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Abstract

Eutrophic lakes are major contributors to global aquatic methane emissions. Methanotrophy, performed by
methane oxidizing bacteria, results in the production of biomass, fermentation products and/or CO,, making
methane-derived carbon available to non-methanotrophic organisms. Methanotrophs can co-occur with meth-
ylotrophs which are expected to consume methane-derived carbon. However, it is unknown if this interaction
requires cell-to-cell contact, whether physicochemical factors affect this interaction, and what role this interac-
tion may play in ecosystems and biogeochemical cycling in lakes. Here, we performed incubations of an
enrichment culture obtained from a eutrophic lake with '*C-labeled methane, revealing the transfer of
methane-derived carbon from the methanotroph Methylobacter sp. to a methylotroph of the genus
Methylotenera. These microorganisms occurred both in mixed clusters and as single cells, indicating that their
interaction does not require physical cell contact. In addition, the carbon transfer between the partners is
dependent on the presence of nitrate, which is potentially used by Methylotenera sp. and in turn may affect the
methane oxidation rate of Methylobacter sp. This interaction, and its dependence on nitrate, may have impor-

tant implications for the carbon cycle in eutrophic lakes worldwide.

Methane, the most important anthropogenic greenhouse
gas after CO, (Stocker et al. 2013), is emitted to the atmo-
sphere by numerous sources, both anthropogenic and natural,
among which aquatic systems such as wetlands, lakes, and res-
ervoirs contribute about 16-23% to global methane emissions
(Bastviken et al. 2011; Saunois et al. 2016; DelSontro
et al. 2018). Methane production in aquatic systems occurs
naturally, but its emission rates can be strongly influenced by
human impacts such as eutrophication and warming (Yvon-
Durocher et al. 2014; Deemer et al. 2016). Methane consump-
tion by microbes (i.e., methanotrophy) is performed by either
archaea or bacteria occupying distinct ecological niches, con-
suming a substantial portion of the produced methane
(Bastviken et al. 2008). Methane oxidizing bacteria are mostly

*Correspondence: sigrid.van.grinsven@nioz.nl

This is an open access article under the terms of the Creative Commons
Attribution License, which permits use, distribution and reproduction in
any medium, provided the original work is properly cited.

Additional Supporting Information may be found in the online version of
this article.

878

aerobes, with certain species capable of methane oxidation
under anoxic conditions, by using nitrite (Ettwig et al. 2010),
nitrate (Kits et al. 2015), sulfate (Schubert et al. 2011), and
possibly humic substances as electron acceptors (Saxton
et al. 2016).

Methane oxidation is a key process in the carbon cycle of
shallow, eutrophic lakes. The majority of aquatic organisms,
both bacteria and species of higher trophic levels, are unable
to use methane directly. They are therefore dependent on the
conversion of methane into other carbon compounds by
methane oxidizing bacteria, which can be a major component
of the carbon budget of lake water columns, comparable to
the contribution of phytoplankton primary production
(Taipale et al. 2011). Methane oxidation by methane oxidizing
bacteria proceeds, besides biomass, mostly to carbon dioxide
(Murrell 2010), although recent studies have shown that
methane oxidizing bacteria can perform mixed-acid fermenta-
tion in anoxic environments resulting in excretion of other
reaction products such as acetate, succinate and H,
(Kalyuzhnaya et al. 2013; van Grinsven et al. 2020a). Some
studies have shown that methane oxidizing bacteria can
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perform mixed-acid fermentation in anoxic environments
resulting in excretion of other reaction products such as ace-
tate, succinate and H, (Kalyuzhnaya et al. 2013; van Grinsven
et al. 2020a). However, it is still held that most methane uti-
lized by methane oxidizing bacteria is either converted to CO,
or incorporated into biomass (Murrell 2010). It has also been
shown that intermediates of the methane oxidation reaction,
such as methanol and formaldehyde, can be excreted into the
ecosystem (Xin et al. 2007; Tavormina et al. 2017) and further
used as a carbon source by non-methanotrophic microorgan-
isms. This conversion and subsequent excretion may have
implications for the microbial food web as higher trophic
levels have been shown to consume high amounts of
methane-derived carbon (Jones et al. 1999; Murase and
Frenzel 2007; Jones and Grey 2011; Sanseverino et al. 2012;
He et al. 2015). The release of methanol, however, leads to an
energy deficiency in the methanotrophic cell, as the conver-
sion of methane to methanol is energy consuming. Energy is
only gained at further steps in the methane metabolism (Xin
et al. 2004, 2007). It is, therefore, unclear whether there is a
gain for the methanotrophs in the excretion of methanol.

Methylotrophs (i.e., microbes consuming single-carbon
compounds) of the genera Methylophilus and Methylotenera
have been shown to co-occur with methanotrophs, and it has
further been suggested that methylotrophs consume
methanotroph-derived methanol (Oshkin et al. 2014). A study
by Krause et al. (2017) with synthetic co-cultures, established
with isolates from lake sediment, suggested a cross-feeding
mechanism in which the methylotroph induces a change in
gene expression of the methanotroph, resulting in release of
methanol to support methylotroph growth. However, it is
unknown (1) whether there is a gain for the methanotroph,
either through a transfer of vitamins or direct interspecies
electron transfer as previously suggested (Yu and Chi-
stoserdova 2017), and (2) if this interaction requires a physical
contact between the partners. Also, the effect of the physico-
chemical environmental conditions on this presumed partner-
ship has not yet been determined.

In this study, we further investigated the transfer of
methane-derived carbon in an enrichment culture, obtained
from the water column of a eutrophic lake, which was domi-
nated by the methanotroph Methylobacter sp. and a non-
methanotrophic methylotroph of the genus Methylotenera.
Physical contact between the partners is not essential for the
transfer of carbon between the two organisms, as was con-
firmed by Stable isotope probing (SIP) and Nanoscale Second-
ary Ion Mass Spectrometry (NanoSIMS). Up to now, studies
have focused on artificial, non-complex communities, or soil/
sediment systems (Martineau et al. 2010; Hernandez et al. 2015;
Wei et al. 2016a). Here, we present the first visualization of
the co-occurrence, and possible partnership, of Methylobacter
and Methylotenera sp. in a water column enrichment. Further-
more, our results suggest a link between nitrogen and carbon
cycles wherein nitrate stimulates methane oxidation and the
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transfer of associated carbon compounds. It is possible these
processes could in-turn affect the trophic transfer of methane-
derived carbon in lake systems. Hence, our results have impli-
cations for methane cycling, for the wider community and
trophic dynamics, and the carbon balance of temperate eutro-
phic lakes.

Material and methods

Sample collection, enrichment and incubation
experiments

Enrichment cultures were established as described in van
Grinsven et al. (2020b). Briefly, suspended particulate matter
from the oxic water column of Lacamas Lake (Washington)
was collected by filtration through a 0.7 ym pore size glass
fiber GF/F filter, transferred to nitrate mineral salts medium
(Whittenbury et al. 1970), and supplied with methane
(99.99% purity). After 12 weeks at 15°C, during which the cul-
ture was transferred six times, the larger cell clusters were sep-
arated from the smaller clusters and single cells by filtration
over a 10 ym filter in an attempt to separate and enrich spe-
cific species based on cluster size. Subsequently, both fractions
were resuspended in nitrate mineral salts media and treated
similarly to the earlier subcultures. After 8 weeks, the cells of
each culture (named “Particle culture” and “Filtrate culture”)
were harvested by gentle centrifugation (2800 x ¢ for 5 min,
15°C) and used as inoculum for incubation experiments. A
sample of each inoculum was stored for DNA-analysis.

Incubation experiments were supplied with 100% '*C-
labeled methane (Sigma-Aldrich), in the absence and presence
of nitrate as described for the “particle culture” in van
Grinsven et al. (2020b). The procedure for the “filtrate culture”
was identical. Briefly, incubation experiments with nitrate
were performed with oxic nitrate mineral salts medium, which
was also used for cultivation as described above, containing
nitrate as the only nitrogen source (Whittenbury et al. 1970).
Ammonium incubations were performed with an oxic ammo-
nium mineral salts medium, containing ammonium rather
than nitrate as nitrogen source (1 gL™' KNO; was replaced
with 0.5 g L™! NH,4C], as described by Whittenbury et al. 1970).
All incubation experiments were performed in triplicate in
260 mL acid-washed and autoclaved glass pressure bottles
with butyl stoppers, containing 200 mL media and 2.6 mL
100% '*C-labeled methane (10% v/v methane, Sigma-Aldrich)
in the air headspace, at atmospheric pressure. All incubations
were performed at 15°C in the dark, lasting 2-3 d. Daily mea-
surements of the headspace methane concentration of oxic
incubations (“particle” and “filtrate” culture) were performed
via gas chromatography with a flame ionization detector (GC-
FID), as described in van Grinsven et al. (2020b). Calculations
showed that the oxygen concentration (+ 640 mM) was,
assuming methanotrophy was the only process consuming
oxygen, present in surplus (van Grinsven et al. 2020b). At ter-
mination, samples were taken for visual analysis of both
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cultures, as described below, and, for the incubations with the
“particle culture,” for determination of the NH,*, NO3~, and
NO,~ concentrations by Continuous Flow Analyses, per-
formed on a QuAAtro Segmented Flow Analyzer (Seal Analyti-
cal). All incubation experiments were then terminated by
filtering onto polycarbonate filters (47 mm diameter, 0.2 ym
pore size; Millipore). Filters were stored at — 80°C until DNA
extraction using the RNeasy Powersoil Total RNA extraction
+ DNA elution kit. DNA extracts were stored at — 20°C until
further processing.

Sample preparation for DNA stable isotope probing
analysis

Samples from the “particle culture” incubation experiments
were used for DNA-SIP analysis. Fraction separation was per-
formed by CsCl density gradient centrifugation of the total
DNA, as described in detail by Suominen et al. (2020), follow-
ing the protocol of Dunford and Neufeld (2010). Briefly, 4 ug
of total DNA was added to a CsCl solution, obtaining a final
density of 1.725 ¢ ml™', which was put in 5.1 mL QuickSeal
Polyallomer tubes (Beckman Coulter, Brea, California). The
samples were centrifuged for 60 h at 44,000 rpm (177,000 x g)
at 20°C using a Vti 65.2 rotor (Beckmann Coulter, Brea, Cali-
fornia). The CsCl solution, containing the DNA, was then
divided into 12 equal fractions, and the gradient formation
was checked by measuring the density of a 10 uL sub-sample
of each fraction with a digital refractometer (AR2000 Reichert
Technologies, Buffalo, New York). To precipitate the collected
DNA, two volumes of a polyethylene glycol solution were
added (30% PEG6000, 1.6 M NaCl) together with 20 ug of
polyacrylamide as a carrier, followed by incubating at room
temperature for 2 h and pelleting the DNA by centrifugation
at 13,000 x g for 30 min at 4°C. Pellets were washed with 70%
ethanol, air-dried and resuspended in PCR-grade water.

16S rRNA gene amplification, data processing and
quantification

Both DNA extracted directly from the incubation experi-
ments and DNA that was obtained after the DNA-SIP proce-
dure were used for PCR amplification by using the general 16S
IRNA archaeal and bacteria primer pair 515F and 806RB
targeting the V4 region (Table S1; Caporaso et al. 2012) as
described in van Grinsven et al. (2020b). Briefly, after amplifi-
cation, the PCR products were gel-purified using the QIAquick
Gel-Purification kit (Qiagen) and pooled and diluted. Sequenc-
ing was performed by the Utrecht Sequencing Facility
(Utrecht, the Netherlands), using an Illumina MiSeq sequenc-
ing platform. The Cascabel pipeline was used for the analysis
of the 16S rRNA gene amplicon sequences (Asbun et al. 2019).
This included quality assessment by FastQC (Andrews
et al. 2015), assembly of the paired-end reads with Pear
(Zhang et al. 2014), and assignment of taxonomy (including
pick representative set of sequences with "longest” method)
with blast using the Silva 132 release as reference database
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(Quast et al. 2013, https://www.arb-silva.de/). The 16S rRNA
amplicon reads (raw data) have been deposited in the NCBI
Sequence Read Archive (SRA) under BioProject number
PRJNA603000.

16S rRNA gene copies were quantified using quantitative
PCR (gqPCR) with the same primer pair as used for amplicon
sequencing (515F, 806RB). The qPCR reaction mixture (25 uL)
contained 1 U of Pico Maxx high fidelity DNA polymerase
(Stratagene, Agilent Technologies, Santa Clara, California),
2.5 uL of 10x Pico Maxx PCR buffer, 2.5 ul. of each dANTP
(2.5mM), 0.5 uL BSA (20mgmlL™), 0.02 pmol uL™' of
primers, SYBR Green® (Invitrogen) diluted 10,000-fold (opti-
mized concentration), 0.5 uL of 50 mM MgCl, stock solution,
and ultrapure sterile water. The cycling conditions for the
qPCR reaction were as follow: initial denaturation 98°C for
30s, 45 cycles of 98°C for 10 s, 56°C for 20 s, followed by a
plate read, 72°C for 30 s, and 80°C for 25 s. Specificity of the
reaction was tested with a gradient melting temperature assay,
from 55°C to 95°C with 0.5°C increments of 5 s apiece. The
qPCR reactions were performed in triplicate with standard cur-
ves encompassing a range from 10° to 107 molecules uL ™.
qPCR efficiency for the 16S rRNA gene quantification was
103.7% with R* = 0.996.

The 16S rRNA gene sequencing and the qPCR data of the
DNA-SIP experiment were combined with the measured den-
sity of each DNA-SIP fraction to calculate the average density
of specific species (Methylobacter, Methylotenera and
Flavobacterium) per treatment (ammonium or nitrate amended
incubations, only for the “particle culture”).

CARD-HISH and imaging

Cells for catalyzed reporter deposition fluorescence in situ
hybridization (CARD-FISH) analysis were collected at the end
of incubation experiment (i.e., for both the “particle” and “fil-
trate” cultures) by transferring 10 mL of medium to a 50 mL
tube. Formaldehyde was added to a final concentration of 4%
and the tubes were left overnight at 4°C to fixate the cells.
The formaldehyde-fixed cells of the ammonium- and nitrate-
supplemented incubation experiments were deposited onto
gold-coated polycarbonate filters, other samples were depos-
ited on non-coated polycarbonate filters (both 0.45 ym pore
size). Cell density was checked with SybrGreen staining after
which filters were used for CARD-FISH. In short, cells were
embedded in low-melting point agarose before being perme-
abilized using lysozyme (10 gL™') for 1 h at 37°C. Probes
(50 ng uL~"') were mixed with hybridization buffer in a 1 : 200
ratio. Filters were incubated with hybridization mix for 18 h at
35°C. Probe details are shown in Table S1. Because the
umina 16S rRNA gene sequence analyzed does not coincide
with the sequence location of the probes, we compared 16S
rRNA gene sequences closely related to the Methylobacter and
Methylotenera representative OTUs present in the enrichment
(van Grinsven et al. 2020b). This comparison resulted in 100%
match (Table S1), validating that the probe sequences for
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Methylobacter and Methylotenera fitted the specific species in
our samples. Dyes Alexa 488 and Alexa 555 were used in the
amplification step. The complete protocol can be found at
https://www.arb-silva.de/fish-probes/fish-protocols.

After CARD-FISH staining, filters were viewed and imaged
using an Axioplan microscope with fluorescence filters LO9
(BP 450/490 nm, FT 510nm, LP 520nm) and Cy3
(BP 535/50 nm, FT 620/25 nm, LP 565 nm). Images of cells
that were used in this publication were taken with either the
Axioplan microscope or using a Nikon Eclipse Ti microscope
with an ET-mCherry filter at the Utrecht University Biology
Imaging Centre.

NanoSIMS data collection and processing

Analysis by Nanoscale Secondary Ion Mass Spectrometry
(NanoSIMS) was performed with the NanoSIMS 50 liter instru-
ment (Cameca, Gennevilliers, France) operated at Utrecht Uni-
versity, using the same filters as treated and imaged for CARD-
FISH. First, areas on the filter containing target cells were
located by fluorescence microscopy (see above) and marked
using photo-ablation. This helped their localization in the
NanoSIMS instrument. Fach area of interest (squares of
20-40 ym in size) was first pre-sputtered until secondary ion
yields stabilized. Afterwards, the area was rasterred multiple
times (typically 20-80 planes) with a Cs™ primary ion beam
(1-2 pA, dwell time of 1 ms pixel™!) while detecting the sec-
ondary ions '>C'*N~ and "*C'*N~ with separate electron mul-
tiplier detectors. NanoSIMS data was processed with the
Look@NanoSIMS software (Polerecky et al. 2012). After align-
ment of individual planes, regions of interest corresponding
to individual cells were drawn manually based on the '*C'*N
ion counts, which represent biomass. Subsequently, the cellu-
lar *C atom fraction was evaluated from the total ion counts
of 3C'N and ">C'*N accumulated over the regions of interest
pixels as x(*C) = PCMN/(*3C'*N + '2C'*N). Region of interest
classification as Methylobacter, Methylotenera and "others" was
done based on the overlay of the NanoSIMS and fluorescence
(CARD-FISH) images. A sample of the culture not grown on
13CH, was used as a control (Fig. S1). Due to the low number
of imaged cells and the non-random selection of scanned
areas, we did not attempt to perform statistical analysis on
NanoSIMS data.

Results

The experimental procedures that resulted in the establish-
ment of the two enrichment cultures used for this study have
been described previously (van Grinsven et al. 2020a,b).
Briefly, the first enrichment culture (“particle culture”) was
dominated by 16S rRNA gene sequences affiliated with the
methanotroph  Methylobacter sp. (43%) and with the
methanol-oxidizing methylotroph Methylotenera sp. (21%;
Fig. S2), and was obtained from the mixed winter water col-
umn of the eutrophic Lacamas Lake (van Grinsven
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et al. 2020p). This culture was used to perform incubation
studies under oxic/anoxic conditions with the addition of
ammonium or nitrate as nitrogen source as previously
reported, showing methane oxidation occurred under oxic,
but not under anoxic conditions (van Grinsven et al. 2020b;
Fig. S2; Table S2). The aerobic methane oxidation rate was
enhanced by the presence of nitrate (van Grinsven
et al. 2020b). The Methylobacter sp. 16S rRNA gene sequences
from the enrichment culture, as well as from natural waters,
field and laboratory incubation experiments (van Grinsven
et al. 2020a,b), formed a subcluster of closely related
sequences (i.e., 96-99% similarity) within the Methylobacter
sp. clade 2 cluster (described in Smith et al. 2018). Besides this
Methylobacter sp.-dominated enrichment culture, a second
enrichment culture (“filtrate culture”; Fig. S2; Table S2) was
obtained with similar relative abundances of Methylotenera
sp. and total methanotrophs, but rather than being domi-
nated by Methylobacter sp., the methanotrophic community
consisted of both Methylobacter and Methylomonas spp.

13C-label incorporation analysis by DNA-SIP

The “particle enrichment culture” (containing 43%
Methylobacter sp. and 21% Methylotenera sp., Fig. S2) was used
for incubation experiments with '3C-labeled methane to be
able to follow the incorporation of methane-derived carbon
into the DNA of the microbial community by using DNA-SIP.
In both the incubation experiments with ammonium and
nitrate, 13C.methane was the only external carbon source, as
no CO, was added and the experiments were performed in
the dark to exclude phototrophic CO, fixation and oxygen
production. '*C-enrichment of the cells will increase the
molecular weight of the DNA, causing the DNA to end up in
higher density fractions compared to unlabeled DNA of the
same species. An increase in the average density, and thus in
13C-enrichment, was observed for both the Methylobacter and
Methylotenera genera in the incubations with nitrate, com-
pared to the incubations with ammonium (Fig. 1).
Flavobacterium spp., which comprised 6-8% of the total 16S
rRNA gene reads in the various incubations, remained
unlabeled and showed a similar average density in both incu-
bations (Fig. 1). The difference in average density between
Methylobacter and Methylotenera spp. in the ammonium incu-
bations could partly be explained by the natural average den-
sity difference between the species (Fig. S3), but likely also
results from label uptake by Methylobacter sp. but not
Methylotenera sp. in the ammonium incubations, given the
high methane turnover rate and the enlarged difference in
average density between the species (cf. Figs. 1, S3).

Visualization of Methylobacter and Methylotenera cells
Microbial cells were identified using CARD-FISH with pro-
bes M1b482 (targeting Methylobacter) and MET1216 (targeting
the family Methylophilaceae, which, in our incubation experi-
ments, was dominated by the genus Methylotenera, with < 3%
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Average density (g m”")

l.6l86 1.688 1.690 1.692 146l94 1.6I96
Methylobacter sp.
Methylotenera sp.
Flavobacterium sp.
® Ammonium = Nitrate

Fig 1. Average density (in g mL™") of Methylobacter sp., Methylotenera
sp., and Flavobacterium sp. DNA fractions as observed in the DNA stable
isotope probing analysis of the incubation experiments with the “particle
enrichment culture” amended with ammonium and nitrate. The natural
difference in density among the species is shown in Fig. S3.

of Methylophilaceae 16S rRNA reads belonging to non-
Methylotenera genera). Both Methylobacter and Methylophilaceae
(from here on called Methylotenera) cells were abundant in the
incubations with ammonium and nitrate, of both the “parti-
cle” and “filtrate” cultures, with Methylobacter cells more abun-
dant than Methylotenera cells, based on visual assessment.
Based on the positive CARD-FISH imaging with the M1b482
probe, Methylobacter cells were rod-shaped, 2-3 ym in length
and found in large and small clusters, in pairs, or as single
cells (Fig. 2). Some clusters were sheet-like, with a single layer
of cells (Fig. 2D), whereas other clusters were stacked in several
layers and visible as piles of cells in the microscope images
(Fig. 2C). Methylotenera cells stained with MET1216 were more
variable in shape and size than the Methylobacter cells, and
appeared in rod and cocci shapes, 1-3 ym in length. Com-
bined clusters of Methylobacter and Methylotenera seemed to be
dominated by Methylobacter cells, with a lower abundance of
Methylotenera cells spread throughout the cluster (Fig. 2B, C).
Methylotenera cells were also found as single cells (Fig. 2A), or
in clusters containing only Methylotenera cells (Fig. 3G).

13C-label incorporation analysis by NanoSIMS

Microbial assimilation of the *C-labeled carbon in the incu-
bations with ammonium and nitrate, of both the “particle”
and “filtrate” cultures, was also evaluated using NanoSIMS. This
revealed '*C incorporation in cells of both Methylobacter and
Methylotenera spp. (Fig. 3), while all other microbial community
members (i.e., not belonging to the Methylobacter and
Methylotenera genera since they were not fluorescently labeled
by CARD-FISH) did not show 3C labeling (Figs. S1, S4). A natu-
ral abundance of 3C (atom fraction 0.0105) was observed in
Methylobacter and Methylotenera spp. cells grown with non-
labeled methane. No difference was observed in label incorpo-
ration between the two enrichment cultures (“particle culture”
and “filtrate culture”; Fig. S4). The degree of '3C incorporation

882

Carbon transfer from Methylobacter

in Methylobacter and Methylotenera ranged widely among indi-
vidual cells (**C atom fractions ranging between 0.01 and 0.5).
In addition, for both genera unlabeled cells were detected in
the labeled-methane incubations, often in close proximity to
highly '*C-labeled cells (Fig. 3). *C-labeling was detected in
both ammonium and nitrate-supplemented incubations and
also in Methylotenera cells that were not in close proximity to
Methylobacter cells (Fig. 3G-I).

Discussion

Methane-derived carbon is an important carbon source for
many ecosystems (Murase and Frenzel 2007; Jones and
Grey 2011; Sanseverino et al. 2012), and methanotrophs such
as Methylobacter spp. can play a key role in the food web of
aquatic systems, facilitating the transfer of methane-derived
catbon up to higher trophic levels. Earlier experiments
in Lacamas Lake showed high methane turnover rates
(70 ymol L' d™! in water column incubations, 420 u
mol L' d”! in enrichment culture experiments; van Grinsven
et al. 2020a,b). The microbial community of the enrichment
cultures obtained was dominated by Methylobacter and
Methylotenera sp. (van Grinsven et al. 2020a,b; Fig. S2). Met-
hanotrophs of the genus Methylobacter are commonly found in
lakes, wetlands, marine systems, soils and rice paddies
(Bowman et al. 1994; Smith et al. 1997; Wartiainen et al. 2006;
Khmelenina et al. 2010; Wei et al. 2016b). Members of the
Methylotenera genus are known for their capability to oxidize
methanol, using oxygen or nitrate as an electron acceptor
(Kalyuzhnaya et al. 2006; Mustakhimov et al. 2013). The
suggested co-occurrence of methanotrophs and non-
methanotrophic methylotrophs in Lacamas Lake is not unprec-
edented; it has been detected in lake systems before and has
been suggested to involve a partnership based on the exchange
of carbon compounds (Oshkin et al. 2014; Hernandez
et al. 2015; Wei et al. 2016a), likely methanol (Krause
et al. 2017). However, the mechanism behind the relationship
between the organisms remains under debate. Most earlier stud-
ies were performed on artificial communities or co-cultures,
although several studies on Lake Washington sediment micro-
cosms suggested that a methylotroph-methanotroph partner-
ship could be important in determining the microbial
community response to changes in methane concentration in
lake sediments (Beck et al. 2011; Oshkin et al. 2014; Hernandez
et al. 2015). The co-occurrence of Methylobacter spp. and meth-
ylotrophs and the '3C-labeled methane uptake by both species
was also shown in Arctic sediments and soils, but the cause of
the '3C-labeling of the methylotroph was not further investi-
gated (Martineau et al. 2010; He et al. 2012).

To the best of our knowledge, this study is the first one
that provides direct evidence and visualization of methane-
derived carbon incorporation in both species and, thus, a
potential partnership of bacteria belonging to the families
Methylococcaceae and Methylophilaceae in the water column of
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Fig 2. Representative images revealing stained cells (by CARD-FISH, see text for details) in the incubation experiments: (A) cells in pairs, (B) single-layer
cluster, (€) multi-layer cluster, (D) sheet-like cluster. Methylobacter sp. is shown in green and Methylotenera sp. in red in panels A-C. The sample used for
panel D was not stained for Methylotenera sp. cells and thus only Methylobacter sp. cells are visible (in green). Panels (A1) and (A2) show two separate
images of the same incubation and microscope slide. The microscope magnification that was used is shown in the bottom-right corner of images.

a lake. It has been suggested that this partnership is affected
by the amount of methanol generated from methane, released
by the methanotroph, which was recently shown to be
affected by lanthanides (Krause et al. 2017). Earlier studies
have addressed the effect of oxygen on the co-occurrence of
methanotrophs and non-methanotrophic methylotroph
(Oshkin et al. 2014; Hernandez et al. 2015), but no other elec-
tron acceptors have been examined; nor were physical effects
like aggregate formation evaluated. Here, we examined
the effect of both chemical and physical factors on the
methanotroph-methylotroph partnership, specifically on the
suggested interaction between Methylobacter-Methylotenera.
The Methylobacter sp. that dominated the enrichment cul-
ture and the water column of Lacamas Lake, in both summer
and winter, was shown to belong to the Methylobacter clade
2, with Methylobacter tundripaludum as the most closely related
cultured relative (> 96% identical, van Grinsven et al. 2020a).
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The Methylotenera sp. present in the enrichment culture are
closely related to species isolated from Lake Washington sedi-
ments (Kalyuzhnaya et al. 2006, 2011), as was determined by
van Grinsven et al. (2020b). The co-occurrence of the two spe-
cies was found in the water column of Lacamas Lake, in water
column incubations, and in enrichment cultures obtained
from the Lacamas Lake water column (R? = 0.7 for the linear
regression of Methylobacter and Methylotenera spp. relative
abundance), and also in sediment and Arctic lakes
(He et al. 2012; Oshkin et al. 2014; de Jong et al. 2018; Fig. 4).
This and the relative high abundance of these species suggests
that this interaction may be relevant for the carbon transfer in
lake food webs.

Carbon transfer from Methylobacter to Methylotenera cells
The presence of '*C-labeled 16S rRNA gene sequences
belonging to the non-methanotrophic Methylotenera sp. in
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Fig 3. A large (A-C) and two small (D-FandG-1) cell clusters, consisting ofMethylobacter sp. and Methylotenera sp. cells, detected in the incubation with
nitrate. Panels (A), (D), and (G) show stained cells (by CARD-FISH, see text for details), with green cells representing Methylobacter sp. cells (MIb482
probe) and red cells representing Methylotenera sp. cells (MET1216 probe). Panels (B), (E), and (H) show images of '2C'*N ion counts, representing bio-
mass distribution on the filter. Panels (C), (F), and (I) show the corresponding images of the '3C atom fraction (calculated as ">C"*N/('2C"*N+'3C"*N),
and shown in a log-scale for improved visibility), revealing the presence of methane-derived '>C in both Methylobacter and Methylotenera cells. An over-
view of the 13CMN/(12C14N+13CMN) values of all measured cells is shown in Fig. S4.
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Fig 4. Methanotroph and Methylophilacea (which includes the genus
Methylotenera) relative abundance in the water column and incubations
of Lacamas lake, the source of the enrichment culture used in this study,
as observed by van Grinsven et al. (2020a) (red triangles), in sediment
incubation experiments by Oshkin et al. (2014) (blue diamonds), Arctic
sediment enrichment cultures by de Jong et al. (2018) (green circles), and
Arctic water column enrichment cultures by He et al. (2012) (yellow
squares). The trendlines show the linear regression of the Oshkin
et al. (2014) data (blue diamonds; upper trendline), and the combined
linear regression of the de Jong et al. (2018), He et al. (2012) and van
Grinsven et al. (2020a) data (lower trendline).

our oxic incubations supplemented with nitrate (Fig. 1) rev-
ealed the incorporation of methane-derived carbon into
Methylotenera sp. Its genome does not encode the genes coding
for particulate (pMMO) methane monooxygenase (pmoA gene;
van Grinsven et al. 2020b) or the soluble methane mono-
oxygenase (sMMO). This is consistent with the absence of
both genes in any of the other published genomes of
Methylotenera sp. (M. mobilis and M. versatilis; (Kalyuzhnaya
et al. 2008, 2011; Lapidus et al. 2011). Therefore, a direct
usage of the labeled methane by the Methylotenera sp. is highly
unlikely. Labeled CO, or biomass, produced by met-
hanotrophs, could potentially lead to indirect labeling (i.e., by
scrambling) of community members, including Methylotenera
sp. However, both autotrophic '*C-CO, assimilation and het-
erotrophic consumption of '3C-labeled biomass would only be
expected to result in a low degree of labeling of the microbial
community members. In contrast, we observed no enhanced
labeling in non-methylotrophs (e.g., Flavobacterium sp.; Fig. 1),
and a highly elevated labeling in the Methylotenera sp. We,
therefore, expect Methylotenera sp. to use other highly labeled
carbon substrates, that cannot be used by the majority of the
community, rather than labeled CO,. Break down of 13C.
labeled biomass and consumption of the degradation
products, could have also resulted in labeling of non-
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methanotrophs, but the incubation experiments lasted only
2-3 d. Therefore, we expected labeled biomass degradation to
be a minor component of labeled carbon cycling in our
incubations.

The co-occurrence of Methylobacter and Methylotenera spp.
in natural environments has been studied in sediments, soils
and landfills, but not in the water column of lakes (Martineau
et al. 2010; He et al. 2012; Beck et al. 2013). Based on previous
studies (Kalyuhznaya et al. 2009; Krause et al. 2017), and on
the genes of the carbon metabolism detected in the genome
of the Methylotenera sp. present in our experiments
(i.e., absence of the pmoA gene, presence of the genes
encoding a complete methanol oxidation pathway; van
Grinsven et al. 2020b), we suspect methanol to be the
methane-derived component that is assimilated by
Methylotenera sp. The production of methanol, by conversion
of methane to methanol, is the first step in the methane oxi-
dation process by methane oxidizing bacteria such as
Methylobacter sp. (Fig. 5). Typically, methanol is further oxi-
dized to formaldehyde, and the carbon is then assimilated or
released as CO, (Fig. 5). Excretion of methanol by met-
hanotrophs has been observed before, and was described as a
mismatch between processes in the cell, producing more
methanol than can be consumed, resulting in a release of
methanol outside the cell (Tavormina et al. 2017). The release
of methanol has been shown to lead to an energy deficiency
in the methanotroph (Xin et al. 2004, 2007), resulting in a
decreased methane oxidation rate. Previous studies have
reported high free methanol concentrations in methanotroph
cultures (up to 100 uM, Xin et al. 2004, 2007; Tavormina
et al. 2017) that seem to inhibit further methanol production
by the methanotrophic cells. If this is correct, the consump-
tion of free methanol by Methyloterena sp. could stimulate
activity of the methanotrophs, by removing the surplus of
inhibitory methanol from the media. It remains unknown
whether high methanol accumulation could also occur in the
lake water column. Although some have suggested that carbon
transfer from methanotrophs to methylotrophs is based on
methanol exchange (Oshkin et al. 2014; Wei et al. 2016a),
another study has also shown formaldehyde excretion and
accumulation in the medium by methanotrophs under high
oxygen concentrations (Costa et al. 2001), up to formaldehyde
concentrations that inhibited the methanotrophs. As the oxy-
gen concentration in our incubation experiments was high, it
is possible that, as in Costa et al. (2001), formaldehyde was
excreted by the Methylobacter sp. The removal of formaldehyde
by the Methylotenera sp. could then enhance the methane oxi-
dation rate by reducing the concentration of formaldehyde to
subtoxic levels.

Spatial analysis of the Methylobacter-Methylotenera
interaction

The NanoSIMS data of our study confirms our inferences
based on our DNA-SIP data. Similar to the DNA-SIP data, the
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Fig 5. Schematic representation of the relevant pathways in the methanotroph Methylobacter sp. and in the methylotroph Methylotenera sp. Although
energetically unfavorable for the methanotrophs, methane-derived carbon is expected to partially “leak” from the methanotroph after the conversion to
methanol, to be used by the methylotroph Methylotenera sp. The methanol that does not leave the methanotroph cell is converted to formaldehyde,
which is then partially used for carbon assimilation via the ribulose monophosphate (RUMP) pathway and partially leaves the cell as CO,. Alternatively, in
the case of oxygen limitation, formaldehyde can enter a fermentative pathway, eventually leaving the cell as mixed-acid fermentation products. Methanol
is oxidized in Methylotenera sp., possibly coupled to the reduction of nitrate.

NanoSIMS data show that methane-derived carbon is assimi-
lated by Methylobacter sp. as well as Methylophilaceae
(according to 16S rRNA sequencing >97% assigned to
Methylotenera spp.) cells, and that no other community mem-
bers got significantly '*C-labeled (Fig. S4). In addition, the
combination of CARD-FISH and NanoSIMS analyses was used
to visualize the co-occurrence of Methylobacter and
Methylotenera spp. for the first time. This data showed (**C-
labeled) Methylobacter and Methylotenera spp. in close vicinity
(Fig. 2B, C; Fig. 3A-C), as well as physically separated
(Figs. 2A, 3D-I), revealing that the suggested interaction
between the methanotroph Methylobacter sp. and the
methylotroph Methylotenera sp. is apparently independent of
direct physical interaction of the two partners. We cannot
exclude the possibility that the cell-distribution has changed
due to the deposition and fixation process, but our data,
which show a large number of single cells and clusters of only
Methylotenera sp. cells (e.g., Fig. 2A,D), lead us to the believe
that these distributions reflect the distributions in the enrich-
ment culture.

The exchanged methane-derived carbon products could be
dissolved in the medium, and reach the methylotrophs via
diffusion. However, this would imply that these carbon-
products are available free-for-all, which raises the question
why specifically Methylotenera sp. can profit from these
carbon-excretions, and no other methylotrophs. If the
methane-derived carbon products are indeed released into the
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water column, and are thus freely accessible to other organ-
isms, this could also have implications for the methane cycle
from the production side, as these compounds could then be
used for methylotrophic methanogenesis (Lovley and
Klug 1983; Narrowe et al. 2019). Previously direct interspecies
electron transfer has been shown to be important in the rela-
tionship between anaerobic methane oxidizing archaea and
their syntrophic partners (Wegener et al. 2015; Krukenberg
et al. 2018), and has additionally been suggested to occur
between Methylobacter sp. and Methylotenera sp. (Yu and Chi-
stoserdova 2017). However, the apparent lack of a cell-to-cell
contact between part of the Methylobacter and Methylotenera
cells, and the expectation that nanowires do not occur over
these distances and in these species, make it unlikely that
direct interspecies electron transfer played a role in the inter-
action between the free-living Methylobacter and Methylotenera
cells in this study. However, for the cells in aggregates, as
shown in Fig. 2B, direct interspecies electron transfer may
occur.

Effect of nitrate on the Methylobacter-Methylotenera
interaction

Collectively, the results of this study show, in line with the
results of van Grinsven et al. (2020b), that nitrate stimulates
methane oxidation by the methanotroph Methylobacter, and
that products of methane oxidation by Methylobacter sp. are
incorporated into the non-methanotrophic Methylotenera cells.
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This carbon transfer between the methanotroph and non-
methanotroph seems to occur under oxic conditions with
nitrate, but not, or to a very limited degree, in the presence of
ammonium. Similarly, in water column incubations enhanced
methane oxidation rates were observed after the addition of
nitrate (van Grinsven et al. 20204,b), despite the much lower
nitrate concentrations compared to our enrichment cultures.
The nitrate concentration in the water column of eutrophic
Lacamas Lake has been shown to vary strongly over the year
(0.2-75 uM; Deemer et al. 2011; van Grinsven et al., 2020a),
and the effect of nitrate on methane oxidation rates and car-
bon transfer may thus have important implications in the lake
ecosystem. Ammonium can cause competitive inhibition of
methane oxidation due to its structural similarity to methane
(Bédard and Knowles 1989), although the much higher affin-
ity of the methane monooxygenase enzyme for methane
(600-1300-fold higher) likely limits this effect. Earlier studies
have found both increases and decreases in the methane oxi-
dation rate after ammonium addition (Bodelier et al. 2000;
Walkiewicz et al. 2018), as well as for nitrate addition (Geng
et al. 2017; Walkiewicz and Brzezinska 2019). The nitrate
inhibitory effect observed in some other studies may be indi-
rect, due to the conversion of nitrate to nitrite (Roco
et al. 2016), which is known as an inhibitor of methane oxida-
tion (Dunfield and Knowles 1995; Hiitsch 1998). As high
methane oxidation rates in both our ammonium and nitrate-
amended incubations were observed, inhibition does not seem
to be an important factor. It has been previously suggested
that nitrate is used by methanotrophs for denitrification,
based on the presence of the genes encoding for proteins
involved in the denitrification pathway, which could be
coupled to methane oxidation when oxygen is limiting
(Smith et al. 2018). However, the genome of the Methylobacter
sp. present in our incubations lacks the nar gene required to
perform the dissimilatory conversion of nitrate to nitrite, as
previously reported in van Grinsven et al. (2020a). We did
detect, however, the norBC and nirK genes, encoding for part
of the denitrification pathway, from nitrite to nitrous oxide,
as well as the nas gene, encoding for nitrate to nitrite conver-
sion in the assimilatory nitrate reduction pathway (van
Grinsven et al. 2020a). Given the high seasonal nitrate inflow
in eutrophic systems such as Lacamas Lake, the observed stim-
ulation of Methylobacter sp. by the addition of nitrate could
give these methanotrophs an advantage in occupying their
niche. Possibly, the enhanced methane oxidation rates are
related to the enhanced methane-derived carbon assimilation
by Methylotenera sp. Only in the presence of nitrate,
Methylotenera sp. seemed to assimilate significant amounts of
methane-derived carbon. In the incubations with ammonium,
DNA of Methylotenera sp. was not substantially labeled, despite
its high relative abundance in those incubations (15.3%). In
order to determine whether this could provide an explanation
of the enhanced methane oxidation rates by nitrate addition,
we explore what may cause the difference in behavior of
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Methylotenera sp. between the incubations with ammonium
and nitrate. One explanation for the enhanced Methylotenera
13C-labeling in the nitrate incubations could simply be
enhanced activity of Methylobacter sp. in these incubations,
causing a higher carbon substrate availability to Methylotenera
sp. We, however, consider this unlikely as the major driver
since the methane oxidation rate in the incubation experi-
ments, and thus the production of methane-derived reaction
products, was 2—4 times higher than in water column incuba-
tions, where we also observe a co-occurrence of Methylobacter
sp. and Methylotenera sp. (van Grinsven et al. 2020a). The sub-
strate availability to Methylotenera sp. is therefore expected to
be sufficient in both the incubations with ammonium and
nitrate. There could, however, be factors that affect the release
of a reaction intermediate by Methylobacter cells, which is gen-
erally considered an unfavorable process for the Methylobacter
sp. itself. Factors that are known to affect the methanol release
by methanotrophic bacteria are the concentrations of lantha-
nides (Krause et al. 2017) and CO, (Xin et al. 2004) in the
medium. We are, however, the first to suggest an effect of
nitrate on the excretion of reaction intermediates. Another
possibility is that the uptake of reaction products by
Methylotenera sp. rather than the excretion (by Methylobacter
sp.) is dependent on the presence of nitrate. Several studies
have discussed whether nitrate is required for methanol oxida-
tion by Methylotenera sp., and although an increase in relative
abundance of Methylotenera sp. was observed in incubations
with nitrate (Beck et al. 2013), none have shown an effect of
nitrate on the incorporation of methane-derived '3*C-label.
Mustakhimov et al. (2013) demonstrated the operation of an
active denitrification pathway in M. mobilis under oxic condi-
tions, although denitrification was not essential for its metha-
nol metabolism.

Genome analysis of the Methylotenera sp. present in our
incubations revealed the presence of the genes encoding for
nitrate transporters, assimilatory nitrate reductase (Nas) to
nitrite, nitrite reductase (NirBD) to ammonia, and to nitric
oxide (NirK), as well as the gene coding for the nitric oxide
reductase (NorBC) to nitrous oxide (N,O) (van Grinsven
et al. 2020b). No dissimilatory nitrate reductase genes were
annotated, but we explored the potential role of the detected
assimilatory Nas gene in dissimilatory nitrate reduction. The
Nas gene of our Methylotenera sp. genome is 90% identical
(905 amino acid positions) to the molybdopterin oxidoreduc-
tase of M. mobilis JLW8 (Mmol _1648) (Mustakhimov
et al. 2013). This Nap is likely involved in both the assimila-
tory and the dissimilatory denitrification pathways, based on
experiment with mutants lacking this gene. Both the nitrate
reductase detected in our Methylotenera sp. genome as well as
that of M. mobilis JLW8 have a region “MopB_CT_Nitrate-R-
NapA-like” that supports its relationship with periplasmatic
NapA nitrate reductases. However, a prediction by the CELLO
V.2.5 subcellular location prediction tool of the cellular loca-
tions of the nitrate reductases of both M. mobilis JLW8
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(Mmol_1648) and our Methylotenera sp. suggested these nitrate
reductases have a cytoplasmatic location (2.9 score for cyto-
plasmatic location vs. a 1.3 score for periplasmatic location,
for both Methylotenera spp.) and are therefore not expected to
be membrane or periplasmatic-located dissimilatory nitrate
reductases. More studies are required to determine the physio-
logical role of these nitrate reductases.

In addition to their ecosystem and carbon-cycling implica-
tions, our results also have potential relevance to wastewater
treatment, where aerobic methane oxidation-coupled denitrifi-
cation could be used for efficient removal of both methane
and nitrate from waste (Modin et al. 2008; Zhu et al. 2016).
More research is needed to determine whether the
Methylobacter-Methylotenera interaction that is suggested by
this study, would be suitable for such an industrial
application.

Conclusions

Here, we show that cross-feeding on methane-derived carbon
seems to be an important driver for the relationship between
Methylobacter sp. and Methylotenera sp., and a possible gain for
Methylobacter sp. would be the removal of toxic compounds that
inhibit methanotrophy. As no physical contact seems to be
required for the Methylobacter-Methylotenera interaction, an
exchange of electrons between the two species seems unlikely,
as well as any other direct exchange of compounds. Released
compounds are more likely to be freely available in the medium.
Earlier research has shown that Methylotenera sp. can actively
affect the methanol dehydrogenase gene expression in
Methylobacter sp. (Krause et al. 2017), and our research suggests
that nitrate is an important factor in this interaction. More
research on the pathways, mechanisms and potential beneficial
effects for Methylobacter sp. is, however, required.

The observed nitrate-dependence of methane-derived car-
bon incorporation into Methylotenera sp. is novel and may be
relevant for culture and ecosystems studies, especially given
the stimulating effect of nitrate on methane oxidation rates
that was observed before in the Lacamas Lake water column.
The Methylobacter-Methylotenera interaction could play a role
in linking the carbon and nitrogen cycles of methane-rich
lakes, with implications for the transfer of methane-derived
carbon through the trophic levels of lake food webs.
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