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Organoheterotrophs are the dominant bacteria in most soils
worldwide. While many of these bacteria can subsist on atmo-
spheric hydrogen (H,), levels of this gas are generally insufficient
to sustain hydrogenotrophic growth. In contrast, bacteria residing
within soil-derived termite mounds are exposed to high fluxes of
H, due to fermentative production within termite guts. Here, we
show through community, metagenomic, and biogeochemical pro-
filing that termite emissions select for a community dominated by
diverse hydrogenotrophic Actinobacteriota and Dormibacterota.
Based on metagenomic short reads and derived genomes, uptake
hydrogenase and chemosynthetic RuBisCO genes were signifi-
cantly enriched in mounds compared to surrounding soils. In situ
and ex situ measurements confirmed that high- and low-affinity
H,-oxidizing bacteria were highly active in the mounds, such that
they efficiently consumed all termite-derived H, emissions and
served as net sinks of atmospheric H,. Concordant findings were
observed across the mounds of three different Australian termite
species, with termite activity strongly predicting H, oxidation rates
(R? = 0.82). Cell-specific power calculations confirmed the potential
for hydrogenotrophic growth in the mounds with most termite
activity. In contrast, while methane is produced at similar rates to
H, by termites, mounds contained few methanotrophs and were net
sources of methane. Altogether, these findings provide further evi-
dence of a highly responsive terrestrial sink for H, but not methane
and suggest H, availability shapes composition and activity of mi-
crobial communities. They also reveal a unique arthropod-bacteria
interaction dependent on H, transfer between host-associated and
free-living microbial communities.
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For most soil bacteria, organic rather than inorganic compounds
serve as primary energy and carbon sources for growth (1, 2).
Molecular hydrogen (H,), while a major component of Earth’s
early atmosphere and likely the first energy source for life (3, 4),
currently has a secondary role in sustaining these bacteria (2). This
reflects that contemporary concentrations of atmospheric H, (0.53
parts per million [ppm]) are thought to be insufficient for hydro-
genotrophic growth to be thermodynamically favorable (5). Soil
bacteria nevertheless consume much atmospheric H, (~70 tera-
grams per year) and, as such, constitute the most important sink in
the global H, cycle (6, 7). Bacteria from several dominant soil
phyla consume atmospheric H, using high-affinity hydrogenases
(group 1h [NiFe]-hydrogenases; apparent Michaelis-Menten half-
saturation constant [K,,,] < 100 nM) primarily to persist during
organic carbon starvation (2, 8-12). In some soils, bacteria are
exposed to elevated levels of H, produced as a result of microbial
fermentation and nitrogen fixation, geological processes, and in-
creasingly anthropogenic activities (13, 14). The effect of such H,
exposure on community composition and activities has remained
enigmatic. Within natural ecosystems, it has been reported that
bacteria in close proximity to root nodules rapidly recycle
nitrogenase-derived H, and use it to support hydrogenotrophic
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growth (15, 16). In microcosm experiments, elevated H, exposure
stimulates the activity and growth of a small proportion of
hydrogenotrophic bacteria (17-22). These bacteria encode lower-
affinity hydrogenases (group 1d and 2a [NiFe]-hydrogenases; ap-
parent K, > 100 nM) with chemosynthetic RuBisCO lineages
(type IC to IE) in order to use Hj as an electron donor for aerobic
respiration and CO, fixation (22, 23). Nevertheless, H, exposure
has only minor effects on the abundance, diversity, and compo-
sition of communities during the moderate time courses of these
experiments, indicating it remains a secondary energy source and
weak selective pressure (19-22).

Termite mounds are underexplored soil-derived environments
where microbial communities are exposed to greatly elevated levels
of gases such as H,. In anoxic environments, such as animal gas-
trointestinal tracts or marine sediments, fermentation supplies
sufficient H, for a multitude of intra- and interspecies metabolic
pathways, including lithoautotrophy (14, 24, 25). However, H,
accumulation is rarely observed due to rapid turnover and tightly
coupled production and consumption (14, 26). The gastrointestinal
tracts of termites are an exception. H, is the central intermediate
during microbial digestion of lignocellulose and is produced at
concentrations comparable to geothermal sources (27-29), such
that termites have even been explored for biofuel production (30).
Most H, is consumed by symbiotic gut bacteria, which produce
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volatile fatty acids absorbed by termites (reviewed in ref. 31), and
some is used by methanogens and emitted as methane (CH,4) (32,
33). Yet considerable amounts of H, leak into the environment.
Termites emit H, and CHy at rates of up to 1.5 pmol Hj - g_l -h!
and up to 1 pmol CH, - g™ - h™', with vast differences between
feeding groups and species (34). As such, termites are recognized
as a globally relevant source of atmospheric CH, emissions (35)
and may also contribute to H, emissions (36). However, termite
mounds harbor bacterial communities that can mitigate emissions.
Specialized mound-associated communities of methanotrophic
Proteobacteria consume approximately half of all CH, produced
by termites (37-39). One historical study indicates H; is also oxi-
dized by mounds (40). Due to high rates of termite respiration,
CO, concentrations of up to 8% are also observed in termite
mounds (41) and may enhance lithoautotrophic growth.

Microbial communities of termite mounds are entirely distinct
from those of termite guts (42-46). Whereas primarily anaerobic
fermentative Firmicutes, Bacteroidota, and Spirochaetota dom-
inate in guts, potentially aerobic respiratory Actinobacteriota,
Proteobacteria, and Acidobacteriota reside in mounds. Mound
and soil communities appear to be closely related, reflecting
mound material is primarily derived from surrounding soil. How-
ever, Actinobacteriota tend to be more abundant in mounds than
soils (45, 46), albeit with some exceptions reported (47). A
cultivation-based study suggests some of these bacteria may serve
as defensive symbionts for termites, specifically fungus-growing
species, by producing antimicrobial compounds (48). Yet the fac-
tors that select for actinobacterial growth have yet to be resolved
(45). Members of this phylum have recently been recognized for
their ability to scavenge atmospheric H; (9, 49, 50) and often grow
during Hy-enriched microcosm experiments (19, 22). On this basis,
we hypothesized that sustained H, and CO, emissions from ter-
mites may select for communities dominated by hydrogenotrophic
Actinobacteriota. In this study, we addressed these knowledge gaps
by investigating the composition, capabilities, and activities of
mound-associated bacterial communities. We profiled mounds and
surrounding soils of three common mound-building termite species,
namely, the wood-feeding Microcerotermes nervosus (Mn), soil-
interface feeding Macrognathotermes sunteri (Ms), and grass-
feeding Tumulitermes pastinator (Tp), representing the dominant
feeding groups of Australian termites. We show that termite emis-
sions have selected for highly abundant and active hydrogenotrophic
communities, whereas methanotrophic bacteria remain rare despite
elevated substrate availability.

Results

Actinobacteriota and Dormibacterota Are Highly Enriched in Termite
Mounds. The abundance and composition of the microbial com-
munities in 97 mound and soil samples was inferred by 16S ri-
bosomal RNA (rRNA) gene qPCR and amplicon sequencing
(Dataset S1). Microbial communities were more abundant and
diverse in mound cores compared to mound periphery (outer
surface) samples (Fig. 1). Whereas microbial abundance was
similarly high between mound cores and surrounding soils (16S
rRNA copy number = 1.3 x 10% and 1.2 x 10° cells - g™, re-
spectively; P = 0.27; Fig. 14), alpha diversity was significantly
lower in mound cores (Shannon index = 5.2 + 0.1 and 6.9 + 0.1,
respectively; P < 0.001; SI Appendix, Fig. S1). Observed differ-
ences reflect the loss of rare amplicon sequence variants (mean
Chaol index of 612 versus 1,991 amplicon sequence variants
[ASVs]; Fig. 1B) and higher evenness in mounds compared to
soils. Likewise, Bray-Curtis beta diversity significantly differed
between mound and soil samples (P < 0.001; permutational
multivariate ANOVA [PERMANOVA]; Dataset S2), driven by
the displacement of many rare ASVs with fewer more abundant
ASVs in mounds (Fig. 1C and SI Appendix, Fig. S2). These dif-
ferences may reflect that tight control on mound material com-
position, substrate availability, and environmental conditions by
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termite activity (51-53) decreases habitat heterogeneity and
available niches compared to soil, thereby favoring well-adapted
and highly competitive specialists. Such observations parallel our
recent report that methanotroph communities are more spe-
cialized in mounds compared to soils (38).

Two phyla were highly enriched in mounds compared to sur-
rounding soils, Actinobacteriota (relative abundance of 57 + 3.1% in
mounds, 26 + 1.4% in soils; P < 0.001) and candidate phylum
Dormibacterota (7.5 + 1.0% in mounds, 2.0 + 0.3% in soils; P <
0.001) (Fig. 1D and SI Appendix, Fig. S2). In contrast, phyla such as
Verrucomicrobiota, Chloroflexota, and Planctomycetota were lower
in relative abundance in mounds (Fig. 1D). Similar community
profiles were generated from metagenomes (SI Appendix, Fig. S3).
Differential abundance analyses confirmed multiple Actinobacteriota
and Dormibacterota ASVs are enriched in mounds compared to
soils (Fig. 1E). Remarkably consistent patterns were observed for
all three termite species despite their contrasting diets and the
physicochemical properties of their mounds, suggesting common
factors select for actinobacterial and dormibacterial growth.

Most Mound Bacteria Are Capable of Hydrogenotrophic Growth or
Persistence. To infer functional traits of mound-associated bac-
teria, we performed homology-based searches of metagenomic
short reads (Fig. 24) against comprehensive curated reference
databases of 50 metabolic marker genes (2). The percentage of
total bacterial cells that perform each process was calculated
based on the ratio of metabolic marker genes to universal single-
copy ribosomal protein marker genes (Dataset S3). Genes for
aerobic organotrophic respiration were encoded by most mound-
and soil-associated bacteria, in line with previous observations of
high heterotrophic activity in mounds (54, 55). In both environ-
ments, most community members were also capable of oxidizing
formate and carbon monoxide, whereas the capacity for photo-
phosphorylation and most anaerobic respiration processes was
low. Three marker genes were significantly more abundant in
mound core communities compared to surrounding soils based on
short reads (P < 0.001; ¢ test with Benjamini-Hochberg correc-
tion): uptake hydrogenases (encoded by an average of 91% of
mound bacteria versus 40% of soil bacteria), RuBisCO (35%
versus 11%), and nitrate reductase (70% versus 13%) (Fig. 24).
The predominance of uptake hydrogenases suggests most mound-
associated bacteria can use termite-derived H, to conserve energy
through aerobic and potentially nitrate respiration. Over a third of
the community are inferred to be capable of lithoautotrophic
growth by coupling H, oxidation to CO, fixation via RuBisCO. As
elaborated in SI Appendix, Supplementary Note 1, putative nitrate
reductase genes were enriched 5.3-fold in the mound communities
compared to soils, suggesting mound communities can adapt to
transient hypoxia (e.g., due to high termite respiration or water-
logging during wet seasons). Capacity for methane and ammonia
oxidation were similar in mound and soil and generally low (<1%
community) despite such gases being greatly supersaturated in
termite mounds compared to ambient air (40, 41, 56) (SI Ap-
pendix, Supplementary Note 1).

To resolve the mediators of these processes, we coassembled
and binned all metagenomes, yielding 51 high- or medium-quality
metagenome-assembled genomes (MAGs) from the mounds, in-
cluding 29 Actinobacteriota, 7 Dormibacterota, 7 Proteobacteria,
and 5 Acidobacteriota MAGs (Dataset S4). The distributions of
metabolic marker genes within the MAGs support the inferences
from short reads that mound-associated bacteria can use organic
and inorganic electron donors, mediate aerobic and nitrate res-
piration, and, in some cases, fix CO,. Hydrogenase lineages known
to support aerobic hydrogenotrophic respiration (“dihydrogen
uptake” in Fig. 2B) were encoded by 25 MAGs spanning all four
phyla. These include MAGs of two mound-enriched genera known
to grow on H,/CO,, Mycobacterium (57) and Pseudonocardia (58)
(Fig. 2B). Most binned and unbinned hydrogenase sequences
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Fig. 1. Abundance, diversity, and composition of bacterial and archaeal communities associated with termite mounds. The results are based on 16S rRNA

gene sequencing of 97 samples from four locations (mound core and periphery; soil beneath and surrounding the mound) and three termite species (Mn, Ms,
and Tp). (A) Boxplot showing total bacterial cells per gram of dry material, estimated from 165 rRNA gene gPCR assuming an average 4.2 16S rRNA gene
copies per cell. (B) Boxplot showing estimated richness of the microbial community based on Chao1 index of the 16S rRNA gene ASVs. In A and B, boxes show
values grouped according to location and termite mound species. Boxplots show medians, upper and lower quartiles, and maximum and minimum values. (C)
Nonmetric multidimensional scaling ordination of the microbial community structure (beta diversity) measured by Bray-Curtis distance matrix of 165 rRNA
gene amplicon sequences; significant differences between groups of samples (P values) were observed through PERMANOVA and subsequent PERMANOVA
pair-wise tests. (D) Phylum-level relative abundance of 165 rRNA gene amplicon sequences. Values are averaged according to location and termite species. (E)
Differential abundance analysis based on the negative binomial model employing all the retrieved ASVs of the most abundant nine phyla and showing the
ASVs significantly more abundant in mound (negative values) and in soil (positive values).

phylogenetically affiliated with the group 1h [NiFe]-hydrogenases,
which are typically high-affinity enzymes that support persistence
through atmospheric H, oxidation (9, 49, 59). Also enriched were
diverse group 2a [NiFe]-hydrogenases known to support aerobic
growth on both atmospheric and elevated concentrations of H; (9,
60) (Fig. 2B and SI Appendix, Fig. S4 and Dataset S4) as well as
deep-rooting lineages of the recently described group 11 [NiFe]-
hydrogenase (61) encoded by Acidobacteriota MAGs (SI Appen-
dix, Fig. S4). Based on short reads, group 1h, 11, and 2a [NiFe]-
hydrogenase genes are 2-fold, 8-fold, and 44-fold more abundant
in mound cores compared to surrounding soils, respectively
(Fig. 24 and Dataset S3). Of the 104 contigs encoding RuBisCO
catalytic subunits, 100 were affiliated with the recently character-
ized IE class known to support actinobacterial hydrogenotrophic
growth (12, 58, 62), and binned sequences were affiliated with
uncultivated Streptosporangiaceae genera and a Pseudonocardia
MAG (Fig. 2B and SI Appendix, Fig. S5). While diverse group 1h
[NiFe]-hydrogenase and type IE RuBisCO sequences were de-
tected, similar sequence clusters and some identical sequences
were recovered from mounds of the three termite species, sup-
porting the observation of similarity between microbial commu-
nities inhabiting mounds of different termite species (SI Appendix,
Figs. S4 and S5). Together, these findings demonstrate that
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lithoautotrophic and lithoheterotrophic bacteria capable of con-
suming termite-derived H, and sometimes CO, are enriched in
termite mounds.

Mounds Are Strong Sinks for Atmospheric Hydrogen Despite Termite
Emissions. In situ measurements substantiated the metagenomic
inferences that mound communities consume H,. We measured
H, concentrations and fluxes for the mounds and surrounding
soils of two termite species (Mn and Ms; Tp mounds were too
large to be sampled with flux chambers) and compared them with
those for the better-studied termite-derived gas CH,. H, con-
centrations of all sampled mounds (0.27 + 0.07 ppm) were similar
to or lower than measured ambient air (0.59 + 0.01 ppm)
(Fig. 34). By contrast, internal mound CH, concentrations were
generally higher than ambient air (19 + 8.5 ppm versus 1.8 + 0.01
ppm), and Ms mounds (34 + 14 ppm) had much higher concen-
trations than Mn mounds (4.1 + 1.8 ppm) (Fig. 3B). Substantial
negative H, fluxes (uptake from the atmosphere), in the range
of —10 to —50 pmol H, - m~2 - h™!, were observed in all mounds
(Fig. 3C and Dataset S5), supporting findings of an early pioneer
study (40) and corroborating the dominance of high-affinity up-
take hydrogenases in mounds (SI Appendix, Fig. S4). As expected
from previous work (32, 37), CH, fluxes were generally positive
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Fig. 2. Metabolic capabilities of microbial communities associated with termite mounds. Shown are key metabolic marker genes for the oxidation of various
respiratory electron donors, reduction of various respiratory electron acceptors, photosystem- and rhodopsin-based photophosphorylation, and carbon
fixation through various pathways. (A) Heatmaps showing the abundance of metabolic marker genes based on homology-based searches of metagenomic
short reads from three locations (mound core, mound periphery, and surrounding soil) and three termite species (Mn, Ms, and Tp). The percentage of
community members predicted to encode each gene was estimated by dividing the hits for metabolic marker genes (in reads per kilobase per million mapped
reads) by the number of hits for conserved single-copy ribosomal protein genes. Genes performing similar reactions are collapsed together, and their values
are summed to 100%. Asterisks (*) indicate genes with significant differences (P < 0.001; t test with Benjamini—-Hochberg correction) in relative abundance
between mound and soil samples. (B) Dot plot showing key metabolic genes encoded by the 52 mound-derived MAGs obtained in this study.

(emission into the atmosphere) (Fig. 3D and Dataset S5), with
values at the lower end of previously reported fluxes for these
species (41, 63, 64); fluxes were negative in two seemingly aban-
doned mounds (Mnl4 and Mnl5) where termites were not ob-
served and CHy fluxes negligible. Soil fluxes were negative for
both H, and CHy, with a range of —9.3 to —22 pmol H, - m~2-h!
and —2.3 to —2.8 umol CH, - m~2 - h™! (Fig. 3 C and D). While soil
H, fluxes compared well to grasslands (2), termite mounds showed
significantly higher H, uptake per square meter (P = 0.026) de-
spite hosting termites as a considerable source of H, (34). This
means that, contrary to CH4, mound communities consumed
termite H, emissions in their entirety and mediated considerable
oxidation of atmospheric H,.

We approximated a mass balance of H, per mound by esti-
mating the gross H, production from published emission rates
per gram termite (34) and termite biomass per mound, with the
latter estimated from CH,4 turnover (37). The mean gross pro-
duction of 20 and 65 pmol H, - m™ - h™! for Mn and Ms mounds
was completely consumed within the mound. When added to the
mean uptake of atmospheric H,, the resulting total H, con-
sumption per mound of —45 and —100 pmol H, - m™ - h™", re-
spectively, was, on average, 150 to 250% of gross production.
This greatly exceeds the sink strength for CH,4, which was found
to be around 50% of the internal CH,4 source (37) and reflects
the massive difference in relative abundance of H,- and CH;y-
oxidizing bacteria in these mounds (Fig. 2).

High-Affinity H, Oxidizers Dominate Uptake Kinetics within Termite
Mounds. We performed ex situ microcosm incubations to deter-
mine the apparent kinetic parameters of H, oxidation (SI Ap-
pendix, Fig. S6 and Dataset S6). The apparent kinetics of H,
uptake were monophasic (n = 8) or biphasic (n = 8) for all but
two samples (SI Appendix, Fig. S7 and Dataset S7). Both mono-
phasic and biphasic samples exhibited a high-affinity activity with a
K., in a similar range to that typically reported for soils (10 to 100
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nM) (65, 66) and actinobacterial atmospheric H, oxidizers (9, 49).
In addition to this high-affinity activity (phase 1), biphasic samples
also exhibited a significantly lower affinity activity with a K;,, in the
micromolar range (phase 2; P = 0.027) (Fig. 3E). These biogeo-
chemical findings support the molecular evidence for kinetically
distinct hydrogenases; the dominant lineages are high-affinity
group 1h hydrogenases adapted to low H, mixing ratios (e.g., at-
mospheric levels), but they co-occur with typically lower-affinity
group 2a [NiFe]-hydrogenases adapted to elevated concentrations
(e.g., due to termite activity) (Fig. 2 and SI Appendix, Fig. S4).
Whereas the K, of monophasic samples grouped with biphasic
samples in phase 1, the maximum reaction rate (V) from
monophasic samples grouped with biphasic samples in phase 2. In
turn, V,,,,, Was significantly lower for biphasic samples in phase 1
(P = 0.004) (Fig. 3F). Specifically, the samples with the lowest K,
exhibited the highest V,,,,, (Fig. 3 E and F), and some mounds
showed high-affinity H, uptake with similar maximum reaction
rates reported for low-affinity oxidation (64, 65). This can only be
explained by very high numbers of active high-affinity hydro-
genotrophs in mounds, in further support of the molecular data.

Nevertheless, there was wide variation in the rates of H, oxi-
dation between the mounds that reflect levels of termite activity
in each mound. For example, the particularly active core samples
of mound Mn17 showed two orders of magnitude higher rates
under ambient air than periphery samples of the seemingly
abandoned mound Mn14 at 9,000 ppm (SI Appendix, Fig. S6).
Through thermodynamic modeling, we calculated the available
power per cell generated from atmospheric H, oxidation in the
microcosms (Fig. 3G and Dataset S8). Values spanned five orders
of magnitude, from metabolic rates sufficient to sustain subsis-
tence in less active core, periphery, and soil samples to those that
can support growth in some highly active mound cores (67, 68).
This high variability stems primarily from reaction rates given
hydrogenotroph cell numbers exhibited relatively low variability
among core and periphery samples (SI Appendix, Fig. S8). The
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Fig. 3. H, concentrations, fluxes, and oxidation kinetics in termite mounds compared to surrounding soils. Results are shown for four sampled mounds each
from two termite species (Mn and Ms). (A and B) In situ concentrations of H, and CH,4 in ambient air and mound air. (C and D) In situ fluxes of H, and CH,4 of
termite mounds and surrounding soils; negative fluxes indicate uptake from the atmosphere, and positive fluxes indicate emissions into the atmosphere. (E
and F) Michaelis-Menten kinetic parameters of H, oxidation, namely, half-saturation constant K, and maximum reaction rate V,,.,, based on microcosm
incubations of mound core, mound periphery, and surrounding soil samples. Samples are grouped by their apparent kinetics, which showed both monophasic
(n = 8) and biphasic kinetics (n = 8). Reaction rates of biphasic samples were separated into phase 1 and phase 2 (S/ Appendix, Fig. S9), resulting in two sets of
Michaelis-Menten parameters. Samples with a linear increase (n = 3) or an incoherent correlation of reaction rate with substrate concentration (n = 2) were
omitted. (G) Cell-specific power generated from the oxidation of atmospheric H, by termite mound bacteria. This was estimated using thermodynamic
modeling from the rates of atmospheric H, oxidation measured in the microcosm experiments, the 165 rRNA gene qPCR cell numbers, and the proportion of
H, oxidizers based on metagenomic short reads. (H) Correlation of log-transformed cell-specific power at atmospheric H, concentrations and log-transformed
internal methane concentrations of mounds as a proxy for termite activity. Point Ms17 periphery was identified as an outlier during regression diagnostics
and excluded from the regression model. Note that mounds Mn14 and Mn15 appeared to be abandoned at the time of field sampling.

variability in oxidation rates and cell-specific power was strongly = metabolically flexible Actinobacteriota and Dormibacterota to
correlated with internal mound CH, concentrations (R*> = 0.82, grow on H,, either alone or mixotrophically with organic sub-
P < 0.001), a strong proxy for termite activity and gross H, pro-  strates, in contrast to bacteria in neighboring soils that primarily
duction (Fig. 3H). This suggests Hj-oxidizing bacteria within  grow organoheterotrophically. Through this unusual example of H,
mounds modulate reaction rates in response to substrate avail-  exchange between habitats, the activities of host-associated H,
ability, shifting from growth during high levels of termite activity to  producers influence those of free-living H, oxidizers. However,
persistence in less active or abandoned mounds. mound-associated bacteria can also persist in less active or aban-

] . doned mounds given their high-affinity H, uptake kinetics and
Discussion flexibility to use organic substrates. Termite foraging follows diur-
As summarized in Fig. 4, we conclude that termites regulate the  nal cycles, and total numbers per mound may vary greatly between
composition and activities of bacteria within their mounds through  seasons, resulting in large fluctuations of trace gas emissions (41,
their gas emissions. Emissions of high amounts of gut microbiota—  69). This may create “feast and fast” cycles for trace gas oxidizers
derived H, (34) and respiratory-derived CO, (41) select for the  over various timescales, with growth on termite-derived H, during
growth of aerobic lithoautotrophic and lithoheterotrophic bacteria ~ “feast” phases and subsistence on subatmospheric H;, levels during
within mounds. We consistently observed the enrichment of nu-  “fast” phases. However, the dominance of high-affinity oxidation in
merous H,-oxidizing Actinobacteriota and Dormibacterota across ~ mound cores suggests that intense competition for H, may limit
multiple mounds spanning three different termite species and three  internal concentrations to subatmospheric levels at most times. We
different sampling dates compared to surrounding soils. Mound  conclude that lithoautotrophic and lithoheterotrophic growth on
communities oxidize H, both in situ and ex situ with typically fast-  termite H, emissions, supplemented by atmospheric H,, is a major
acting, high-affinity kinetics. We infer that when termites increase  metabolic strategy for the microbial community in termite mounds.
their activity and H, emissions, the activity of hydrogenotrophs Several questions remain regarding the relationships be-
increases proportionally to metabolic rates sufficiently high for tween termites and mound communities. One is whether the
growth on Hp, particularly in the core. The gas supply in termite  mound-associated bacterial communities engage in commensal-
mounds creates an unusual opportunity for large populations of ism or mutualism with termites. A potential minor effect of H,
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Fig. 4. Summary of how termite-mediated gas emissions influence the
composition, capabilities, and activities of microbial communities in associ-
ated termite mounds.

consumption by mound-associated bacteria is that it may favor
diffusion of gases from termite guts and thus help to maintain
gastrointestinal H, concentrations at sufficiently low levels to pro-
mote hydrogenogenic fermentation. A more significant advantage
may be that Actinobacteriota, as major active antibiotic producers
in mound environments and elsewhere (48, 70), may protect ter-
mites from the invasion of pathogenic bacteria and fungi. Other
insects also select Actinobacteriota as defensive symbionts, such as
Pseudonocardia by fungus-feeding ant colonies, through unknown
mechanisms (71, 72). The second question is to what extent other
factors beyond termite gas emissions influence the microbial
composition of mounds. Indeed, while hydrogenotrophic Actino-
bacteriota and Dormibacterota are ideally adapted to mounds, it is
less clear what restricts high-affinity H,-oxidizing Acidobacteriota
(73) and methanotrophic Proteobacteria to being only minor
constituents of the community. One factor that may favor Acti-
nobacteriota is their apparent capacity to adapt to transient hypoxic
conditions within mounds through nitrate respiration. However,
various other physicochemical factors associated with termite ac-
tivity and mound architecture are likely to also contribute to se-
lection in these environments.

This work contributes to growing evidence of a large and re-
sponsive terrestrial sink of H,. Under elevated substrate avail-
ability, hydrogenotrophs become dominant community members
such that they can efficiently consume all endogenous (termite-
derived) and much exogenous (atmospheric) H,. These findings
parallel those from microcosm-based studies that show soil H,
supplementation enriches lithoautotrophic Actinobacteriota har-
boring group 1h and 2a [NiFe]-hydrogenases (19, 21, 22). How-
ever, in contrast to these studies, we observed large shifts in
overall composition and diversity compared to surrounding soils,
driven by the enrichment of many, rather than few, hydro-
genotrophs. These differences may reflect several factors: specific
selective pressures associated with termite activity and mound
environments, the longer timescales and greater range of spatially
variable physicochemical conditions across which selection can
occur in natural systems, and the capacity for new species to be
introduced through aeolian dispersal in open systems. The en-
richment of hydrogenotrophs within mounds contrasts with the
low methanotroph numbers and activities reported here and
previously (37, 38). The physiological and ecological factors un-
derlying the differential responses of these bacteria to elevated

60fi8 | PNAS
https://doi.org/10.1073/pnas.2102625118

substrate availability deserve systematic investigation. The result-
ing accumulation of CHy4 has global relevance, with an estimated 1
to 3% of global atmospheric CH, attributed to termites (35).
These contrasting responses to elevated gas availability also reflect
global trends; whereas anthropogenic emissions of H, and CHy
are both increasing, atmospheric CHy4 levels continue to increase
while atmospheric H, levels have remained stable and may con-
tinue to do so even with the rapid ongoing development of an H,
economy (7, 35, 74).

Materials and Methods

Detailed descriptions of the abbreviated methods below, together with all
details on DNA extractions, qPCR, metagenomic binning, phylogenetic
analysis, and thermodynamic modeling, are provided in S/ Appendix.

Field Sampling. All field work was conducted on the campus of Charles Darwin
University in Darwin, NT Australia (12.370°S, 130.867°E), in a typical native
savannah forest representative for large areas of tropical Northern Aus-
tralia. Detailed site conditions were described previously (63). We investi-
gated the three dominant mound-building termite species on site: wood-
feeding Mn, soil-interface feeding Ms, and grass-feeding Tp. Mounds of
these species have recently been investigated for CH,4 turnover and meth-
anotroph community composition (37, 38), while termite H, and CH, pro-
duction for Mn and Ms have been quantified previously (34). Sampling of 33
mounds with associated soil material for the analysis of the microbial com-
munity was conducted during three independent field visits during the dry
season in May 2016 (n = 17 mounds; Mn, Ms, and Tp samples 1 to 9) as
previously described (37, 38), October 2017 (n = 8 mounds; Mn and Ms
samples 10 to 13), and August 2018 (n = 8 mounds, Mn and Ms samples 14 to
17). For all mounds, we sampled the core of the mound (mc; >10 to 15 cm
from mound surface) and the mound periphery (mp; within a 10-cm distance
from surface) separately. For a subset of mounds, we sampled soil beneath
the mounds and soil surrounding the mounds at a >2-m distance following
previously described procedures (38). Briefly, pooled materials deriving from
three different spots of each sampling location were collected under sterile
conditions, immediately refrigerated, and stored at —20 °C until subsequent
processing. During the 2018 sampling campaign, we measured in situ H, and
CH, fluxes from Mn and Ms mounds and associated soils and collected
~200 g of fresh mound and surrounding soil material for ex situ incubations.

Community Profiling. 165 rRNA gene sequencing was used to profile the
composition and diversity of the microbial communities in mound and soil
samples. 16S rRNA genes were amplified using the universal Earth Micro-
biome Project primer pairs F515 and R806 (75) and sequenced on lllumina
platforms. Sequence data processing (S/ Appendix) resulted in 32,025 high-
quality 16S rRNA ASVs. All subsequent statistical analyses (read count nor-
malization, alpha and beta diversity, canonical analysis of principal coordi-
nates, and differential abundance calculations of the 16S ASVs) were
performed with the packages phyloseq v1.30 (29) and DESeq2 v 1.26 (76)
from the open source software Bioconductor (S/ Appendix). Briefly, we
assessed alpha diversity of the nonrarefied ASV dataset with Chao1, Shan-
non, and Inverse Simpson indices and beta diversity of the rarefied ASV
dataset via a Bray-Curtis distance matrix (77). Distances between sample
groups were visualized using nonparametric multidimensional scaling ordi-
nations. Statistical significance and predictability of the observed clustering
according to sample groups was tested via analysis of dispersion, PERMA-
NOVA, and canonical analysis of principal coordinates (S/ Appendix). Nega-
tive binomial models were performed on the nonrarefied ASV dataset to
assess the differential abundance of bacterial ASVs between sample groups,
and the false discovery rate Benjamini-Hochberg method was used to ac-
count for multiple comparisons.

Functional Analysis. To assess the metabolic capacity of the microbial com-
munities, we sequenced 12 metagenomes. We pooled equimolar amounts of
DNA extracted from either mound core, mound periphery, or surrounding
soil for each of three termite species (Dataset S3). The composite DNA
samples were sequenced on an Illumina NextSeq 500 platform. Filtering and
trimming yielded 574,319,518 high-quality paired end reads (Dataset S3). A
total of 54 high- or medium-quality MAGs were assembled from the meta-
genomic sequences of the 12 composite samples, as described in SI Appen-
dix. To search the metagenomes and MAGs for key metabolic genes, the
forward reads at least 140 bp in length were aligned with the blastx function
of DIAMOND (v0.9.24) (78) against a set of 50 previously described cu-
rated protein databases (2) with a query coverage threshold of 80% and a
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percentage identity described in S/ Appendix. The percentage of community
members encoding each gene was estimated by dividing the number of hits
for each gene with the average number of hits of a set of 14 universal single-
copy ribosomal genes, adjusted for differences in gene length and sample
sequence depth and assuming one copy per genome (S/ Appendix).

Flux Measurements. In situ fluxes of H, and CH, from eight termite mounds
and nearby soils were measured in August 2018 with static chambers
according to published protocols (64). Mounds of Tp were excluded, as those
on site were too large for our flux chambers. In brief, large plastic bins of 25
to 120 L volume were clamped and sealed on previously installed collars. Gas
samples of 20 mL were collected with a gas-tight syringe from the chamber
air at five time points within 30 min and transferred into preevacuated
12-mL exetainers. Ambient air samples were collected in the same way,
and duplicate air samples from inside termite mounds were extracted via
long steel capillaries. Soil and chamber air temperatures were monitored
throughout. Gas samples were measured on a gas chromatograph with a
universal pulse-discharge helium ionization detector, as described previously
(11). We calculated fluxes from the concentration gradient at chamber clo-
sure by fitting either a linear or an exponential model well suited for H,
fluxes (79). The best model was chosen according to the Akaike information
criterion. We further estimated gross termite H, production per mound from
CHj4 turnover and direct termite emission data (34). We assumed a fraction
of oxidized CH,4 of 50% (37) to estimate gross CH, emissions from our net
CH, flux data, divided by mean termite CH, emission rates of 0.05 and 0.5
pmol CH, (g termite)™ - h™" to estimate Mn and Ms termite biomass per
mound, and then multiplied by mean termite H, emission rates 0.06 and 0.2
umol H, (g termite)™' - h™" to approximate Mn and Ms gross H, emissions.

Kinetic Measurements. Microcosm incubations of subsamples from eight
termite mounds (core and periphery) and two soils (18 samples in total) were
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performed with samples from the 2018 campaign to estimate the kinetics of
H, oxidation (S/ Appendix). In brief, 10 incubations per sample were spiked
with a different amount of H, each, from 0.53 (air) to 9,000 ppm, and re-
action rates (v) of H, consumption [nanomoles (gram dry mass)~" - minute™']
were calculated from the time course of concentrations via log-linear re-
gression (Dataset S9). For a subset of H, starting concentrations, we also
measured empty vials and autoclaved mound and soil as controls (S/ Ap-
pendix, Fig. S9). Apparent K, and V., could be estimated for 13 samples
using nonlinear regression of reaction rate versus substrate (H,) concentra-
tions after determining the apparent kinetic regime (monophasic or biphasic
phase one or two) with Eadie-Hofstee plots and excluding samples with a
linear regime (SI Appendix, Fig. S7 and S/ Appendix). Estimated K, was
converted into nanomolar aqueous at standard temperature and pressure.
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