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Extracellular electron transfer based
methylotrophic methanogenesis in paddy
soil and the prevalent
Methanomassiliicoccus
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The biogenic methane contributes obviously to global warming, and direct interspecies electron
transfer (DIET) driven CO, reductive methanogenesis is one of the important methanogenic pathways.
Here we report DIET-driven methylotrophic methanogenesis in paddy soil and the prevalent
Methanomassiliicoccus. M. luminyensis CZDD1 exhibited a 1.9-fold higher methanol-derived
methanogenic rate when cocultured with Clostridium malenominatum than its H,-dependent
monoculture. Coculturing with Geobacter metallireducens, a known extracellular electron producer,
CZDD1 showed the same efficient methanol-derived methane production, thus identified DIET-based
methylotrophic methanogenesis. Chronoamperometry detected efficient methane production by M.
luminyensis CZDD1 and two paddy soils from methanol and dimethylarsenate in accompany with
current consumption. Differential transcriptomics predicted a membrane-bound Fpo-like complex of
CZDD1 for uptake of extracellular electrons. Co-occurrence of Methanomassiliicoccaceae with
Geobacteraceae and Clostridiaceae was found in five Chinese paddy soils, and
Methanomassiliicoccus is ubiquitously distributed among various anoxic environments. Therefore,
DIET-driven methylotrophic methanogenesis can be an important mechanism in methane emission.

Flooded paddy soil contributes ~5-19% of the global methane mission’,
as the anoxic soils harbor anaerobic methanogenic archaea and anaerobic
bacteria, which convert the soil organic carbons to methane. It generally
believes that aceticlastic and hydrogenotrophic methanogenesis are the
primary pathways for methane emission in rice fields*, and methano-
gens affiliating with Methanosarcinaceae, Methanobacteriaceae, and
Methanocellaceae (RC-I group) could implement the methanogenic
activities’. While a recent metatranscriptomic analysis indicated
active methylotrophic methanogenesis in a straw amended Philippine
paddy soil’. This finding suggests that methylotrophic methanogenic
pathway could also play important role in methane emission from
paddy soils.

Recently, we discovered an alternative methylotrophic methanogenic
pathway: methane production from demethylation of dimethylarsenate
(DMAEs) in the Chinese paddy soils containing higher contents of DMAs®.
DMAs is an arsenic species causing rice straighthead disease and large yield
losses”. Subsequently, we found that Methanomasillicoccus luminyensis
CZDD1, a H,-dependent methylotrophic methanogen isolated from a
DMAs-contaminated paddy soil, efficiently demethylated DMAs(V) and
produced methane from methanol when cocultured with the co-isolated
Clostridium malenominatum CZB5’. Whereas M. luminyensis CZDD1
exhibits markedly lower efficiency of H,-dependent methylotrophic
methanogenesis, like M. luminyensis B10 isolated from the human intestine,
and is incapable of demethylating DMAs(V) on its own. This implies that
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other reductants than H, could facilitate an efficient methylotrophic
methanogenesis by M. luminyensis™'’.

Recently, direct interspecies electron transfer (DIET) has been reported
to facilitate CO, reductive methanogenesis between the EET bacterium
Geobacter metallireducens and methanogens Methanosarcina barkeri as
well as Methanosarcina acetivorans, those use the outer-surface multiheme
c-type cytochrome for uptake of extracellular electrons'"'”. While, DIET
between G. metallireducens and the cytochrome C deficient Methano-
bacterium has also been reported". Furthermore, DIET even activated the
“dormant” CO, reductive methanogenic pathway encoded by Methanotrix
(Methanosaeta) harundinacea, an obligately aceticlastic methanogen
incapable of CO, reductive methanogenesis'. In addition of the Geobacter
species, Clostridium spp. and Listeria monocytogenes are also demonstrated
the extracellular electron transfer activity'>'®. This indicates that DIET and
EET can be prevalent in anaerobic ecosystems. However, aside from DIET-
driven CO, reductive methanogenesis, whether DIET and EET are involved
in methylotrophic methanogenesis remains unknown.

This study aimed to explore the involvement of DIET and EET in
methylotrophic methanogenesis using Methanomasillicoccus CZDD1 iso-
lated from paddy soil as an object. Our findings revealed that strain CZDD1
exhibited much higher methanol-derived methanogenic rates when cocul-
tured with the co-isolated Clostridium malenominatum CZB5 or with Geo-
bacter metallireducens than its H,-dependent monoculture. Moreover, by
using the cathodic electrons, Methanomasillicoccu CZDD1 not only effi-
ciently produced methane from methanol, but also demethylated DMAs(V)
itself, thus determined the paddy soil prevalent Methanomasillicoccus
implemented EET- and DIET-based methylotrophic methanogenesis. Based
on differential transcriptomic analysis, EET-based methanogenic pathway,
and energy metabolism mode were explored. Additionally, Methanomassi-
liicoccaceae co-occurred with Geobacteraceae and Clostridiaceae in the
investigated paddy soils; and the soil electrochemical cultures showed faster
methane production. Consequently, this research provides compelling evi-
dence for EET/DIET-mediated methylotrophic methanogenesis as a poten-
tially widespread process in paddy soil environments.

Results
C. malenominatum CZB5 enables efficient Ho-independent
methylotrophic methanogenesis by M. luminyensis CZDD1
We first verified the co-isolated C. malenominatum CZB5 promotion on
methylotrophic methanogenesis by M. luminyensis CZDD1. Similar to M.
luminyensis B10, M. luminyensis CZDD1 grows and obtains energy exclu-
sively via H,-dependent methylotrophic methanogenesis. Upon inoculating
10% of M. luminyensis CZDD1 culture (about 0.1 mg total cell protein) into
a fresh medium containing methanol and H,, methane production started
after 7-days with a production rate of 23.5 umol-d™" (Fig. 1A). However,
when cocultured M. luminyensis CZDD1 with C. malenominatum CZB5 by
inoculating the same amounts of them, methane production started after 1
day inoculation and achieved 1.9-fold higher methanogenic rate
(43.75 pmol-d™") without adding H, (Fig. 1A). Indeed, H, was produced
from the C. malenominatum CZB5 monoculture and in the earlier period of
the co-culture, but it disappeared as CH, was produced in the coculture
(Fig. 1B). The calculations revealed that the coculture produced more than
300 umol CH, but only consumed about 18 umol Hy, a far lower ratio than
1:1 stoichiometry of H, to CH, expected in H,-dependent methylotrophic
methanogenesis. Therefore, this suggests other reductants were provided
from CZB5 to M. luminyensis CZDD1. To verify that H, is not involved in
methanogenesis, a gas mixture of 10% carbon monoxide (CO) and 90% N,
at 0.2 MPa was used to inhibit NiFe hydrogenases'’. This abolished the
methane production in the M. luminyensis CZDD1 monoculture, but only
reduced methanogenic rate to 30.05 pmol-day ™ of the coculture (Fig. 1A),
while it was still higher than that of the CZDD1 monoculture. CO obviously
reduced H, production by C. malenominatum CZB5 monoculture (Fig. 1B)
yet not affect its growth (Supplementary Fig. 1).

To identify the potential reductants other than H, from C. mal-
enominatum CZBS5, its spent culture and the cell lysate were added to the M.

luminyensis CZDD1 monoculture. However, none of the amendments
enhanced the H,-dependent methylotrophic methanogenesis (Supplemen-
tary Fig. 2). Notably, visible cell aggregates with diameters ranging
100-200 um were observed after 6 generations of the coculture, but not in
the monoculture (Fig. 1C), suggesting cell-to-cell contact between the two
microorganisms. Using Cy3- and Cy5-labeled M. luminyensis- and C.
malenominatum-specific 16S rRNA fragments as the respective probes,
fluorescence in situ hybridization (FISH) determined roughly similar cell
numbers of the two types of cells in the aggregates (Fig. 1D). These
experimental results suggested that DIET between C. malenominatum and
M. luminyensis may facilitate methylotrophic methanogenesis.

DIET between M. luminyensis CZDD1 and Geobacter metallir-
educens promotes methylotrophic methanogenesis

To test DIET involvement in H,-independent methylotrophic metha-
nogenesis by M.luminyensis CZDD1, Geobacter metallireducens, a bac-
terium with defined EET activity was used as an indicator. G.
metallireducens is not able to oxidize ethanol to acetate, protons, and
electron on its own (formula 1), while M. luminyensis cannot convert
ethanol nor methanol to methane without a reductant. When M. lumi-
nyensis accepts the extracellular electrons from G. metallireducens, the
coculture would reduce methanol to methane using ethanol as the
electron donor (formula 2). A coculture was constructed by 10%
inoculation of each strain, and after 12 days incubation it consumed 100
pmol ethanol and 200 pmol methanol and produced 160 pmol methane
but not hydrogen (Fig. 1E), thus, about 80% of electrons from ethanol
oxidation were channeled to methane production. However, no methane
was detected in the co-culture of M. luminyensis CZDD1 with the
deletion mutant of the G. metallireducens pilA (Fig. 1F), the gene
encoding e-pili for transferring extracellular electrons. This demonstrates
that M. Iuminyensis CZDD1 is capable of DIET-based methylotrophic
methanogenesis. The coculture of G. metallireducens also exhibited much
higher methanogenic rate and initiated methane production 1 day after
inoculation (Fig. 1E) comparing with the H,-dependent monoculture of
M. luminyensis CZDD1. This indicates that DIET is preferred to H, as
the electron donor in H,-dependent methylotrophic methanogenesis.

CH,CH,OH + H,0 — CH,COOH + 4H" + 4¢~ (1)

2H* + 2¢~ + CH,OH — CH, 4+ H,0 )

C. malenominatum CZBS5 delivers extracellular electrons and M.
luminyensis CZDD1 implements EET-based methylotrophic
methanogenesis

To determine the EET activity of C. malenominatum CZB5, gradient con-
tents of ferric citrate were amended to its monoculture. Ferrous iron pro-
duction was measured after 1h incubation, and 13.3 uM:min~" Fe (III)
reduction rate was detected on 7.5mM ferric citrate (Fig. 2A), approxi-
mately half of Fe (III) reduction rate (30uM-min") of Listeria
monocytogenes'’. Furthermore, C. malenominatum CZB5 was grown in an
electrochemical reactor, and current was produced at a density of
~20pA-cm™* (Fig. 2B), similarly to that produced by Listeria mono-
cytogenes. But no current was measured in the reactor without inoculation of
the bacterium. These experiments confirm the extracellular electron transfer
activity of C. malenominatum CZB5.

Next, the early stationary culture of M. luminyensis CZDD1 was
inoculated into the methanol containing culture inside an electro-
chemical cell with —0.4 V of the cathode versus Ag/AgCl, a condition
under which abiotic H, would not be generated. Methane production
was detected at Day 1 incubation and achieved a similar production rate
(29.7 pmol-d ') as CO-amended coculture. Further lowering the cathode
potential to -0.8 V increased the methanogenic rate to 40.2 umol-d~'
(Fig. 2C). Abiotic H, was detected at the cathode potential of —0.8 V but
not at —04V (Fig. 2C). This result suggested that EET enables
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Fig. 1 | DIET facilitates efficient H,-independent methylotrophic methanogen-
esis by M. luminyensis. Pre-reduced modified MM medium was used in all
experiments, and all the cultures were initiated with the same inoculation sizes and
incubated at 37 °C. A, B M. luminyensis CZDD1 (M.1), C. malenominatum CZB5
(C.m) monocultures, and coculture of the two were all cultured in 375 pmol
methanol. The M. luminyensis monoculture was purged with 0.1 MPa H,, and the C.
malenominatum monoculture and the co-culture were purged with 0.1 MPa N,. 0.2
MPa of 10% CO and 90% N, was added to cultures to inhibit [NiFe] hydrogenase
activity. Methane (A) and H, accumulations (B) were monitored. C Aggregations in
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the 6th subcultures of the coculture. D Using Cy3 (red)- and Cy5 (green)-labeled 16S
rRNAs to specifically probe M. luminyensis and C. malenominatum, respectively,
FISH was performed on the coculture aggregates (left). Bright field micrograph of the
same aggregates (right). Bars indicated 25 pm. E, F Cocultures were initiated with
10% each of M. luminyensis (M.I) and G. metallireducens (G.m, E), or its pilA deletion
mutant (ApilA, F) into 200 umol methanol and 100 umol ethanol. Methane in
headspace, and methanol and ethanol in liquid culture were monitored. Data are
averages and standard deviations of three replicates.

methylotrophic methanogenesis by M. luminyensis CZDD1 without H,
as an intermediate. To verify that M. luminyensis CZDD1 used the
cathodic electrons for methanogenesis, methane production coupled
current consumption was assayed. At a cathode potential of —0.4 V, M.
luminyensis CZDD1 produced 14.2 pmol CH, after 48 h and consumed
about 69.9 pA-cm™ current. The addition of bromoethane sulfonate
(BES), a specific inhibitor of methyl-CoM reductase, simultaneously

inhibited methane production and current consumption (Fig. 2D). This
suggests that M. luminyensis CZDDI can use the cathodic electrons to
reduce methanol for methane production, i.e., performing an electro-
methanogenesis. Similar but lower activity was detected with human
intestine M. luminyensis B10 (Supplementary Fig. 3), indicating that
electromethanogenesis is a shared characteristic of the M. luminyensis
strains.
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Fig. 2 | Extracellular electron transfers of C. malenominatum and EET promotes
methylotrophic methanogenesis by M. luminyensis. A C. malenominatum was
10% inoculated in pre-reduced MM medum containing the indicated concentra-
tions of ferric citrate and incubated at 37 °C, and ferrous ion accumulation was
determiend. B C. malenominatum (C.m) was 10% inoculated in the MM medium
without sulfide and resazurin inside a cathode H-cell reactor with a potential of +-0.4
V versus Ag/AgCl. An electrochemical culture without inoculation (-) served as
abiotic control. The electrochemical cultures were mixed by a magnetic stir bar, and
current production was monitored during incubation at 37 °C. Experiments were
performed on three batches of culture, and one representative dataset is shown. C M.

luminyensis was 10% (0.1 mg total cell protein) inoculated in a H-cell containing pre-
reduced MM medium with 400 pmol methanol, and purged with 100% N, gas. An
uninoculated H-cell served as an abiotic control. The cathode potential was set at
—0.4 V in the first 8-day incubation at 37 °C and then reduced to —0.6 Vand —0.8 V
as indicated. Productions of CH, and H, were monitored. D Current consumption
and methane production were measured in the same electrochemical reactor as in
(C) at —0.4 V potential of the cathode. A final concentration of 10 mM
2-Bromoethanesulfonate (BES) was added after 48 h as indicated by arrow. Two
independent experiments were performed, and one representative is shown here.

EET enables methanogenesis from DMAs(V) by M.

luminyensis CZDD1

Next, we explored whether EET could facilitate CH, production from
DMAs(V) by M. luminyensis CZDDI1 alone. Low concentrations of
DMAS(V) were used to preclude accumulation of the intermediate DMA-
s(II), a high toxic compound™. M. luminyensis CZDD1 was incubated with
1uM or 2 uM “CH;-DMAs(V) mixed with 15mM methanol in electro-
chemical chambers at —0.4 V of the cathode potential as above. After a few
days of incubation, "CH, was enriched, in contrast, no *CO, was enriched
but maintained at the natural abundance (Fig. 3A, B). While no "CH, was
detected in the H, culture of M. luminyensis CZDD1 containing 1 uM
DMAs(V) and 15 mM methanol even though up to 40 uM methane were
determined (Fig. 3C). Therefore, M. luminyensis CZDD1 was capable uti-
lizing cathodic electrons instead of H, to produce CH4 from DMAs(V).
Notably, a higher proportion of “CH, (average 200%o vs. 60%o) was
detected from the culture containing 1 uM “C-DMAs(V) than that of 2 uM
BC-DMAs(V) (Fig. 3A). This difference could be attributed to the inhibition
of DMAs (III) from DMAs (V) reduction on M. luminyensis.

Differential expressed M. luminyensis CZDD1 genes in the DIET
To explore the genes that may involve in DIET-methylotrophic methano-
genesis by M. luminyensis CZDDI, differential transcriptomes between its

hydrogen-depended monoculture and the coculture with C. malenominatum
CZB5 were performed in their exponential cells, at day 2 of the coculture and
day 14 of the monoculture, respectively. It found that among the 2636 tran-
scribed genes, 253 were upregulated for more than 2-fold (P <0.05) in the
coculture, including 17 genes involved in methane metabolism; whereas
mcrABDG that encodes methyl-CoM reductase complex, the methanogenic
characteristic enzyme, remained unchanged. Noticeably, comparing with the
H,-culture, expression of the genes encoding the protein complexes potentially
involved in the electron flow inside M. luminyensis CZDD1 were all elevated in
the coculture with C. malenominatum CZB5 (Fig. 4A), those include
fpoABCDHIJKLMN encoding a Fpo-like complex, and hdrABC/mvhAGD
encoding cytoplasmic heterodisulfide reductase-hydrogenase complex, and
hdrD encoding a subunit of membrane-bound heterodisulfide reductase
HdrD. This suggested an increased electron flux in the M. luminyensis CZDD1
cells when cocultured with C. malenominatum CZB5. In addition, genes
encoding proteins containing Fe-S clusters, the brf encoding bacterioferritin,
and the cell division protein FtsZ were also markedly upregulated in coculture
(Fig. 4A and Supplementary dataset S1). However, echABCDE encoding the
membrane-bound energy-converting hydrogenase were slightly reduced in
coculture. In contrast to M. luminyensis B10, in which transcription of
the echABCDEF was not detected”, higher transcription of echtABCDE
(RS01460-RS01475 and RS13925, Supplementary dataset S1) was determined
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Fig. 3 | Extracellular electron enables DMAs-derived methanogenesis by
M.luminyensis. M. luminyensis CZDD1 was cultured in 400 umol methanol and
20 uM DMAs(V), and cultivated in the H-cell reactor at 37 °C. The electrochemical
cultures were set at -0.4 V of the cathode potential and amended with 1 uyM and 2 uM
of "C-DMAs(V), respectively. The H,-dependent culture was amended with 1 uM

“C-DMAs(V) and purged with 0.1 MPa H, but without power supplied. *CH, (A)
and CO, (B) in the headspace of the cultures were determined using GC-IRMS,

and methane (C) was determined by gas chromatography. Duplicated experiments
were performed, and the means and standard deviations are shown.
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Fig. 4 | Differentially transcribed genes of M. luminyensis CZDD1 in H,-
dependent versus DIET growth. Heat plot representation of the differential
expression (Log2) in the mid-exponential methylotrophic cultures of M. luminyensis
grown respectively under 0.1 MPa H, at day 14 (M.l + H,), and in coculture with C.
malenominatum at day 2 (C.m + M.I) (A). Blue and red represent the minima and
maxima fold, respectively. Quantitative RT-PCR of some differentially transcribed
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genes involved in methanogenesis in the M. luminyensis monoculture (red bar),
coculture (blue bar) and electrochemical culture (orange bar) (B). Three replicate
experiments were performed, and the averages and standard deviations are shown in
(B). Statistics are estimated by T-test, and ***, ** and ns indicate very significant
(P <0.01), significant (P < 0.05) and not significant, respectively.

in the H,-dependent culture of CZDD1. Consistent with the transcriptomics,
quantitative RT-PCR determined a 100-fold decreased transcription of the
M. luminyensis echC and echF, and about 3- and 4-fold higher transcription of
hdrD and fpoC in the coculture than in the H,-dependent monoculture.
(Fig. 4B), verifying the transcriptomic data and determined that Fpo-like
complex could be the components for uptake of the extracellular electrons.

Methanomassiliicoccaceae, Geobacteraceae, and Clos-
tridiaceae cooccur in five paddy soils

Next, we surveyed the distributions of methanogens and bacteria in five
paddy soils via 16S rRNA amplicon sequencing and found that the
methanogen community primarily comprised of the families of Methano-
bacteraceae (37.9-67.2%), Methanosarcinaceae (4.7-24.6%) and Metha-
nomassiliicoccaceae (4.3-21.9%) (Fig. 5A). The bacteria community
consisted mainly of Peptostreptococcaceae (11.2-52.9%), Clostridiaceae
(2.5-16.7%), Caloramatoraceae (2.3-8.6%) and Hungateiclostridiaceae

(1.3-2.9%). The electroactive Geobacteraceae was also present from 0.2% to
6.3% (Fig. 5B). To find the potential electroactive bacteria that interplay with
Methanomassiliicoccaceae, we analyzed the network among methanogens
and bacteria inhabiting in the five paddy soils. Our analysis revealed a high
co-occurrence of Clostridiaceae and Geobacteraceae with Methanomassi-
liicoccaceae, but not with Methanobacteraceae (Fig. 5C). The positive
relationships of Methanomassiliicoccaceae with Clostridiaceae, and Geo-
bacteraceae were further confirmed using Spearman analysis method
(P<0.01) (Fig. 5D). This suggests that Methanomassiliicoccaceae may
implement methylotrophic methanogenesis in collaboration with Clos-
tridiaceae or Geobacteraceae, presumably via DIET in paddy soils.

DIET or EET facilitates efficient methylotrophic methanogenesis
from DMAs and methanol in paddy soils

Given that biochar enhanced DIET-based CH, production from ethanol
and acetate in paddy soils”, biochar was amended into the methanol
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Fig. 5 | Methanomassiliicoccaceae and the co-occurred bacteria in paddy soils.

Relative abundances of Methanomassiliicoccaceae among methanogen community
(A), and of bacteria (B) in the paddy soils of FY, QY, TC, SHY, CZ were estimated
based on the specific 16S rRNA gene homologous. Six replicates of each paddy soil
were used for 16S rRNA gene sequencing and analysis. C A co-occurrence network

of the methanogen and bacteria families among five paddy soils (n = 30) was ana-
lyzed using WGCNA package. D The correlations between Methanomassilii-
coccaceae and Clostridiaceae (light magenta), and Geobacteraceae (dark magenta)
among the five paddy soils were analyzed using Spearman analysis method.

containing soil enrichments. After two transfers of 0.5% (W/V) the average
maximum methanogenic rate of 9.3 pmol-d ™' was assayed, 2-7-fold higher
than that of the three soil enrichments without biochar (T-test, P < 0.01)
(Supplementary Fig. 4A).

DIET facilitated CH, production from DMAs was then determined in
paddy soils of CZ, TC, and FY. The three soil samples were cultured in
methanol amended with >*C-DMAs(V) and 30% carbon monoxide (CO) to
inhibit Ni-Fe hydrogenase. Accumulation of hydrogen was monitored
during the 17-day incubation at 30 °C, and CO amendment almost com-
pletely suppressed hydrogen production of paddy soils (Supplementary
Fig. 4B). very high fractionations of “CH, with isotopic compositions
ranging from 250%o to 2000%o were detected in all three soil slurries in the
first week of incubation; however, "CO, fractionations were very low
(Fig. 6A-C). This suggested that the methyl group of DMAs(V) could be
mainly reduced to CH, by extracellular electrons, namely DIET facilitated
methane production from DMAs in the paddy soils. Noticeably, the ratios of
“CH, appeared going down along incubation in two paddy soils, this could
be due to *CH, dilution by increased total CH, from methanol.

EET facilitated methylotrophic methanogenesis in paddy soil was
investigated by culturing the CZ and FY soil in cathode chambers containing
about 1800 pmol methanol and under —0.4V of the cathode potential. It

found that upon power supply, methane was produced 3 days earlier in CZ
and FY soils (Fig. 6D); meanwhile, current consumption of about 200 pLA-cm’2
was detected in the two soils incubated in cathodic chambers (Fig. 6E). Fur-
thermore, Methanomassiliicoccaceae in CZ and in FY soils was also enriched
by culturing in the cathodic chamber (Fig. 6F). This further determined that
DIET- and EET-based methylotrophic methanogenesis occurs in paddy soils.

Discussion
This work reported DIET-driven methylotrophic methanogenesis in the
paddy soil prevalent H,-dependent methylotrophic methanogen Metha-
nomassiliicoccus luminyensis CZDD1. This methanogen utilizes extra-
cellular electrons from co-existing electroactive bacteria like Geobacter and
Clostridium to reduce methanol or DMAs for efficient methane production.
Co-occurrence between Methanomassiliicoccaceae, and Geobacteriaceae
and Clostridiaceae was found in the five tested paddy soils. Experiments of
CO inhibited H, metabolism and the cathodic cultures exhibited rapid
methane production in paddy soils all determined the prevalence of DIET-
driven methylotrophic methanogenesis, which can be an overlooked
methane source.

Methanogens affiliating with Methanomassiliicoccales conserve
energy exclusively from reductive methylotrophic methanogenesis’. They
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Fig. 6 | Extracellular electron enables DMAs and methanol-derived methano-
genesis by paddy soils. One gram of each paddy soils of CZ (A), TC (B), and FY (C)
was inoculated into 5 mL methanol medium amened with 20 uM DMAs and 2 uM
C-DMAs, and gas mixture including 30% CO to inhibit hydrogenase. *CH, (red
bar) and *CO, (blue bar) in the headspace were determined using GC-IRMS. Each
9 g paddy soils sampled from CZ and FY were added to cathodic chambers of H-cell
containing 90 mL modified MM medium with about 1800 umol methanol. The
cathodic potential was set at —0.4 V. Methane content (D) in the headspace of
cathodic chambers with (closed symbols) or without (open symbols) power supply

was monitored during 12 day-incubation at 30 °C. Current consumptions (E) of the
cathodic chamber with power supply as A were monitored during 12 days incuba-
tion, and a chamber without inoculation of paddy soils was included as an abiotic
control. Duplicate experiments were performed, and the means and standard
deviations are shown. Relative abundances of methanogens of cathodic enrichments
with (4) or without (—) power supply were determined via archaea specific 16S
rRNA ampilcon sequeccing (F).

lack cytochromes and active energy-converting hydrogenases but possess a
membrane-bound Fpo-like complex. It predicted that the Fpo-like complex
in Methanomasiliicoccus oxidizes reduced ferredoxin and directly interacts
with membrane-associated heterodisulfide reductase subunit D (HdrD),
and thus constitutes an energy-converting ferredoxin:heterodisulfide oxi-
doreductase complex to generate proton motive force’’. Based on the
physiological and transcriptomic data in this study, we proposed a putative
model as depicted in Fig. 7. M. luminyensis could utilize extracellular elec-
trons most likely taken up via archaella or the Fpo-like complex, and elec-
trons inside cell would then be transferred to membrane-associated HdrD to
reduce the heterodisulfide CoM-CoB. Subsequently, the reduced CoM-SH
will serve as an acceptor for methyl groups during methane production.
Although hydrogen involvement in methylotrophic methanogenesis
could not be excluded in the coculture and the cathode reactor due to the
current inability to delete the hydrogenase genes in M. luminyensis CZDD1,
the following experimental data verify DIET but not H, as reductant used in
methanogenesis, (i) CO inhibition of NiFe- hydrogenases did not abolish
methane production in the coculture and paddy soil enrichments; (ii) BES
inhibition of methanogenesis also reduced current consumption in the
electrochemical culture of CZDD1; and (iii) electronic chamber incubated
paddy soils exhibited rapid methane production than without power supply.
Thus, we propose that reduction of methyl compounds by extracellular
electron could represent the predominant pathway for methylotrophic
methanogenesis in paddy soils and by the prevalent Methanomassiliicoccus.
This also conforms to the speculation of Lovley and Holmes™, which
indicates that the free H, may not be the main electron vehicle during
interspecies electron transfer. Comparing with other methanogens, M.
Iuminyensis B10 has an extremely low H, threshold*’. Considering that the
Methanomassiliicoccus members are ubiquitous in natural environments
and animal intestinal tracts”’, they could play a important role in methane

emission via electromethanogenesis, particularly in the areas including rice
paddy field having low levels of H,.

DIET can even activate the “dormant” methanogenic pathways or
facilitate reductive chemical reactions. The genus Methanothrix comprises
methanogens that exclusively perform aceticlastic methanogenesis despite
carrying the complete gene suite for CO, reductive methanogenesis but
without hydrogenase. Rotaru et al. found that the electroactive bacterium
Geobacter metallireducens enabled CO, reductive methanogenesis by
Methanotrix harundinacea'. In this study, we also found that the electro-
chemical culture, but not the H,-culture, of M. luminyensis CZDD1 could
produce methane from DMAs (Fig. 3).

In conclusion, this study reports for the DIET-based methylotrophic
methanogenesis in paddy soils and by the prevalent Methanomassiliicoccus
luminyensis CZDD], a strain isolated from a DMAs contaminated paddy
soil. Strain CZDD1 preferentially uses extracellular electrons for methylo-
trophic methanogenesis, in particular from DMAs, a toxic chemical to rice.
This study not only reveals a new electromethanogenic pathway, but also
found that DIET/EET can activate the inactive methanogenic pathways
harbored in methanogens. Based on the ubiquitous distribution of
Methanomassiliicoccales and methylotrophic methanogenic pathway in
natural environments, electromethanogenesis including DIET-driven
methylotrophic methanogenesis could be an important methane source
especially from paddy field.

Materials and methods

Strains and cultivation conditions

Both M. luminyensis CZDD1 and C. malenominatum CZB5 were isolated
from paddy soils®. Monocultures of M. luminyensis CZDD1 and C. mal-
enominatum CZB5, as well as coculture of M. luminyensis CZDD1 and C.
malenominatum CZB5 were routinely cultivated in modified MM medium.
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Fig. 7 | Predicted electromethanogenic pathway of
Methanomasilliicoccus luminyensis. Extracellular
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Pre-reduced and modified MM medium'’, which in 1L includes 0.5 g
KH,PO,, 04g MgSO,-7H,O, 5g NaCl, 1g NH,Cl, 0.05g CaCl,
2H,0,1.6 g sodium acetate, 1 g yeast extract, 1 g tryptone and 4 g NaHCO:s.
Geobacter metallireducens ATCC53774 and its pili-deficient mutant ApilA
were routinely cultured in a medium containing 20 mM ferric citrate and
20 mM ethanol"’.

To culture C. malenominatum CZB5, nitrogen gas (N,) was intro-
duced into the headspace at a pressure of 0.1 MPa. In contrast, for the
cultivation of M. luminyensis CZDD1, a combination of 15 mM methanol
and 0.1 MPa hydrogen gas (H,) was utilized in the headspace. The co-
culture of strains CZDD1 and CZB5 was conducted in modified MM
medium supplemented with 15 mM methanol and maintained under a
nitrogen atmosphere at 0.1 MPa. Cocultures of M. luminyensis either with
G. metallireducens wild type or ApilA strain were initiated with by 10%
inoculation (0.1 mg total cell protein) of each strain into the same modified
MM medium containing 20 mM ethanol and 40 mM methanol and under
0.1 MPa N, phase. To assess the inhibitory effect of carbon monoxide on
methane production, a gas mixture consisting of 10% CO and 90% N, was
introduced into the co-culture. While a gas mixture of 10% CO and 90% H,
was introduced into monoculture at a pressure of 0.2 MPa. Monocultures
pulsed with 100% H, and coculture with 100% N, without any CO pulsed
served as control. All cultures were incubated at a temperature of 30 °C.

Total cell protein determination

The M. luminyensis CZDDI cells intended for inoculation were initially
quantified based on the total cell protein. Cell pellets were resuspended with
1 mL PBS buffer and subsequently grinded in liquid nitrogen. After liquid
nitrogen disruption, cells were centrifugated at 5000 x g at 4 °C for 15 min.
The supernatant was collected to determine total cell protein using the BCA
Protein Assay Kit (Thermo Fisher Scientific, Germany).

Fluorescent in situ hybridization

The mid-exponential phase of the co-culture of M. luminyensis CZDD1 and C.
malenominatum CZB5 was harvested by centrifugation at 3500 x g for 10 min.
The resulting cell pellets were rinsed with PBS, fixed in 4% paraformaldehyde
for 12'h at 4 °C, and subsequently dehydrated with a series of gradient ethanol
concentrations ranging from 50 to 100%. Fluorescent in situ hybridization
(FISH) was carried out in a 20 mM Tris buffer (pH 7.4) supplemented with
900 mM NaCl, 0.01% SDS (w/v), and 40% formamide (v/v) at 46 °C for 2 h.
The probes utilized were 5'-[CY3] GCTGCCTCCCGTAGGAGT-3, which
specifically target the 16S rRNA of C. malenominatum and 5'-[CY5]
GTGCTCCCCCGCCAATTCCT-3' designed to target the 16S rRNA of M.
luminyensis. Fluorescent cells were observed under LSM 800 confocal
microscope (Leica Microsystems, Buffalo Grove, IL, USA).

Ferrozine assay of ferric iron reductive activity of C.
malenominatum

Ferric citrate was supplemented into the C. malenominatum CZB5 culture
at final concentrations of 2.5 mM, 5 mM, and 7.5 mM during the late-log
phase and incubated at 37 °C. A solution of 0.1% phenanthroline was added
to samples from the culture, and absorbance was measured spectro-
photometrically at a wavelength of 562 nm". A standard curve for ferrous
iron concentration was generated using FeCl,. All experiments were con-
ducted in triplicate.

Characterization of the bio-electrochemical cultures
Chronoamperometry was carried out using a Bio-logic science instrument
potentiostat CHI 1000C (CH Instrument, TX). Electrochemical experi-
ments were set up in the H cell reactor, in which 150 mL-anode and cathode
chambers were separated by a Nafion 117 proton-exchange membrane
(Dupont, USA), and equipped with an Ag/AgCl reference electrode (CH
Instruments), a Pt wire counter electrode (Alfa Aesar), and a 6.35-mm-thick
graphite felt working electrode with a 16-mm radius (Alfa Aesar), in
addition of two sampling ports. For onset of the electrochemical experiment,
H cell reactor was first autoclaved and then flushed with 100% N, gas for no
less than 15 min to achieve an oxygen-free headspace. Next, the anode and
cathode compartments were filled with 80 mL sterilized and pre-reduced
modified MM medium omitting sulfide, and resazurin inside an anaerobic
box (Thermo Fisher Scientific, Germany). The H-cell reactors were con-
tinuously purged with N, gas to maintain anaerobic condition. The mid-
exponential culture of C. malenominatum CZB5 was 10% inoculated into
the MM medium within the chamber equipped with working electrode with
an applied cathode potential set at +-0.4 V versus Ag/AgCl. The mid-
exponential culture of M. luminyensis CZDD1 was 10% inoculated in MM
medium containing 15 mM methanol in the chamber under the cathode
potential sequentially set at —0.4V, —0.6 V and —0.8 V versus Ag/AgCl
The electrochemical culture was mixed with a magnetic bar during incu-
bation at 37 °C. H cell reactors were connected to potential station, and
currents are reported as a function of the geometric surface area of the
electrode.

PC-labeled DMASs(V) was synthesized according to Chen et al’. To
determine “C-DMAs(V) derived methanogenesis by M. luminyensis
CZDD], it was cultured in 15 mM methanol and 20 yM DMAs(V) and
cultivated in a cathodic chamber of H-cell reactor. The electrochemical
culture was supplied with a potential of —0.4 V versus Ag/AgCl and sup-
plemented with 1 1M and 2 uM of "C-DMAs(V), respectively. In the H,-
dependent culture, 1 pM C-DMAs (V) and 0.1 MPa H, was added but
without power supply. The currents of the H-cell reactors are reported as a
function of the geometric surface area of the electrode.
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Measurements of methane, hydrogen, and *C/'?C ratios of
methane and carbon Dioxide

Methane was measured using GC-14B gas chromatograph (Shimadzu,
Japan) equipped with flame ionization detector and C18 column as
described previously™. The temperature parameters were used as follows:
column at 50 °C, injector at 80 °C, and detector at 130 °C. Hydrogen was
measured using GC-4100 (GWAI) equipped with a TCD detector and
column temperature parameters were used as follows: column at 80 °C,
injector at 150 °C, and detector at 90 °C. The “C/"*C isotope ratios of
methane and carbon dioxide in headspace were determined using
GC-IRMS (Isotope Ratio Mass Spectroscopy, Thermo Fisher Scientific,
Germany) according to Ai et al.”’.

RNA library preparation and lllumina Hiseq sequencing

The mid-exponential cells were harvested from M. luminyensis CZDD1 H,-
dependent culture and its co-culture with C. malenominatum CZB5 and the
electrochemical culture with cathode potential set at -0.8 V. Total RNA was
extracted using the RNAiso Plus kit (Takara, Dalian, China) according to
the manufacturer’s instructions. RNA quality was determined using 2100
Bioanalyser (Agilent) and quantified using the ND-2000 (NanoDrop
Technologies). High-quality RNA sample (OD260/280 = 1.8-2.2, OD260/
23022.0,RIN 2 6.5, 235:16S = 1.0, >10 pg) is used to construct sequencing
library.

Total RNA of 5 pg was used to construct strand-specific RNA-
sequencing libraries using the TruSeq RNA sample preparation Kit from
Illumina (San Diego, CA). Briefly, rRNA was removed by the RiboZero
rRNA removal kit (Epicenter), and then RNA was fragmented using frag-
mentation buffer. cDNA synthesis, end repair, A-base addition, and ligation
of the Illumina-indexed adapters were performed according to Illumina’s
protocol. Libraries were then size selected for cDNA target fragments of
200-300 bp on 2% Low Range Ultra Agarose followed by PCR amplified
using Phusion DNA polymerase (NEB) for 15 PCR cycles. After quantified
by TBS380, paired-end libraries were sequenced on Illumina Nova Seq 6000
(150bp*2, Shanghai BIOZERON Co., Ltd).

Reads quality control and mapping

The raw paired end reads were trimmed and quality controlled by Trimmo-
matic with parameters (SLIDINGWINDOW:4:15MINLEN:75) (version0.36
http://www.Usadellab.org/cms/uploads/supplementary/Trimmomatic). ~ The
clean reads were aligned to the reference genome with orientation mode using
Rockhopper http://cs.wellesley.edu/~btjaden/Rockhopper/) software. As input,
Rockhopper takes RNA sequencing reads generated by high-throughput
sequencing technology. This software was used to calculate gene expression
levels with default parameters.

Differential expression analysis and function enrichment

To identify DEGs (differential expression genes) between two samples,
transcript abundances of genes were calculated based on Fragments Per
Kilobase of read per Million mapped reads (RPKM). EdgeR (https:/
bioconductor.org/packages/release/bioc/html/edgeR html) was used for
differential expression analysis. DEGs between two samples were selected
based on the following criteria: the logarithmic fold change was greater than
2, and the false discovery rate was less than 0.05. To understand the func-
tions of the differential expressed genes, GO functional enrichment and
KEGG pathway analysis were carried out by Goatools (https://github.com/
tanghaibao/Goatools) and Kobas (http://kobas.cbi.pku.edu.cn/kobas3)
respectively. DEGs were significantly enriched in GO terms and metabolic
pathways when their Bonferroni-corrected P value was less than 0.05.

Quantitative reverse transcription PCR (RT-gPCR)

RNA extract used for sequencing above was treated with RNase-Free
DNase (Takara) to remove contaminated DNA, and cDNA was syn-
thesized using the M-MLV Reverse Transcriptase cDNA Synthesis Kit
(Takara) following the manufacturer’s instructions. Using the primers
listed in Supplementary Table S1. Quantified PCR was performed using

SYBR Premix Ex Taq Kit (Takara Bio Inc., Japan), and carried out on
ABI Prism 7000 sequence detection system (Applied Biosystems USA).
Each qPCR mixture contained 12.5 pL SYBR qPCR mix (TOYOBO),
5 pL cDNA (250 ng), 100 nM of each primer, and double-distilled H,O to
a final volume of 25 pL. PCR was initiated at 95 °C for denaturation for
30s and 35 cycles as follows: denature at 95 °C for 10 s, annealing at the
Tm listed in Supplementary Table S1 for 30 s, and elongation at 72 °C for
30s. Fluorescence data were collected during elongation. To estimate
mRNA copies of the tested genes, a standard curve of each gene was
generated by quantitative PCR on 10- fold serially diluted plasmid DNA
cloned with the gene. 16S rRNA gene was used as the biomass reference.
Triplicate samples were determined, and each measurement was repe-
ated at least three times.

Paddy soil sampling

Soils (0-20 cm) were collected from five paddy fields in China, two from As-
contaminated sites of Qiyang (QY, 26°75'06”N, 111°84'72"E) and Chenz-
hou (CZ, 25°57'83"N,113°02/31”E) in Hunan province, and the other three
were from Xinyang (XY, 32°11/32"N, 114°40'20"E) in Henan province,
Tancheng (TC, 34°29'45"N, 118°20'16”E) in Shandong province and
Shuyang (SHY, 34°10’36”N,118°51/55"E) in Jiangsu province, the sites with
rice straighthead disease. No permission was required for collecting soils
from five paddy fields in China. The soil samples were air-dried and ground
to <0.149 mm for further analysis.

Paddy soil enrichment
Enrichment cultures were constructed by inoculating 0.5 g of paddy soils
collected from CZ, TC, and FY into 12.5 mL anaerobic tube containing 5 mL
pre-reduced medium with 20 mM methanol and supplied with or without
0.025 g (DW) activated charcoal (Sigma, C9157-500G) inside an anaerobic
box (Thermo Fisher Scientific, Germany). For CO inhibition, enrichment
cultures were supplied with additional 0.2 MPa gas mixture of 30% CO and
70% N, in compared to a control pulsed with 100% N, at 0.2 MPa. For
DMAs enrichment, additional 20 uM DMAs and 2 uM “C-DMAs were
added. All enrichments were using 20 mM methanol as methanogenic
substrate and incubated at 30 °C for 40 days.

For electrochemical enrichment, each 9 g paddy soils sampled from
CZ and FY were added to cathodic chambers of H-cell containing 90 mL
modified MM medium with about 1800 pmol methanol inside an
anaerobic box (Thermo Fisher Scientific, Germany). The cathodic
potential was set at —0.4 V versus Ag/AgCl. H-cell reactors were con-
nected to potential station, and currents are reported as a function of the
geometric surface area of the electrode. Methane content in the head-
space of cathodic chambers with or without power supply was monitored
during 12 day-incubation at 30 °C. Current consumptions of the cathodic
chamber with power supply were monitored for 12 days incubation, and
a chamber without inoculation of paddy soils was included as an abiotic
control.

DNA extraction and 16S rRNA gene amplicon sequencing

DNA was extracted from ~0.5g of paddy soil slurry samples or 1 mL
enrichment using the MoBio Power soil DNA Isolation Kit (MoBio,
Carlsbad, CA, United States) according to the manufacturer’s protocol.
Purified DNA was quantified using NanoDropND-100 Spectrophotometer
(Gene Company), and the qualities of extracted DN A were examined by 1%
agarose gel electrophoresis.

The bacterial and archaeal community structures of in situ paddy
soil or enrichment cultures were analyzed using high-throughput
sequencing based on bacterial and archaeal 16S rRNA genes. The
V4-V5 regions of bacterial and archaeal 16S rRNA were amplified
using the primers Arch519F/915R and Bac515F/907R, respectively.
Subsequently, the amplicons were purified, quantified, and sequenced
on a Mieseq platform (Illumina; PE250 mode) by Shanghai Biozeron
Biotech Co., LTD. Raw sequences underwent quality filtering and
assembly before being processed using Quantitative Insights Into
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Microbial Ecology (QIIME, V1.9.0 http://qiime.org/scripts/assign_
taxonomy.html). Effective sequences were then grouped into opera-
tional taxonomic units (OTUs) based on a similarity score of 97%
using UPARSE (version 7.1 http://drive5.com/uparse/). Representative
sequences were selected for each OTU, and their taxonomic classification
was identified by the UCLUST algorithm (http://www.drive5.com/
usearch/manual/uclust_algo.html) against SILVA (SSU138.1) 16S
rRNA database with a confidence threshold of 80%.

Statistical analysis

Co-occurrence networks were constructed by using the WGCNA package
based on the Spearman’s correlation methanogens and bacteria. Only OTUs
with relative abundance within top 30% were used in the analyses. In net-
works, OTUs represent nodes, while correlations between OTUs are dis-
played as edges. The parameters describing network topological
characteristics used in this study included node number (the number of
OTUs), edge number (the number of connections among all nodes),
betweenness (the number of times a node acts as a bridge along the shortest
path between two other nodes). The correlation relationship between
Methanomassiliicoccales and Clostridiaceae or and Geobacteraceae is
visualized using R package of the ggpubr, STAT-Cor uses Spearman's
coefficient of correlation calculation as measure of emphasizing the level of
correlation™.

Data availability

The genomic sequences of and transcriptomic data of the C. malenominatum
CZB5 and M. luminyensis CZDD1 have been deposited in NCBI SRA data-
base under the accession numbers of PRJINA1032237 and PRJNA1028373,
respectively. Supplementary Data 1 and Supplementary Data 2 have been
uploaded in figshare with https://doi.org/10.6084/m9 figshare.28681487 and
https://doi.org/10.6084/m9.figshare.28681454 respectively.
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