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ABSTRACT Methane-oxidizing bacteria (methanotrophs) play an ecological role in
methane and nitrogen fluxes because they are capable of nitrogen fixation and methane
oxidation, as indicated by genomic and cultivation-dependent studies. However, the chemical
relationships between methanotrophy and diazotrophy and aerobic and anaerobic reactions,
respectively, in methanotrophs remain unclear. No study has demonstrated the cooccurrence
of both bioactivities in a single methanotroph bacterium in its natural environment. Here,
we demonstrate that both bioactivities in type Il methanotrophs occur at the single-cell
level in the root tissues of paddy rice (Oryza sativa L. cv. Nipponbare). We first verified that
difluoromethane, an inhibitor of methane monooxygenase, affected methane oxidation
in rice roots. The results indicated that methane assimilation in the roots mostly occurred
due to oxygen-dependent processes. Moreover, the results indicated that methane oxi-
dation-dependent and methane oxidation-independent nitrogen fixation concurrently
occurred in bulk root tissues. Subsequently, we performed fluorescence in situ hybrid-
ization and NanoSIMS analyses, which revealed that single cells of type Il methano-
trophs (involving six amplicon sequence variants) in paddy rice roots simultaneously
and logarithmically fixed stable isotope gases °N, and '*CH, during incubation periods
of 0, 23, and 42 h, providing in vivo functional evidence of nitrogen fixation in methano-
trophic cells. Furthermore, >N enrichment in type Il methanotrophs at 42 h varied among
cells with an increase in *C accumulation, suggesting that either the release of fixed nitro-
gen into root systems or methanotroph metabolic specialization is dependent on different
microenvironmental niches in the root.

IMPORTANCE Atmospheric methane concentrations have been continually increasing,
causing methane to become a considerable environmental concern. Methanotrophy may be
the key to regulating methane fluxes. Although research suggests that type Il methano-
trophs are involved in methane oxidation aerobically and nitrogen fixation anaerobically,
direct evidence of simultaneous aerobic and anaerobic bioreactions of methanotrophs
in situ is still lacking. In this study, a single-cell isotope analysis was performed to dem-
onstrate these in vivo parallel functions of type Il methanotrophs in the root tissues of
paddy rice (Oryza sativa L. cv. Nipponbare). The results of this study indicated that
methanotrophs might provide fixed nitrogen to root systems or depend on cells present in
the spatially localized niche of the root tissue. Furthermore, our results suggested that
single type Il methanotrophic cells performed simultaneous methane oxidation and
nitrogen fixation in vivo. Under natural conditions, however, nitrogen accumulation varied
at the single-cell level.
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ethane is a powerful greenhouse gas, and atmospheric methane concentrations are

increasing rapidly (1). However, methane-oxidizing bacteria (methanotrophs) can
reduce methane fluxes and thus mitigate climate change (1). Methanotrophs are divided
mainly into two major phylogenetic groups: type | (Gammaproteobacteria) and type |l
(Alphaproteobacteria) (2, 3). Many methanotrophs are involved in nitrogen fixation (3-5) and
thus may participate in environmental nitrogen cycling (3). Indeed, the nitrogenase struc-
tural genes nifHDK were completely encoded on 88.8% of the genomes of type | methano-
trophs and on 98.3% of the genomes of type Il methanotrophs in the current publicly
available methanotrophic genomes (80 and 37 genomes, respectively; see Table S1 in the
supplemental material), suggesting that most of methanotrophs, especially type Il, could
drive nitrogen fixation. Furthermore, the nitrogenase gene (nifH) sequences of both types
of methanotrophs have been detected from terrestrial, freshwater, and marine environments
across the world (Fig. S1), suggesting that diazotrophic methanotrophs may be ubiquitously
distributed worldwide.

Rice paddy fields are a hot spot for methane metabolism and a habitat of type Il metha-
notrophs (6-8). Methane monooxygenase (MMO) and nitrogenase of type Il methano-
trophs were simultaneously expressed in rice root-associated bacteria in a low-N paddy
field (6). Type Il methanotrophs exhibit an endophytic lifestyle in the vascular cylinders and
epidermal cell layers of root tissues (6, 9). Nitrogenase for nitrogen fixation requires anoxic
conditions, whereas bacterial methane oxidation in type Il methanotrophs requires molecu-
lar oxygen. Pure culture experiments demonstrated that type Il methanotrophs isolated
from rice roots fix nitrogen in a methane-dependent manner (methane oxidation-depend-
ent nitrogen fixation) (10). However, oxygen is a key element in both of these reactions.
Oxygen regimens in rice roots in paddy fields vary from the aerobic vascular cylinder to the
anoxic epidermis (11). This leads to the creation of heterogenous microenvironments with
different oxygen levels that affect methane oxidation-dependent nitrogen fixation by indi-
vidual microbial cells in these microenvironmental niches. Although studies have identified
the specific metabolic activities of methanotrophs, they used only test tube-based homoge-
nous methanotroph cultures (4, 10). Therefore, whether methanotrophs can mediate
methane oxidation and nitrogen fixation simultaneously at the single-cell level in their nat-
ural environments remains unclear (12).

Formaldehyde (HCHO) is a central intermediate in methanotroph metabolism, and
its carbon sources are derived from methane through a dissimilation pathway
(CH,—CH;0H—HCHO) mediated by (i) methane monooxygenase and methanol dehydrogen-
ase and (i) subsequent HCHO assimilation, such as that in the serine pathway (2). This path-
way indicates that 3 CH, can enrich methanotroph compounds in '3C.

It would be difficult to conduct an in situ experiment in a paddy field due to the continu-
ous production of methane from organic matter by methanogens living in anaerobic soil
and the rice rhizosphere, and this would dilute the '3C concentration of the methane by sim-
ple isotope addition. Although slightly different from the natural condition, in this study, we
performed in vivo stable isotope labeling experiments by using paddy rice roots and single-
cell imaging (fluorescence in situ hybridization [FISH] and NanoSIMS). Our results provide in
vivo functional evidence of nitrogen fixation by type Il methanotrophs residing in the root
tissues of paddy rice at the single-cell level (details of root preparation, stable isotope feed-
ing, mass spectrometry, bacterial cell extraction, amplicon sequencing, and FISH-NanoSIMS
analyses are provided in Text S1).

The root systems of rice plants grown in a paddy field were incubated with '3CH,/'>N, for
24 h with and without difluoromethane (DFM), a methane monooxygenase inhibitor (13). A
low concentration of DFM is known to effectively and selectively inhibit methanotrophy by
competing as a substrate for MMO (13, 14). *C concentrations in roots exposed to '3CH,/'>N,
with DFM were identical to the natural abundance of *C (control, 1.07 atom%) in rice roots,
and '3C concentrations in the samples without DFM were significantly higher than the natural
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Effect of CH4 oxidation inhibitor (DFM) on *C and >N enrichment in rice roots

Samples for NanoSIMS analysis

FIG 1 (A to C) '*CH, and "N, concentrations in rice roots with and without methane oxidization inhibitor and the NanoSIMS experiment. (A and B) *C (A)
and "N (B) concentrations of rice roots fed with *CH, (5% [vol/vol], 99 atom% '3C), *N, (39% [vol/vol], 40.8 atom% '°N), and 5% (vol/vol) O, in Ar balance
for 24 h with the addition of difluoromethane (DFM; 0.5% [vol/vol]), a methane monooxygenase inhibitor; “control” indicates root samples before isotope
feeding. Average values with the same letter are not significantly different according to Tukey’s honestly significant difference test (P < 0.05). (C) "*C and
5N concentrations in the root samples determined by performing NanoSIMS analysis, with the root systems of field-grown rice plants incubated with a gas
phase containing '*CH, (6% [vol/vol], 99 atom% '3C), *N, (35% [vol/vol], 99.4 atom% '°N), and O, (12% [vol/vol]) in Ar balance for 0, 23, and 42 h. Bolded

horizontal bars in A and B indicate the averages of four replicates.

abundance level. The enrichment of '3C in the sample without DFM could indicate oxygen-de-
pendent *CH, oxidation and assimilation by methanotrophs residing in the roots (Fig. 1A). >N
concentrations in roots exposed to '*CH,/"*N, with DFM were significantly higher than the
natural abundance of N (control, 0.366 atom%). Moreover, the absence of DFM significantly
increased >N concentrations in the roots exposed to '*CH,/">N, (Fig. 1B). These results suggest
that both methane-dependent and methane-independent nitrogen fixation occur in paddy
rice roots. On the basis of differences in >N concentrations in the rice roots with and without
DFM, methane-dependent nitrogen fixation was determined to be 0.49 wmol N, fixed
(g root weight)~' day~", accounting for 65% of total nitrogen fixation (Table S2).

For the NanoSIMS analysis, field-grown rice roots were incubated again with a gas contain-
ing 3CH,/">N, (994 atom% "N) for 0, 23, and 42 h. The concentrations of both 3C and N
increased with incubation time, suggesting that methanotrophic nitrogen fixation occurred in
the root samples (Fig. 1C). We then subjected bacterial cells extracted from the rice root tissues
(15) to FISH-NanoSIMS analyses. The amplicon sequences of the 16S rRNA gene of the bacte-
rial cells indicated an abundance of type Il methanotrophs (Methylocystaceae; average, 7.2%),
including six amplicon sequence variants (ASVs; Table S3A and B) that were phylogenetically
split equally into two genera (Methylocystis and Methylosinus) (Fig. S2); ASV0004 (belonging to
Methylosinus) was most dominant among the samples (average, 6.61%; Table S3A and Fig. S2).
In contrast, type | methanotrophs were assigned with only a single ASV (belonging to
Methylococcus; average abundance, 0.1%) (Table S3A and Fig. S3). All methanotrophic
ASVs were widely positioned in the phylogenetic tree, and each ASV was close to a respec-
tive genome that presented particulate MMO (pMMO), soluble MMO (sMMO), and the
nifHDK gene cluster (Fig. S2 and S3), suggesting that all ASVs could potentially participate
in both methane oxidation and nitrogen fixation. We also confirmed that all ASV sequen-
ces of type Il methanotrophs were identical to the sequence of the FISH probe Ma450
from a previous study (16), and no other bacterial ASVs were not matched to the probe
Ma450. The FISH analyses performed using the Ma450 probe for type Il methanotrophs
(16) and the EUB338mix probe for total eubacteria (17) indicated that the proportion of
type Il methanotrophs in total bacterial cells ranged from 6.1% to 7.2% (Fig. S4); this result
is in agreement with the amplicon sequences of the 165 rRNA gene.
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FIG 2 Methane assimilation and nitrogen fixation of type Il methanotrophs and other eubacteria in rice roots at the single-cell level. (A)
Example parallel images of FISH, carbon isotope ratio (log,, ['*C/'?C]), nitrogen isotope ratio (log,, ['2C'°N/'*)C'*N]), '*)C’*N counts, and
scanning electron micrographs (SEM) for symbiotic microbes in rice roots at 0 h, 23 h, and 42 h of incubation. Green fluorescence in FISH
images indicates type Il methanotrophic bacteria, and red fluorescence indicates other eubacteria (hybridized with Ma450 and EUB338 mix
probes labeled with Alexa 488 and Cy3, respectively). Type Il methanotrophic cells hybridized with both probes (yellow signals indicated with
white dashed lines). Arrows indicate regions with high ratios of carbon and nitrogen isotopes without FISH signals (suggesting dead cells as
the cause because FISH targets rRNA in cells). Scale bars indicate 5 um. (B and C) Statistics for carbon (B) (log,, ['*C atom%]) and nitrogen
(C) isotopic composition (log,, ['°N atom%]) for type Il methanotrophic bacteria and other eubacteria individuals. Asterisks indicate
significant differences between type Il methanotrophic bacteria and other eubacteria in unpaired two-sample Student’s t test (P < 0.01). (D)
Carbon (log,, ['*C atom%)]) and nitrogen isotopic composition (log,, ['°N atom%)]) for type Il methanotrophic bacteria and other eubacteria
individuals presented as a scatterplot. The linear regression indicates a significant positive correlation between '*C and '*N enrichment for
type Il methanotrophic bacteria at all time points (P < 0.01). Ad. R? indicates Adjusted R-Squared.
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The subsequent NanoSIMS analysis revealed the overlapping images of 6 '*C and & N sig-
nals in the cells that were merged using Ma450 probe signals in the 23-h and 42-h specimens
(Fig. 2A). We determined '3C and >N atom% of more than 100 cells in the NanoSIMS images,
and a significant difference was observed in '*C and >N concentrations between type Il meth-
anotrophs and other eubacteria. After stable isotope feedings, all type Il methanotrophs exclu-
sively enriched 3C and N concentrations, while other eubacteria did not (Fig. 2B and C). As
depicted in the scatterplot in Fig. 2D, a significant positive correlation was noted between 3C
and "N enrichment for type Il methanotrophs at all time points. For every mole of '3C that
was assimilated, an average 0.76 mol of >N were fixed at the single-cell level (Fig. 2D), which
was three times higher than the previously reported value of 0.25 mol (18, 19).

Concentrations of *C and >N increased with high variability on a logarithmic scale at 23
and 42 h. Notably, a large fluctuation in the >N enrichment of type Il methanotrophs occurred
among the cells at 42 h, and a slight saturation of *C was noted (Fig. 2B and C). This finding
indicates that at 42 h, individual type Il methanotrophic cells enabled the accumulation of ei-
ther '3C alone or both 3C and N in the root tissues (Fig. S5), which may be allowed by the
creation of heterogeneous microenvironmental niches of type Il methanotrophs, including in
the vascular cylinders and epidermal cell layers of root tissues (6, 9). In addition, inter- or intra-
specific variation of oxygen sensitivity in methanotrophs, mainly type II, has been reported
(Table S4). It is also possible that different methanotrophic species or strains in the root system
could differ in their sensitivity to oxygen. Given that the metabolic specialization of hetero-
geneous nitrogen fixation can occur at the single-cell level in diazotroph cyanobacteria (20),
some type Il methanotrophic cells also may transform into low- or nonnitrogen-fixing mode
to save energy for creating an anoxic microenvironment.

Interestingly, this varied pattern of >N enrichment in single cells differed from a marked
increase in >N and '3C concentrations observed up to 42 h in bulk root tissues (Fig. 1C). This
outcome suggests the potential influence of several potential factors, such as the accumula-
tion from other nitrogen fixers including type | methanotrophs and/or a release of fixed nitro-
gen (@ammonium or organic nitrogen) from type Il methanotrophs at the single-cell level into
the root system. In fact, peatland methanotrophs can provide not only carbon but also nitro-
gen to peat mosses, suggesting carbon and nitrogen accumulation in the field (12). Although
further work is need, our findings expand our knowledge of the intact carbon and nitrogen
cycle at the single-bacterial-cell level, particularly in the paddy rice root system.

Because type Il methanotrophs in intact root tissues accumulated stable isotopes from
both *CH, and >N, gases at the single-cell level (Fig. 2D), root-associated type Il methano-
trophs might have simultaneously performed methane oxidation and assimilation and
methane-dependent nitrogen fixation in vivo in the root tissues of paddy rice. Given that
nitrogen fixation heterogeneously varied at the single-cell level, we hypothesize that type
Il methanotrophic cells contribute nitrogen flux to root systems after nitrogen fixation or
affect root systems’ nitrogen accumulation through the creation of microenvironmental
niches. Our findings provide insights into potential in situ interactions that occur between
methanotrophy and diazotrophy in terrestrial carbon and nitrogen cycles (12, 21) as well
as in agricultural settings (9, 18, 22).
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