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Survival strategies of aerobic methanotrophs ===

under hypoxia in methanogenic lake sediments
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Abstract

Background Microbial methane oxidation, methanotrophy, plays a crucial role in mitigating the release of the potent
greenhouse gas methane from aquatic systems. While aerobic methanotrophy is a well-established process in oxy-
gen-rich environments, emerging evidence suggests their activity in hypoxic conditions. However, the adaptability

of these methanotrophs to such environments has remained poorly understood. Here, we explored the genetic
adaptability of aerobic methanotrophs to hypoxia in the methanogenic sediments of Lake Kinneret (LK). These LK
methanogenic sediments, situated below the oxidic and sulfidic zones, were previously characterized by methane
oxidation coupled with iron reduction via the involvement of aerobic methanotrophs.

Results In order to explore the adaptation of the methanotrophs to hypoxia, we conducted two experiments using
LK sediments as inoculum: (i) an aerobic "classical" methanotrophic enrichment with ambient air employing DNA
stable isotope probing (DNA-SIP) and (i) hypoxic methanotrophic enrichment with repeated spiking of 1% oxygen.
Analysis of 16S rRNA gene amplicons revealed the enrichment of Methylococcales methanotrophs, being up to a
third of the enriched community. Methylobacter, Methylogaea, and Methylomonas were prominent in the aerobic
experiment, while hypoxic conditions enriched primarily Methylomonas. Using metagenomics sequencing of DNA
extracted from these experiments, we curated five Methylococcales metagenome-assembled genomes (MAGs)

and evaluated the genetic basis for their survival in hypoxic environments. A comparative analysis with an additional
62 Methylococcales genomes from various environments highlighted several core genetic adaptations to hypoxia
found in most examined Methylococcales genomes, including high-affinity cytochrome oxidases, oxygen-binding pro-
teins, fermentation-based methane oxidation, motility, and glycogen use. We also found that some Methylococcales,
including LK Methylococcales, may denitrify, while metals and humic substances may also serve as electron acceptors
alternative to oxygen. Outer membrane multi-heme cytochromes and riboflavin were identified as potential media-
tors for the utilization of metals and humic material. These diverse mechanisms suggest the ability of methanotrophs
to thrive in ecological niches previously thought inhospitable for their growth.

Conclusions Our study sheds light on the ability of enriched Methylococcales methanotrophs from methanogenic
LK sediments to survive under hypoxia. Genomic analysis revealed a spectrum of genetic capabilities, potentially
enabling these methanotrophs to function. The identified mechanisms, such as those enabling the use of alternative
electron acceptors, expand our understanding of methanotroph resilience in diverse ecological settings. These find-
ings contribute to the broader knowledge of microbial methane oxidation and have implications for understanding
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and potential contribution methanotrophs may have in mitigating methane emissions in various environmental

conditions.

Keywords Lake sediment, Aerobic methanotrophy, Methanogenic zone, Hypoxia, Methylomonas, Methylobacter

Background

Methane, a potent greenhouse gas, has more than three-
fold increased its atmospheric concentrations since
the pre-industrial era. Around half of global methane
emissions arise from natural inland waters production,
including lake sediments, wetlands, rivers, and reservoirs
[1]. Methane is consumed naturally by aerobic and anaer-
obic methanotrophs. Aerobic methanotrophy is observed
in oxic environments and performed by aerobic bacterial
methanotrophs, employing oxygen for methane activa-
tion and catalyze the oxidation of methane to methanol
through the action of methane monooxygenase (MMO)
[2, 3]. Anaerobic oxidation of methane (AOM) can be
linked to sulfate reduction through anaerobic archaeal
methanotrophs (ANMEs) and sulfate-reducing bacteria
[4]. This process effectively prevents the release of up to
90% of the produced methane in marine sediments, and
can be efficient also in rich sulfate freshwater systems
[5]. In sulfate-depleted environments such as most fresh-
water sediments, AOM can consume over 50% of the
produced methane [6] and be coupled to other electron
acceptors such as nitrate, nitrite, metal oxides, and humic
substances [7—11].

Microorganisms participating in AOM have been iden-
tified not only as ANMEs but surprisingly also as those
considered aerobic bacterial methanotrophs. These bac-
teria were observed to be active and involved in methane
oxidation beneath the chemocline in the anoxic hypolim-
nion [12, 13] and in certain freshwater lake sediments
[14-17]. Certain methanotrophs employ unique mecha-
nisms to obtain oxygen, such as the disproportionation
of various molecules. For instance, Methylomirabilis
(NC10) produces oxygen through the disproportiona-
tion of nitrite, utilizing it subsequently for the oxidation
of methane [18]. Additionally, specific alphaproteobacte-
rial methanotrophs utilize methanobactins to generate
both oxygen and hydrogen through the disproportiona-
tion of water. [19]. Some bacterial methanotrophs exhibit
versatility by utilizing alternative electron acceptors.
Methylococcales bacteria Methylomonas denitrificans and
Methylocaldum sp. have been experimentally shown to
couple denitrification with methane oxidation [20-22],
while others, such as Methylomonas, Methylosinus and
Methylococcus capsulatus demonstrate methane oxida-
tion coupled to iron reduction [23-25]. The adaptation
mechanisms, that enable such a switch, remain poorly
understood.

Here we explore the remarkable genetic adaptability of
Methylococcales to hypoxia in methanogenic sediments
of Lake Kinneret (LK, Sea of Galilee), where our previ-
ous studies confirmed methane oxidation coupled to iron
reduction (Fe-AOM) beneath the sulfate reduction zone
in the iron rich methanogenic zone [26]. The mediation
of this Fe-AOM process was proposed to involve archaea
methanogens and bacterial methanotrophs [27-29]. In-
depth analyses, including isotopes of specific fatty acid
lipids, quantification of the functional gene pmoA, and
metagenomic analysis, confirmed the involvement of
Methylococcales-like methanotrophs in methane oxida-
tion [15, 27, 28]. Aerobic methanotrophy was also shown
to boost iron reduction in these sediments [25], but the
potential microbial mechanisms that may allow the
methanotrophs to survive under hypoxia and stimulate
iron reduction have remained unclear.

We hypothesized that LK methanogenic sediments har-
bor Methylococcales with unique strategies for survival
in oxygen-limited conditions, and this research aimed
to identify the key mechnisems enabling it. In order to
explore this adaptation to hypoxia we conducted two
experiments using LK methanogenic sediments as inocu-
lum: (i) an aerobic "classic" methanotrophic enrichment
with ambient air employing DNA stable isotope probing
(DNA-SIP) and (ii) hypoxic methanotrophic enrichment
with repeated spiking of 1% oxygen. Using metagenom-
ics sequencing of DNA extracted from these experi-
ments, we evaluated the genetic basis for their survival
by comparing Methylococcales metagenome-assembled
genomes (MAGs) from LK to Methylococcales genomes
from diverse lineages and environments. including the.
We investigated the genomic potential associated with
various survival mechanisms including oxygen acquisi-
tion strategies, metabolic versatility and use of alternative
electron acceptors.

Methods

Sampling site

LK is a monomictic lake in northern Israel, stratified usu-
ally between March and December, leading to anoxic
hypolimnion [30]. The seasonal changes lead to varia-
tions in the geochemical porewater profiles in the sedi-
ments, primarily of methane, iron, and sulfur [26]. In
the mixed period, the oxic-anoxic boundary reaches the
sediment—water interface, affecting chemical profiles
within the sediment. Sulfate in the sediment is depleted
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at around a depth of 10-20 cm depending on the strati-
fication period and is followed by iron reduction. Meth-
ane concentration profiles generally increase with depth
up to saturation levels, however, methane concentration
profiles also hint at the presence of a "deep sink" corre-
lated with an increase in concentrations of reduced iron
[15, 26]. We collected sediment as inoculum for both
experiments from the deepest point of LK (station A)
using a gravity corer, as previously described by Bar-Or
et al. [27]. The specific sediment used for the experiments
originated from a depth of 25-40 cm below the sediment
surface.

Study design overview

To achieve this study’s aims, we designed and con-
ducted two experiments intended mainly to enrich
methanotrophs. Experiment 1 was a "classical” enrich-
ment with ambient air, combined with DNA-Stable Iso-
tope Probing (DNA-SIP). This experiment focused on
identifying the active methanotrophs thriving under
oxic conditions (Fig. 1A). In the second experiment, we
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stimulated methanotroph growth under hypoxic condi-
tions (Fig. 1B). Following enrichments, we used ampli-
con sequencing of the 16S rRNA gene to study microbial
diversity. Using metagenomic sequencing of representa-
tive samples, we curated Methylococcales MAGs. We
investigated functions involved in adaptation to anoxia in
these MAGs, alongside other Methylococcales genomes,
using various bioinformatic platforms (Fig. 1C).

Experiment 1T—ambient air enrichment and DNA stable
isotope fingerprinting

Sediment samples collected from LK in September 2019
were used to enrich methanotrophs and explore the
active methane-utilizing organisms. Approximately 5 g
of homogenized sediment was added to 300 ml sealed
serum vials with black rubber septa. The vials were pre-
filled with modified DNMS medium [31] (1:10 w/v). Prior
to inoculation, the headspace of each vial was purged
with nitrogen gas for a brief period (e.g., 1 h) to flush
out any methane gas remaining in the sediment. Follow-
ing this, the headspace was replaced with ambient air.
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Fig. 1 Experimental layout. Experimental design—sediment cores were collected from the methanotrophic zone in Lake Kineret and used

to initiate two enrichment experiments. A Experiment 1: Incubated with ambient air, representing a "classical" enrichment approach coupled

with DNA-SIP analysis. B Experiment 2: Hypoxic enrichment by repeatedly introducing small amounts (spikes) of oxygen (1%) to maintain
low-oxygen conditions. Extracted DNA was used for 16S rRNA amplicon sequencing, and representing samples were also used to assemble and bin
Methylococcales MAGs. Genome-based metabolic comparative analyses were performed using different bioinformatic platforms C
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Subsequently, either '2C-methane (control) or *C-meth-
ane (used for DNA-SIP) was introduced at a concentra-
tion of 20% (v/v) as the sole carbon source. Incubations
proceeded at 25 °C in the dark on a 120 rpm rotary
shaker for a total of 21 days. Triplicate incubations were
performed for each treatment, with detailed information
on sampling times provided in the Supplementary Infor-
mation (SI, Table S1). A separate 5 g sediment sample
(time-zero control) was preserved in a 15 ml Falcon tube
at—20 °C for subsequent DNA extraction.

After incubation, sediment samples were carefully col-
lected and processed for DNA extraction. Briefly, sam-
ples were centrifuged, supernatants discarded, and the
resulting pellets were stored at—20 °C. DNA was then
extracted from 0.5 g aliquots of each sample (time-zero,
2C-methane, and '*C-methane) using a PowerSoil kit
(Qiagen) following the manufacturer’s instructions.
To achieve sufficient DNA concentration for DNA-SIP
analysis, seven aliquots from each sample were extracted
and pooled. DNA quality and quantity were assessed
using a NanoDrop Spectrophotometer (Thermo Fisher
Scientific).

For DNA-SIP, samples were further processed through
CsCl density gradient using a Beckman Coulter ultracen-
trifuge and a VTi 65.2 rotor, operating at 44,100 rpm at
20 °C for 65 h, as previously outlined [32]. Twelve frac-
tions were collected from each sample, and their DNA
content and their density was determined using an
AR200 digital hand-held refractometer (Reichert, Buf-
falo, NY, USA). These DNA fractions were recovered,
purified by PEG-6000 precipitation, resuspended in 30
ul TE buffer, and the DNA quantity was validated using
Fluorometer (Qubit, Invitrogen).

Experiment 2—hypoxic enrichments

This experiment attempted to enrich methanotrophs in
LK sediments with low oxygen conditions following the
methods of Vigderovich et al. [25]. Sediment samples
collected in March 2021 set as the starting material for
the experiment. Each vial contained 7g of methanogenic
sediments from LK, 50 mg of hematite (10 mM final con-
centration) and anoxic filtered porewater (1:3 w/v), pre-
viously extracted from the same depth in a 60 ml serum
vials sealed with black rubber septa. Hematite, an iron
oxide mineral, can potentially serve as an alternative
electron acceptor for methanotrophs under anoxic con-
ditions [25]. The anoxic porewater further ensured the
initial absence of oxygen within the vials. To establish
these anoxic conditions, each vial underwent continu-
ous nitrogen purging for about an hour. Following this,
the vials were stored in the dark at 4 °C for 5 days. After
the anoxic period, the enrichment process was initiated.
Vials were vigorously mixed (vortexed) and flushed again
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with nitrogen for 15 min to ensure the removal of any
residual oxygen. Subsequently, 1.5 ml of air was intro-
duced into each vial, resulting in a final headspace oxygen
concentration of 1% (v/v). Two treatment groups were
established CH,+ O, treatment and N,+ O, as Control.
For the CH,+O, treatment, eleven vials received an
additional 1.5 ml of 99.95% methane gas, resulting in a
final headspace oxygen concentration of 5% (v/v) allow-
ing methanotrophs to potentially uptake methane as an
energy source. For the N,+0O, Control, triplicate vials
were supplemented with an additional 1.5 ml of 99.999%
nitrogen gas instead of methane, resulting in a final head-
space oxygen concentration of 5% (v/v), serving as a con-
trol for the effect of methane availability. The enrichment
incubations proceeded at 25 °C in the dark with the vials
inverted to minimize headspace gas exchange. Oxygen
consumption within the vials was monitored throughout
the experiment using PSt6 sensors in designated vials.
Vials were sacrificed at various time intervals, detailed in
the Supplementary Information (Table S2) and the exper-
iment lasted for 40 days. These samples were promptly
stored at -80 °C for subsequent DNA/RNA extraction.
DNA was successfully extracted from all samples using
a PowerSoil kit (Qiagen) following the manufacturer’s
instructions. However, RNA concentrations using Quant-
ittTM RiboGreen RNA kit (ThermoFisher) were found to
be below the detection limit.

DNA library preparation and sequencing

A total of thirty-seven samples underwent 16S rRNA
gene sequencing, while three samples were also allocated
for metagenome analysis. Comprehensive details regard-
ing the samples utilized in the DNA-SIP and hypoxic
experiments can be found in Tables S1 and S2, respec-
tively. Sequencing of the V4 region of the 16S rRNA gene
was executed using the primer pair 515f-806r [33, 34],
and the procedure was conducted via Illumina sequenc-
ing at Hylabs, Rehovot, Israel.

Metagenomic libraries were generated from three dis-
tinct DNA samples: one originating from the DNA-SIP
experiment and two from the hypoxic experiment (refer
to Tables S1 and S2 for detailed descriptions, respec-
tively). Subsequently, the libraries underwent sequenc-
ing at Novogene, Singapore, with each sample producing
65—80 million 2x 150 bp paired-end reads using Illumina
NovaSeq. The library construction process employed the

™

NEBNext® Ultra™ Il DNA Library Prep Kit. [33, 34]

Bioinformatics

For 16S rRNA gene amplicons, demultiplexed
paired-end reads were analyzed within QIIME2
V2020.6 pipeline [35]. By applying the DADA2
pipeline [36], implemented in QIIME2, reads were
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truncated according to their quality plots, chimeras
were removed, and reads were merged and grouped
into amplicon sequence variants (ASVs). Taxonomy was
assigned to ASVs by Silva 138 99% classifier [37]. Beta
diversity was visualized by Principal Coordinate Analy-
sis (PCoA), in which the dissimilarity between samples
was estimated with a Bray—Curtis distance matrix using
the distance and ordination functions in the R package
phyloseq [38].

Metagenomes were assembled using SPAdes V3.15
with-meta k=21,33,66,99,127 parameters [39], follow-
ing adapter trimming and error correction with tadpole.
sh, using the BBtools suite following read preparation
with the BBtools suite (Bushnell, B, sourceforge.net/
projects/bbmap/). Downstream mapping and binning
of metagenome-assembled genomes (MAGs) were per-
formed using DAStool, Vamb, Maxbin 2.0, and Meta-
bat2 [40—43] within the Atlas V2.9.1 pipeline [44], using
the genome dereplication nucleotide identity threshold
of 0.975. MAG quality was verified using Checkm?2 [45]
and QUAST [46]. Functional annotation was carried out
using the SEED implemented in Viral Bioinformatics
Resource Center (BV-BRC) server [47], and key anno-
tations were verified by BLASTing against the NCBI
database.

Additional Methylococcales genomes, a total of 62
genomes (a comprehensive list can be found in Table S3),
were generated based on BLASTp against LK predicted
membrane-bound particulate methane monooxygenase
protein, using the BV-BRC platform [48-50] (max hit: 20,
Evalue threshold: 0.0001). The average nucleotide identity
(ANI) was calculated using pyani [51] (See Table S4 for
their values).

Multiheme cytochromes (MHCs) were assigned using
the FEET pipeline (https://github.com/ McMahon-
Lab/FEET.git) [52]. In short, FEET first uses python to
find MHCs using the following regular expressions for
heme binding motifs: [CXCH], [CXXCH], [CXXXCH],
and [CXXXXXXXXXXX[!=C]XXCH]. At least three
[CXXCH] motifs and at least five total aforementioned
motifs were required to call an MHC. Localization was
predicted by Cello V2.5 (http://cello.life.nctu.edu.tw/).
Each protein sequence was then manually verified using
the InterPro database (https://www.ebi.ac.uk/ InterPro/)
[53].

Phylogenetic trees were generated with the BV-BRC
platform [53]. Marker proteins that are universally con-
served across the bacterial domain were extracted from
genomes [54]. A hundred single-copy markers that were
present in all genomes (See Table S5 for gene list) ana-
lyzed in this study were used for alignment with MUS-
CLE [55]. The randomized accelerated maximum
likelihood (RAXML version 8.2.11) tree was calculated
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[56]. Final representation of the tree was curated using
Itol version 6.9 (https://itol.embl.de/).

Results and discussion

Ambient oxygen selects for the enrichment of aerobic
methanotrophs

DNA-SIP experiments utilizing labeled '*C-methane
resulted in the isolation of *C-enriched DNA observed
in fractions with a density ranging from 1.72 to 1.70
g ml™), as illustrated in the labeled fraction (Fig. 2a).
Analysis of the relative abundance of 16S rRNA genes
revealed bacterial communities that differed between the
labeled and unlabeled fractions, as evidenced by Princi-
pal Coordinates Analysis (PCoA) based on Bray—Curtis
dissimilarity (Fig. 2b). Axis 1 and 2 explained 43.9% and
17.4% of the variation, respectively, indicating distinct
communities in the labeled and unlabeled fractions,
while >)C-methane-fed communities clustered together.
The use of the ?C-methane-fed sample as a control
accounted for differences in the guanine/cytosine (GC)
content of DNA samples.

Despite Methylococcales comprising less than 1% of
the initial microbial population at time zero, enrich-
ment during the experiment resulted in Methylococcales
accounting for approximately one-third of the micro-
bial community (refer to Figure S1). In the fractions fed
with labeled *C-methane, Methylobacter emerged as the
predominant taxon with a relative read abundance rang-
ing from 18 to 31%, alongside the enrichment of other
methanotrophs (Fig. 2c). This finding aligns with previ-
ous studies that identified Methylobacter as a dominant
and active species in diverse natural environments [57],
including oxic [58] and anoxic freshwater lake sediments
[59], anoxic water columns [60], and wetlands [61].
Other enriched Methylococcales species in this experi-
ment included Methylomonas (5-8%) and Methylogaea
(up to 3%) (Fig. 2c). In contrast, within the >C-meth-
ane-enriched cultures, Methylobacter exhibited a rela-
tive abundance of 6—10%, while the relative abundance
of Methylomonas and Methylogaea varied significantly
among biological triplicates, ranging from 4% to up to
20% (refer to Figure S1).

Hypoxic conditions select for Methylomonas

We observed a notable adaptation of microbial commu-
nities to periodic spiking with 1% oxygen and methane,
leading to a significant increase in oxygen consumption
(0.69+0.04 mg L™* h™'), in contrast to controls where
the oxygen consumption was markedly lower (0.02+0.01
mg L™' h™') (Fig. 3a). Microbial communities in cultures
deprived of methane exhibited clustering with those
from non-enriched samples (time zero), indicating that
the microbial community in these samples remained
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relatively consistent despite exposure to oxygen. These
findings suggest that methane serves as the electron
donor for oxygen respiration, especially considering the
limited availability of alternative electron donors in these
methanogenic sediments (Fig. 3a).

Further analysis of the microbial community revealed
the specific selection of microorganisms through peri-
odic spiking with 1% oxygen (Fig. 3b), predominantly
enriching for Methylomonas (Fig. 3c).

These outcomes align with previous studies, reinforcing
the notion that Methylomonas may exhibit better adapta-
tion to low oxygen conditions, such as, better uptake of
oxygen and methane, compared to Methylobacter [62].

Methylococcales lineages dominate enrichment cultures

In this investigation, methanotrophs were selectively
enriched from methanogenic LK sediments through two
distinct enrichment experiments. The first experiment
involved the use of ambient air coupled with DNA-stable
isotope probing (DNA-SIP), while the second experi-
ment included repeated injections of 1% oxygen to sim-
ulate hypoxic conditions. From both experiments, we
identified five Methylococcales metagenome-assembled
genomes (MAGs), detailed in Table 1 for genome statis-
tics. The metagenomic analysis uncovered the enrich-
ment of Methylomonas, Methylogaea, and Methylobacter
(MAGs 1-5 respectively). The closest relatives to these

Table 1 Genome assembly statistics
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lineages were Methylomonas sp. ZR1 [63], Methylogaea
oryzae strain E10 [64] and Methylobacter tundripalu-
dum strain OWC-G53F [63] (see Fig. 4 and Table 2 for
ANI values). For the hypoxic enrichments, two MAGs,
namely, Methylomonas LK_4 and LK_5, which are related
to Methylomonas sp. strain FW.007 [65]. A detailed
genomic comparison between all LK Methylococcales
MAGs highlighting functions of interest is given below
and summarized in Table 2.

Metabolic reconstruction of novel Lake Kinneret
methanotrophs

Genome-base metabolic reconstruction of the five MAGs
affirmed the characteristic metabolic framework of
Methylococcales methanotrophs (Table 2). The prediction
of methane oxidation through the particulate methane
monooxygenase was consistent across all LK Methylococ-
cales lineages. With the exception of Methylogaea LK_2,
which exclusively harbored the pxmABC genes encoding
an alternative form of particulate methane monooxy-
genase potentially functioning under oxygen-limiting
conditions [20], the remaining LK Methylococcales line-
ages were predicted to possess one copy of the pmoCAB
operon, encoding the canonical particulate methane
monooxygenase. The genomes of Methylomonas LK_4
and LK_5 contained both pxmABC and pmoCAB oper-
ons, potentially broadening their range of affinities

Originally MAG Genome Name Size (mb?) Contigs CheckM CheckM Relative Closest ANIP ANIP (%)
enriched in N50 Completeness Contamination abundance
experiment (mb?) (%) (%) (%)
DNA-SIP LK_1  Methylobacter ~ 3.96 0.10 99.2 1.63 40.6 Methylobacter 84
tundripaludum
strain OWC-G53F
(GCA_002934365.1)
LK_2  Methylogaea 3.90 0.03 98.2 4.95 2.1 Methylogaea 81
oryzae strain E10
(GCA_019669985.1)
LK_3 Methylomonas  4.15 0.08 99.3 046 6.9 Methy- 76
lomonas sp. ZR1
(GCA_013141865.1)
Hypoxic LK_4 Methylomonas  4.04 0.28 99.9 0.17 351 Methylomonas 84
LK_5 Methylomonas — 4.76 008 99.9 069 65 sp. strain FW.007 g4

(GCA_002928965.1)

2 mb—million base pairs, PANI—Average nucleotide identity

(See figure on next page.)

Fig.4 Phylogenomic analysis and metabolic profiling. A phylogenomic tree along with the metabolic presence-absence profile of 67
Methylococcales genomes. A comprehensive list of the proteins is available in Table S7 and predicted OMC proteins are available in Table S8.
Additional information regarding presence-absence of kye genes particulate methane monooxygenase pmoCAB operon and pxmABC operon,
soluble methane monooxygenase (mmoXYBZDC), lanthanide-dependent methanol dehydrogenases (xoxF), and methanol dehydrogenase (mxaF)
is available in Table S9. Notably, the five LK Methylococcales are highlighted in bold. The phylogenetic tree is built on 100 genes (refer to Table S5),
and the taxa clustering percentage is based on 100 bootstrap resamples, consistently yielding values of 98 or higher (specific values not shown)



Page 8 of 12

Gafni et al. Environmental Microbiome (2024) 19:44

OO
000000

COCOC0 00
OOO000Oe00000e
000000 000

O
Nae e ecceccccccacseaa P eacc e a e s a s e a s e accc e e e aaaa
000, 00000000000000000 0000000000000000000000000000

00 L0000 L0000 e e e eee L e 0 ) 00000000e
0 00 000000 0 000000 O O

OOO00000OO0O000OOOO e e e e
HOOOOO0OOO000000O0O e 0 0eeee

3, 00000 00eeeeeeee L 00e Beeee
[T o6 el PP ee L L oee Seeee

\v\/\ /,m N

OO
000000000

OOOC

O o 0 00000 000000
oo 00 | | | 00 0000 000000000000 00000000000000000000000000)

0000000 (O :

00000000000 00000000000000000000000 00000000000000000 0000000000000
000000000 000000000000000000000000000000000000000000000000000000000
OO0 00000 00 00000000000 000000000 0000000000000000000000000000000

w N
< =
g 8 &3 g 2
I < o9 oINS 5
g S S S 0= ) s )
s Q 0 ™ O G 3N P = ®
T S » o & Q o xQ Q o @ 5
Q 3N o= = N ESN©, ] = < 19 > o N > = ™
T 0§ S = S®QoS £ & ~ 3 < 15 R S U 3 N
=1 @ O x o Q s o SRS < 3 ] 15 o - Q M o
REpeTs 2 Xy e SYESNFS § awveoe = g2 2 Y 88 20988 S )
S93§880 wsS%fg =3 $8sq3y 29 ] 8,2 5 © FY J3:5 <3 yY
s fE§5iv $F538 TS GRB803g 8 dda § 83 § ¢ fx =3d8 432 €
S BI82Eemaf288 R3 R = | o 8 S & SS58 c < s
U ¢858583%c983¢ 22 9 855558c 85583835 ocSyvios E§ gEgd vEE gt
Saicg0ssES 322 §3 5 < SS8SS8SSack SR86 3 /'S 8 Q X & @ % 3 ] © BB ] ~
a,v,c7z.m~au..mgemm2uu5 Yra3II3INsrgs 2339 0e3x X 5 9N JF 3~ a@ g 0o L < Q@ O ™
8 N & S 232 T g T L << ® | IS o & LR
X §o g s ELL8TIL88 o8y 8 8 8 €] d4 % S SoeEgIT o s g 8 8 RSER<] a9
o 5 Q 0822 -3 sS4 2220092 s 005 T £ S 8 8 o s Q 3
~ 3828 3 £33 203 sg S SSS0 6 g S g8 S 908 g 82 E & £ E & <8 sca¥ss o3
2 o838 S3E§5§8F80Es80sSQ0ns5%S 8% 355552225 ¢3Q28s0g28 83 3§§8§s83s 382
Q S35 8 €& " EE T OE hs] 3 .93 3T T s s 7 3 & S9ESSY oNW3IX
88855838 8c8s55583555588 8735555550 388538308853 :000008885 % 8%s0sas
§ 232 S8 3T .y T C s 52 O 5 FEE N 0 ® 0 9 g O EE a0 n O 00
S 5835 S8 8835ST 2o o s s - L 583 & T T T 5SS 29300 8aea PR R ST EE OO
X3 S 8888 S $ S S ST LFTBOL LR LS s3I TSI T S8S © T © c 0w 0 9 e a w99 o9
T S SEC S EEESSECTT30G88C8c0c0ss8cs888cccceesscscoocgesggegetsoneegaggegacegeceg
8388555556288 3838888 8888833883888 8cs5c¢cgcscgeEsgesssssosgggeggegsssss
S8 f 2 5522282883328 8 8888838388883 88:88855888885E55555588¢2¢88¢88¢888¢5¢¢5
S | SES38SE IS8 0 0585825555358 3552585555533 38 888888883
35 s s T3 3T T TET 888 3 T3 333332££38%%8 TSTEEESESES = S22228 5§58
g3 T3 g2 39 s s £ 3 T3 s s T 30333382888 SEEsEESR 5% 5
U T %;MMMMMMJMMWMFW1HPMWMMMMM R RRSEEELLELS S 3 E RS 5 EEL

Tree scale: 0.5 ————

Fig. 4 (Seelegend on previous page.)



Gafni et al. Environmental Microbiome (2024) 19:44 Page 9 of 12
Table 2 List of presence/ absence functions
Originally enriched in exp Methylobacter LK_1  Methylomonas LK_2  MethylogaeaLK_3  Methylomonas LK_4 Methylomonas
LK_5
A B
l pmoCAB operon + + - + +
pmoABC operon - - + + +
mxafF + - + +
xoxF + + - + +
RuMP + + + + +
ED + + - + +
EMP + + + + +
Serine cycle - - - - -
TCA + + - + +
Detailed description of all predicted proteins used to construct this table are listed in Table S6
for methane and oxygen [66]. In addition, none of the (¢pi), glyceraldehyde 3-phosphate dehydrogenase

genomes of the LK Methylococcales lineages encoded the
soluble methane oxygenase.

The lanthanide-dependent xoxF [67] was predicted
to catalyze methanol oxidation in all LK Methylococ-
cales lineages except Methylogaea, whereas the cal-
cium-dependent mxaFI [68] was predicted only in
the genome of LK Methylomonas and likely within the
Methylogaea LK_2 genome (only mxal was found). The
potential secretion of methanol by methanotrophs
into the environment, with subsequent consumption
by syntrophic partners, indicative of cross-feeding
between methanotrophs and methylotrophs [69], was
considered highly likely. This inference is supported
by the elevated relative abundance of Methylotenera in
our enrichment experiments (refer to Figures S1 and
S2 for microbial community relative abundance).

The presence of the ribulose monophosphate path-
way (RuMP) was identified in all LK Methylococcales
lineages, evident through the presence of key genes
such as those that encode the 3-hexulose-6-phosphate
synthase (hps) and 6-phospho-3-hexuloisomerase (phi)
[70]. The RuMP pathway appears to be the exclusive
pathway for methane carbon assimilation, as the ser-
ine cycle was absent, lacking genes encoding key
enzymes like malate thiokinase (both mtkAB) and
hydroxypyruvate reductase (ghrB). Except for Methy-
logaea, all LK Methylococcales lineages encoded the
phosphogluconate dehydratase (edd) and 2-dehydro-
3-deoxy-phosphogluconate aldolase (eda) genes nec-
essary for the Entner—Doudoroff (ED) variant of the
RuMP cycle [71]. The energy-efficient Embden—Mey-
erhof-Parnas (EMP) variant [71] was predicted in all
Methylococcales lineages, evidenced by the presence
of non-ATP dependent pyrophosphate-dependent
phosphofructokinase (pfk), triosephosphate isomerase

(gapdh), phosphoglycerate kinase (pgk), and enolase
(eno) genes.

Adaptations to hypoxic conditions in Methylococcales

To assess whether the genomic adaptations to hypoxic
conditions are unique to LK Methylococcales, we com-
pared their genomes and with an additional 62 Methy-
lococcales genomes from diverse environments (Fig. 4).
These genomes represent Methylococcales from ground-

water, contaminated rivers, sewage systems, lake
sediments, rice fields, volcano mud, and others (Supple-
mentary Table S3).

This comparison revealed a core set of mechanisms
shared by most Methylococcales, including those from
LK potentially enabling them to function effectively in
hypoxic conditions. These include (i) Enhanced oxygen
usage by cytochrome bd ubiquinol oxidase (found in 88%
of analyzed genomes), allowing efficient oxygen respira-
tion potentially sustaining growth at<3 nM molecular
oxygen [72]. (ii) Enhancing respiration under hypoxia by
oxygen-binding hemerythrin, by increasing the activity
of pMMO [73] (present all of the analyzed genomes). (iii)
Flagella-mediated motility across gradients to optimize
oxygen and methane availability (present in 95% of the
analyzed genomes) [74]. (iv) Alternative electron accep-
tors including nitric oxide reduction, as well as ribofla-
vins (found in 70% and 89% of the genomes, respectively).
These last electron acceptors, are soluble secreted elec-
tron shuttles mediating extracellular electron transfer
(EET) [75-77], which can be reversibly oxidized and
reduced, carrying electrons between cells and insoluble
electron acceptors such as manganese and iron oxides
over large distances [71, 75, 78]. Manganese and iron
oxides are highly abundant in methanogenic sediments
[79].
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Methylococcales can store carbohydrates and use
alternative metabolic pathways to provide energy under
oxygen limitation. Genes for glycogen synthesis and deg-
radation were found in all of the genomes, likely allow-
ing Methylococcales to conserve resources during periods
of limited nutrients [80, 81]. Additional metabolic alter-
native is the ability to produce fermentation products
like succinate and acetate was found in 66% and 51% of
genomes, respectively. The occurrence of alcohol dehy-
drogenases (present in 91% of genomes) and bidirectional
hydrogenases (present in 99% of genomes) indicates
potential for alcohol and hydrogen production [60, 82].

While many metabolic mechanisms were shared
among Methylococcales, we identified several less abun-
dant mechanisms that were present in LK Methylococca-
les. These include (i) production of lactate (found in 21%
of the genomes), predicted in Methylobacter LK_1 and
Methylogaea LK_2 MAGs; (ii) Methane-dependent deni-
trification serves as a link between the carbon and nitro-
gen cycles [20, 83]. While nitrous oxide reduction was
found as a common trait, respiratory nitrate reductase
and nitric oxide-forming nitrite reductase (with respec-
tive genes identified in 36% and 27% of the genomes)
were observed as less prevalent mechanisms. However,
despite being relatively uncommon among the Methylo-
coccales, these mechanisms were found more abundant
in LK Methylococcales and exhibited in Methylobacter
LK_1, Methylomonas LK_3, and LK_5 MAGs; (iii) Outer
membrane cytochromes (OMCs, found in 62% of the
genomes) needed to reduce iron [24, 59, 84], were found
in Methylomonas LK_3, LK_4 and LK_5. Methylococcales
appear to lack electrically conductive pili (e-pili) that can
support EET [84], as>120 amino acid long PilA proteins
in Methylococcales were longer than the canonical 60-90
amino acid-long e-pili [85].

Additional manual investigation of OMCs using the
InterPro database confirmed that at least some of these
sequences belong to the multiheme cytochrome super-
family with at least one copy of predicted as extracellular
OMC (found in 55% of the genomes), and fewer OMCs
were predicted as membrane-bound (found in 10% of
the genomes). Others were either unrelated to OMCs
or predicted to be hydroxylamine oxidoreductase or
cytochromes c-552 involved in ammonia oxidation and
nitrite reduction. Among LK Methylococcales, only Meth-
ylomonas LK_3 encoded a membrane-associated OMC,
hinting at the possibility of EET in this organism, but this
strategy to cope with oxygen limitation is not widespread
in LK.
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Conclusions

Our study highlights the potential prevalence and diver-
sity of adaptive strategies utilized by methanotrophic
bacteria in low-oxygen environments, specifically within
LK sediments. These LK sediments, located 20 cm
below the sediment water interface and 20 m below the
hypolimnion, were previously shown to be involve Meth-
ylococcales in methane oxidation and stimulation of iron
reduction. We hypothesized that this environment har-
bors Methylococcales with unique strategies for survival.
Through enrichment experiments, comparative metagen-
omics, and genomic analyses of diverse Methylococcales
lineages, we propose several potential mechanisms ena-
bling these organisms to thrive under oxygen-limited
conditions. Our findings demonstrate that most Methy-
lococcales, including those from LK, possess a set of traits
enabling their survival in hypoxic environments: span-
ning effective usage of trace oxygen, motility for reach-
ing optimal oxygen concentrations, glycogen storage,
alternative energy generation using fermentation, and the
use of alternative electron acceptors and possible EET
mediated by riboflavins. Some less widespread functions
employed by LK Methylococcales include lactate produc-
tionn, methane-dependent denitrification, and EET via
outer membrane cytochromes (OMCs). Further stud-
ies are necessary to validate these potential strategies.
Experimental examination of these potential adaptations
may unveil additional layers of complexity in the sur-
vival strategies. Additionally, investigating whether these
adaptations are expressed under hypoxic conditions is
essential for understanding their role in hypoxia toler-
ance. This knowledge may contribute to a more compre-
hensive understanding of global methane cycling.
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