT, Dong L, Jia Z, Wang F. Determination of carbon-fixing
potential of Bathyarchaeota in marine sediment by DNA stable isotope
probing analysis. Sci China Earth Sci. 2023;66:910-7.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Page 10 of 11

Aromokeye DA, Oni OE, Tebben J, Yin X, Richter-Heitmann T, Wendt

J, et al. Crystalline iron oxides stimulate methanogenic benzoate
degradation in marine sediment-derived enrichment cultures. ISME J.
2020;15:965-80.

Meier DV, Pjevac P, Bach W, Markert S, Schweder T, Jamieson J, et al.
Microbial metal-sulfide oxidation in inactive hydrothermal vent chimneys
suggested by metagenomic and metaproteomic analyses. Environ Micro-
biol. 2019,21:682-701.

Yin X, Zhou G, Cai M, Zhu Q-Z, Richter-Heitmann T, Aromokeye DA, et al.
Catabolic protein degradation in marine sediments confined to distinct
archaea. ISME J. 2022;16:1617-26.

Kim S, Lindner SN, Aslan S, Yishai O, Wenk S, Schann K, et al. Growth of

E. coli on formate and methanol via the reductive glycine pathway. Nat
Chem Biol. 2020;16:538-45.

Sanchez-Andrea |, Guedes IA, Hornung B, Boeren S, Lawson CE, Sousa
DZ, et al. The reductive glycine pathway allows autotrophic growth of
Desulfovibrio desulfuricans. Nat Commun. 2020;11:5090.

Kono T, Mehrotra S, Endo C, Kizu N, Matusda M, Kimura H, et al. A
RuBisCO-mediated carbon metabolic pathway in methanogenic archaea.
Nat Commun. 2017;8:14007.

Chong SC, Liu Y, Cummins M, Valentine DL, Boone DR. Methanogenium
marinum sp. nov., a H,-using methanogen from Skan Bay, Alaska, and
kinetics of H2 utilization. Antonie Van Leeuwenhoek. 2002;81:263-70.
Fuchs G, Stupperich E, Thauer RK. Acetate assimilation and the synthesis
of alanine, aspartate and glutamate in Methanobacterium thermoauto-
trophicum. Arch Microbiol. 1978;117:61-6.

Shieh J, Mesbah M, Whitman WB. Pseudoauxotrophy of Methanococcus
voltae for acetate, leucine, and isoleucine. J Bacteriol. 1988;170:4091-6.
Krukenberg V, Riedel D, Gruber-Vodicka HR, Buttigieg PL, Tegetmeyer HE,
Boetius A, et al. Gene expression and ultrastructure of meso- and thermo-
philic methanotrophic consortia. Environ Microbiol. 2018;20:1651-66.

Yin X, Zhou G, Cai M, Zhu Q-Z, Richter-Heitmann T, Aromokeye DA, et al.
Catabolic protein degradation in marine sediments confined to distinct
archaea. ISME J. 2022;16:1617-26.

[toh T, Yoshikawa N, Takashina T. Thermogymnomonas acidicola gen. nov.,
sp. nov.,, a novel thermoacidophilic, cell wall-less archaeon in the order
Thermoplasmatales, isolated from a solfataric soil in Hakone, Japan.
IJSEM. 2007,57:2557-61.

Pelikan C, Wasmund K, Glombitza C, Hausmann B, Herbold CW, Flieder
M, et al. Anaerobic bacterial degradation of protein and lipid macro-
molecules in subarctic marine sediment. ISME J. 2021;15:833-47.

and JG, Harwood CS. Metabolic diversity in aromatic compound utiliza-
tion by anaerobic microbes. Annu Rev Microbiol. 2002;56:345-69.
Mutenda KE, Kérner R, Christensen TMIE, Mikkelsen J, Roepstorff P. Appli-
cation of mass spectrometry to determine the activity and specificity of
pectin lyase A. Carbohydr Res. 2002;337:1217-27.

Khomyakova MA, Merkel AY, Mamiy DD, Klyukina AA, Slobodkin Al.
Phenotypic and genomic characterization of Bathyarchaeum tardum gen.
nov., sp. nov,, a cultivated representative of the archaeal class Bathyar-
chaeia. Front Microbiol. 2023;14:1214631.

Lin D-D, Liu Y-F, Zhou L, Yang S-Z, Gu J-D, Mu B-Z. Stimulation of Bathyar-
chaeota in enrichment cultures by syringaldehyde, 4-hydroxybenzalde-
hyde and vanillin under anaerobic conditions. Int Biodeterior Biodegr.
2022;171:105409.

Deb S, Das SK, Veach A. Phylogenomic analysis of metagenome-assem-
bled genomes deciphered novel acetogenic nitrogen-fixing Bathyarchae-
otafrom hot spring sediments. Microbiol Spectr. 2022;10:200352-22.
Chadwick GL, Skennerton CT, Laso-Pérez R, Leu AO, Speth DR, Yu H, et al.
Comparative genomics reveals electron transfer and syntrophic mecha-
nisms differentiating methanotrophic and methanogenic archaea. PLOS
Biol. 2022;20:e3001508.

Wang Y, Feng X, Natarajan VP, Xiao X, Wang F. Diverse anaerobic meth-
ane- and multi-carbon alkane-metabolizing archaea coexist and show
activity in Guaymas Basin hydrothermal sediment. Environ Microbiol.
2019;21:1344-55.

Holler T, Wegener G, Niemann H, Deusner C, Ferdelman TG, Boetius A,

et al. Carbon and sulfur back flux during anaerobic microbial oxidation
of methane and coupled sulfate reduction. Proc Natl Acad Sci U S A.
2011;108:E1484-90.



Yin et al. Microbiome (2024) 12:68

80.

81.

82.

83.

84.

Yin X, Wu W, Maeke M, Richter-Heitmann T, Kulkarni AC, Oni OE, et al. CO,
conversion to methane and biomass in obligate methylotrophic metha-
nogens in marine sediments. ISME J. 2019;13:2107-19.

Zhu Q-Z, Wegener G, Hinrichs K-U, Elvert M. Activity of ancillary hetero-
trophic community members in anaerobic methane-oxidizing cultures.
Front Microbiol. 2022;13:912299.

Wegener G, Niemann H, Elvert M, Hinrichs KU, Boetius A. Assimilation of
methane and inorganic carbon by microbial communities mediating the
anaerobic oxidation of methane. Environ Microbiol. 2008;10:2287-98.
Biddle JF, Lipp JS, Lever MA, Lloyd KG, Sorensen KB, Anderson R, et al.
Heterotrophic Archaea dominate sedimentary subsurface ecosystems off
Peru. Proc Natl Acad Sci U S A. 2006;103:3846-51.

Kurth JM, Smit NT, Berger S, Schouten S, Jetten MSM, Welte CU.
Anaerobic methanotrophic archaea of the ANME-2d clade feature lipid
composition that differs from other ANME archaea. FEMS Microbiol Ecol.
2019,95:z082.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 11 of 11



	Physiological versatility of ANME-1 and Bathyarchaeotoa-8 archaea evidenced by inverse stable isotope labeling
	Abstract 
	Background 
	Results 
	Conclusion 

	Background
	Methods
	Sediment incubation setup for SIP
	Nucleic extraction, isopycnic centrifugation, gradient fractionation, and 16S rRNA gene sequencing
	Phylogenetic analyses
	Metagenomic assembly, genome binning, and gene annotation
	Analysis of 13C-acetate, ethanol, and TOC
	Analysis of methane and CO2

	Results and discussion
	SIP revealed that unlabeled carbon was assimilated into nucleic acids by ANME-1 and Bathy-8
	Metagenomic analysis showed the link of catabolic and anabolic pathways for carbon utilization

	Conclusion
	Acknowledgements
	References


