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31  Abstract

32  Most aerated cave ecosystems are assumed to be oligotrophic given they receive minimal
33 inputs of light energy. Diverse microorganisms have nevertheless been detected within
34 caves, though it remains unclear what strategies enable them to meet their energy and
35 carbon needs. Here we determined the processes and mediators of primary production in
36 aerated limestone and basalt caves through paired metagenomic and biogeochemical
37  profiling. Based on 1458 metagenome-assembled genomes, over half of microbial cells in
38 caves encode enzymes to use atmospheric trace gases as energy and carbon sources. The
39 most abundant microbes in these systems are chemosynthetic primary producers, notably
40 the novel gammaproteobacterial methanotrophic order Ca. Methylocavales and two
41 uncultivated actinobacterial genera predicted to grow on atmospheric hydrogen, carbon
42 dioxide, and carbon monoxide. In situ and ex situ biogeochemical and isotopic
43  measurements consistently confirmed that these gases are rapidly consumed at rates
44  sufficient to meet community-wide energy needs and drive continual primary production.
45  Conventional chemolithoautotrophs, which use trace lithic compounds such as ammonium
46  and sulfide, are also enriched and active alongside these trace gas scavengers. These
47 results indicate that caves are unique in both their microbial composition and the
48  biogeochemical processes that sustain them. Based on these findings, we propose caves
49 are the first known ecosystems where atmospheric trace gases primarily sustain growth
50 rather than survival and define this process as ‘aerotrophy’. Cave aerotrophy may be a

51  hidden process supporting global biogeochemistry.

52
53 Introduction
54

55  Found beneath one fifth of land surfaces, terrestrial caves provide unique habitats for life,
56 given that they are dark, humid, thermally insulated, and relatively isolated systems'. The
57 interiors of caves are typically oligotrophic habitats because, with specific exceptions (e.g.
58 seasonally flooded, anthropogenically lit caves), they contain minimal photosynthetically-
59  derived organic matter. Transport of dissolved organic carbon in groundwater may support
60 microbial communities®, though its refractory nature means it is of limited importance®.
61 Despite this energy limitation, the sediments and mineral surfaces of caves harbour
62 abundant and diverse microbiota. Caves are enriched with the same nine dominant bacterial
63  phyla as surface soils®, with many of these taxa thought to be aerobic organoheterotrophs’™
64 '°. Some bacteria and archaea within caves are capable of harnessing chemical energy from
65 reduced sulfur, nitrogen, and iron compounds present in drip water and mineral surfaces™ .

66 Given that these lithic compounds generally occur in trace amounts, chemosynthetic
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67  processes are thought to play a minor role in cave microbial ecosystems, except in globally
68 rare, deep geothermally-heated caves usually isolated from the surface'*> .

69 A potential alternative source of energy and carbon in typical cave ecosystems is the
70 atmosphere itself. We have recently discovered that atmospheric molecular hydrogen (H,)
71  and carbon monoxide (CO) are critical energy sources supporting the biodiversity of soils
72  and waters worldwide, and enable complex ecosystems to form in oligotrophic environments
73 such as Antarctic soils®*"?. Bacteria use high-affinity hydrogenases and CO dehydrogenases
74  to liberate electrons from these gases for aerobic respiration and carbon fixation via the
75  Calvin-Benson-Bassham (CBB) cycle?®. Aerobic methanotrophs, which use atmospheric
76  methane (CH,) as a dual energy and carbon source? %, have also been identified in various
77  cave systems and mediate CH, oxidation rates comparable to those of surface soils**™°.
78  Considering these findings, we sought to disentangle the relative roles of atmospheric, lithic,
79  and solar energy sources in supporting primary production and energy conservation in cave
80 ecosystems. To do so, we integrated genome-resolved metagenomic profiling, in situ and ex
81  situ biogeochemical and isotopic measurements, and thermodynamic modelling of sediment
82  and biofilm microbial communities collected along transects from four aerated limestone and
83  basalt caves sampled within Australia.

84

85 Results and Discussion
86

87 Most cave microbes encode enzymes to harvest atmospheric energy sources

88

89 The samples from the four caves we sampled (Fig. 1a, Extended Data Table 1) spanned a
90 broad range of organic carbon (0.08-28.4%), pH (3.6-8.7), and moisture levels (10.8-55.8%).
91 Based on shotgun metagenomic profiling, microbial communities varied substantially
92  between cave sediments and biofilms, between lithology types, and with cave depth (Fig. 1b
93 & 1c; Extended Data Table 3a-g). Microbial abundance (av. 6.7 x 10° rRNA gene copies per
94  gram of dry sediment) and richness (av. 582 Nearest Taxonomic Units per sample; Chaol
95 (based on metagenomic 16S rRNA gene) decreased by 3.3-fold and 1.5-fold, respectively,
96 between the cave entrance and interior sediments (Fig. 1; Extended Data Table 2 & 3b). In
97 line with most other sampled caves®, Actinobacteriota, Proteobacteria, Acidobacteriota,
98 Chloroflexota, and Gemmatimonadota were the most common phyla, along with
99  Thermoproteota (predominantly Nitrosophaerales) (Fig. 1b & 1c; Extended Data Table 3d).
100 Metagenomic assembly and binning yielded 1458 dereplicated high- and medium-quality
101  metagenome-assembled genomes (MAGSs) spanning 36 different phyla.

102 Inferring the energy and carbon acquisition strategies of the cave microbes by

103  searching for 52 conserved marker genes in the MAGs and short reads (Fig 2a; Extended
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104 Data Table 4a-c) suggested that most cave bacteria mediate aerobic respiration using both
105 organic compounds and trace gases as substrates (Fig. 2a-b). Numerous MAGs (44%,
106 normalised to genome completeness), accounting for 54% of mapped metagenomic reads
107 (Extended Data Table 4c), encoded enzymes to consume one or more atmospheric trace
108 gases, namely form | CO dehydrogenases for CO oxidation (25.4% genomes / 73%
109 community based on short reads; Fig. 2a-b; Extended Data Fig. 1), group 1 and 2 [NiFe]-
110  hydrogenases for H, oxidation (25.8% / 43%; Fig. 2a-b; Extended Data Fig. 2), and
111 particulate methane monooxygenases for CH, oxidation (2.9% / 5.1%; Fig. 2a-b; Extended
112  Data Fig. 3a-c). These findings suggest that most microbial cells in caves can oxidise trace
113  gases. Many cave microbes can also use lithic energy sources such as sulfide (11.3% / 19%;
114  Fig. 2a-b), thiosulfate (6.6% / 7.3%, Fig. 2a-b), ammonia (4.1% / 3.6%; Extended Data Fig.
115  4), nitrite (1.2% / 3.7%; Extended Data Fig. 5), and ferrous iron (2.7% / 2.3%; Fig. 2a-b).
116  Photosynthesis genes were abundant in sediments and biofilms at the entrance of each
117  cave, but declined by an average of 75-fold in the cave interior. Conversely, we observed
118 enrichment in cave interiors compared to the entrance of the genes enabling the oxidation of
119  CH, (7-fold), ammonium (1.9-fold), nitrite (2.3-fold), sulfide (1.3-fold), and to a lesser extent,
120 H; (1.3-fold), and CO (1.3-fold) oxidation. Concordant patterns were observed for carbon
121 fixation genes, with the photosynthetic cyanobacterial type 1B RuBisCO decreasing 38-fold,
122 and the chemosynthetic, predominantly actinobacterial type IE RuBisCO increasing 2-fold in
123 cave interiors compared to entrances (Extended Data Table 4b & c; Fig. 2a & b; Extended
124  Data Fig. 6). Some carbon fixation also likely occurs through 4-hydroxybutyrate cycle (2.7% /
125  2.4%), reductive tricarboxylic acid cycle (1.2% / 2.2%), and 3-hydroxypropionate cycle (0.6%
126/ 0.7%). Altogether, these findings indicate a shift from photosynthetic to chemosynthetic
127  primary production in cave ecosystems, driven both by atmospheric and lithic substrates.

128 To ensure these insights were representative of caves worldwide, we further
129  analysed twelve previously published metagenomes representative of diverse global cave
130 ecosystems (Fig. 2a, Extended Data Table 4a). Oxidation of ambient trace gases and, to a
131  lesser extent, lithic inorganic compounds are widespread strategies in sediments and rocks
132 of cave interiors. For example, in rock metagenomes from Monte Cristo Cave (Brazil) and in
133  white microbial mats in Kipuka Kanohina Cave (Hawaii), almost all microbes encode high-
134  affinity hydrogenases®'. The three exceptions are photosynthetic biofilms collected from an
135 illuminated entrance and sinkhole, as well as a cave lake likely to receive considerable
136  organic inputs (Extended Data Table 4a).

137

138  Novel microbes drive cave energy acquisition and primary production

139
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140 We used genome-resolved metagenomics and phylogenetic analyses to resolve
141 which microbes mediate these processes (Extended Data Table 4c; Extended Data Fig. 1 to
142  6). Most hydrogenases, CO dehydrogenases, and RuBisCOs were co-encoded by the most
143 abundant Actinobacteriota lineages residing in the caves (primarily classes Actinomycetia,
144  Thermoleophilia, Acidimicrobiia, and Ca. Aridivitia)*® (Fig. 3a), suggesting that they are the
145 dominant primary producers in these ecosystems. Multiple phyla nevertheless encoded each
146  of these enzymes (12 hydrogenase-, 11 CO dehydrogenase-, and 11 RuBisCO-encoding
147  phyla), highlighting that trace gas oxidation and chemosynthesis are ubiquitous traits
148  (Extended Data Table 4). These enzymes were also encoded by various uncultivated
149  lineages, for example with CO dehydrogenases being encoded by high-quality genomes
150 from the candidate bacterial phyla CSP1-3 and KSB1, as well as two enigmatic orders (RBG-
151  16-68-12, UBA184) of Thermoplasmata archaea inhabiting diverse cave samples (Extended
152  Data Fig. 1). Corroborated by the short-read analysis (Fig. 2a, Extended Data Table 4b),
153 almost all of these hydrogenases are high-affinity clades (groups 1h, 1l, and 2a [NiFe]-

154  hydrogenases®***

) (Fig. 2a), highlighting adaptation to atmospheric concentrations rather
155 than higher concentrations of these gases. Of the 30 most abundant microbes based on
156  genome read mapping (Extended Data Fig. 3a-b, Extended Data Table 4c), 21 were capable
157  of trace gas oxidation including four methanotrophs (all affiliated with the USCy / JACCXJ01
158 clade), whereas none mediated photosynthesis, nitrification, sulfide oxidation, or iron
159  oxidation. The top ten most abundant microbes (comprising 7.6% of all reads) were all from
160 uncultivated genera from Pseudonocardiaceae and Egibacteraceae (both within class
161  Actinomycetia), each of which co-encoded RuBisCO with either CO dehydrogenase and/or
162  uptake hydrogenases. This indicates that caves select highly productive actinobacterial
163  primary producers that grow on atmospheric energy and carbon sources. These
164  Actinobacteriota are the most abundant lineages in the cave biofims, whereas the
165 methanotrophs are the single most abundant species in the cave sediments.

166 We comprehensively analysed the energy and carbon acquisition pathways of the
167 three most abundant predicted hydrogenotrophs in the caves (Fig. 3b), namely the candidate
168 genera herein named Hydrogenomurus, Hydrogenocavus, and Hydrogenolapis (all
169 etymological information in Supplementary Note 2; formerly Pseudonocardiaceae GCA-
170 003244245, Egibacteraceae JACCXRO01, and Actinomycetia JACCUZO01). These lineages
171 were selectively enriched in distinct niches, with Hydrogenomurus prevalent across basalt
172 caves and constituting over half of multiple biofilm communities (up to 73%),
173  Hydrogenocavus dominant in limestone biofilms and moonmilks (up to 54%), and
174  Hydrogenolapis abundant in limestone biofilms and sediments (Fig. 3a; Extended Data Table
175 4c¢). All three taxa encoded high-affinity group 1h [NiFe]-hydrogenases and CO

176  dehydrogenases, consistent with use of trace gases as an energy source. In addition, these
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177 MAGs encoded a complete TCA cycle and a near complete suite of aerobic respiratory
178 complexes (I-V), indicating they can conserve energy through both lithotrophic and
179  organotrophic aerobic respiration. Both Hydrogenomurus and Hydrogenocavus also encoded
180 type IE RuBisCO and a complete CBB cycle, indicating they are facultative
181  chemolithoautotrophs; the lack of enzymes for oxidation of lithic compounds strongly
182  suggests reductants necessary for carbon fixation are provided by H, and CO. Their
183  autotrophic capacity likely underlines their dominance along oligotrophic cave mineral
184  surfaces. Conversely, Hydrogenolapis appears to be solely reliant on organic carbon
185  sources, potentially including peptides and mono- and disaccharides, based on the presence
186  of various ABC transporters. Energy provided by atmospheric trace gases likely enables
187 these microbes to allocate more organic carbon for anabolism*. All taxa encoded the
188  pentose phosphate and Embden—Meyerhof—Parnas pathways for organic carbon catabolism,
189  although only Hydrogenomurus MAGs encoded all genes necessary for complete glycolysis
190 from glucose.

191 Methanotrophs were the most enriched metabolic specialists in the cave interior,
192  based on both genomic read mapping (Fig. 3a; Extended Data Table 4b) and marker gene
193  profiles (Fig. 2a & b). Therefore, we performed an in-depth analysis to resolve the
194  evolutionary history and functional capabilities of putative cave methanotrophs encoding
195 particulate methane monooxygenases (pMMO), as elaborated in Supplementary Note 1. A
196 genome tree revealed that these bacteria span the alphaproteobacterial genus Methylocella
197  (encompassing Methylocapsa within the GTDB framework), the gammaproteobacterial order
198  Methylococcales, and two candidate gammaproteobacterial orders herein named
199  Methyloligotrophales and Methylocavales (formerly JACCXJO01 and CAJXQUOL; etymology
200 in Supplementary Note 2) (Extended Data Fig. 3a). These methanotrophs were
201  progressively enriched from entrance and cave sediments to biofilms, with a single
202  Methyloligotrophales MAG encompassing 10.8% of microbes in a complex limestone
203  sediment (Fig. 3a; Extended Data Table 4c), suggesting CH, is a primary growth substrate of
204  cave communities. While Methylocella and Methyloligotrophales encompass the USCa and
205 USCy lineages of atmospheric methanotrophs?’?844¢  Methylocavales is not known to be
206  methanotrophic and is represented by just one previously reported genome that lacks pmo
207 genes. Consistent with being novel methanotrophs, the cave-exclusive Methylocavales
208  bacteria each encoded complete pmoCAB operons and their PmoA protein formed a novel
209 clade sister with Methyloligotrophales (Extended Data Fig. 3b). They also encode a complete
210 set of genes to oxidise methanol (lanthanide-dependent methanol dehydrogenases),
211  formaldehyde (tetrahydromethanopterin pathway), and formate (formate dehydrogenase) to
212 carbon dioxide for energy conservation (Extended Data Fig. 3c). However, in common with

213 other atmospheric gammaproteobacterial methanotrophs, including the Methyloligotrophales
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214  MAGs analysed, the carbon assimilation pathways used remain incompletely resolved
215  (Supplementary Note 1).

216 Although the capacity for oxidation of lithic substrates was less widespread,
217  numerous chemolithoautotrophs were nevertheless highly enriched in cave sediments and
218  biofilms. Most notable are nitrifiers, including ammonia-oxidising archaea and bacteria, as
219  well as nitrite-oxidising and comammox Nitrospirales (Fig. 2a & b; Extended Data Table 4b-
220 c¢). Members of three archaeal families, Nitrososphaeraceae, Nitrosopumilaceae (e.g.
221  acidophilic Nitrosotalea dominant in basalt caves), and novel clade Nitrosomiraceae (e.g. Ca.
222 Nitrosomirus*’ abundant in limestone caves) ,vastly outhumber ammonia-oxidizing bacteria
223 (Nitrosospira) (Fig. 3a); most encode high-affinity Amtl ammonia transporters, carbon
224  sequestering ABC-type bicarbonate transporters, and carbonic anhydrase consistent with
225  their oligotrophic lifestyle*®. Remarkably, urease, cyanase, and glycine cleavage system
226  genes were also present in most MAGS, suggesting these archaea also sequester ammonia
227  from organic substrates such as urea, cyanate, and glycine. Comammox Nitrospirales
228  (genus Palsa-1315), which include lineages known for their high affinity for ammonia®®, were
229  also widely distributed (Extended Data Table 4b-c). These cave nitrifiers use distinct
230 pathways to fix CO,, spanning 4-hydroxybutyrate cycle (Nitrososphaerales), reductive
231  tricarboxylic acid cycle (Nitrospirales), and CBB cycle (Nitrosospira). Altogether, these
232 findings indicate that caves select for oligotrophic chemolithoautotrophs, and that nitrifiers
233 are likely important primary producers given their autotrophic lifestyle and enrichment. Apart
234 from nitrification, some nine phyla were capable of sulfide oxidation, including numerous
235  Proteobacteria and Actinobacteriota MAGs. We also reconstructed genomes of iron-oxidising
236  Acidobacteriota and Proteobacteria (Fig. 2a & b).

237

238  Trace gas oxidation occurs at high rates alongside lithic substrate oxidation

239

240 To substantiate these findings, we performed in situ and ex situ profiling of the
241  processes of trace gas oxidation and lithic substrate oxidation in each cave. In situ
242 measurements of ambient average concentrations of CH4, H, and CO at the cave entrance
243  were 1.89, 0.63 and 0.11 ppmv, respectively (Fig. 4a; Extended Data Fig. 7), which reflect
244  similar global average concentration of these gases in the lower troposphere®®=2. Ambient air
245  concentrations of CH, and H, gases in limestone caves decreased 1.6-fold and 1,8-fold
246 respectively from the cave entrance to the interior, suggesting microbial consumption (Fig.
247  4a; Extended Data Fig. 7). In situ CH, fluxes greatly increased from -4.7 nmol m™? s™ at the

-1

248  entrance to an average of -37 nmol m™ s™ inside, confirming vast methanotroph activity

249  within caves (Fig. 4b; Extended Data Fig. 7, Extended Data Table 5a). In contrast, H, fluxes
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250 were highest at the entrance and modestly declined inside the cave, averaging around -25
251 nmol m™ s~ (Fig. 4b; Extended Data Fig.7, Extended Data Table 5a).

252 Given the limitations in conducting flux measurements only in areas with sufficient
253  sediment depth for flux chambers, we employed microcosm incubations with bulk sediments
254  and biofilms extracted from cave walls to validate these observations. The microbes within
255 cave sediments and biofilms rapidly consumed all three gases to below atmospheric
256  concentrations (Fig. 4c; Extended Data Fig. 8, Extended Data Table 5b). Oxidation rates
257  were highest for H, on average, followed by CH, and CO. Notably, ex situ CH, oxidation
258 rates closely matched in situ patterns, especially in limestone caves, with a remarkable 7-fold
259 increase from entrance to deep zones (Fig. 4c; Extended Data Fig. 8, Extended Data Table
260  5b), in line with metagenomic observations of increased methanotrophic abundance (Fig.
261  2a). We also tested whether lithic substrates, namely ammonium and sulfide, were also used
262  as energy sources given the metagenomic observations (Fig. 2a). The cave sediments
263  contained varying concentrations of ammonium (1.35 — 40.2 mg/kg), sulfur (7.3 — 2468
264 mg/kg), and iron (6.96 — 2003 mg/kg) as potential chemical energy sources for
265  chemolithoautotrophs (Extended Data Table 1). Ammonium was oxidised at variable rates
266  across the samples and increased from the entrance to the cave interior (Fig. 4e; Extended
267 Data Fig. 9; Extended Data Table 6). These incubations also revealed the accumulation of
268 nitrite and nitrate, consistent with stepwise nitrification processes occurring within the cave
269  environments. Sulfide oxidation was also evident from the accumulation of the end-product
270  sulfate (Fig. 4e; Extended Data Fig. 9; Extended Data Table 6).

271

272 Trace gas oxidation drives community-wide carbon and energy provision

273

274  Thermodynamic calculations based on bulk oxidation rates of H,, CO, and CH, and cell
275  estimates from metagenomics-adjusted gPCR quantification of 16S rRNA genes, revealed
276  that trace gas oxidation rates yielded an average power output of 1.5 x 10™*°, 3.7 x 10"/, and
277 2.6 x 10 W per H,, CO, and CH,-oxidising cell, respectively. Power per cell outputs were
278  similar between lithology types and cave depths for H, and CO, but for CH, were significantly
279  higher in basalt compared to limestone and between surface and subsurface (Fig. 4d,;
280 Extended Data Table 5b). For H, and CO, these calculations are within the average range of
281 maintenance energy reported for various isolates of cultured, typically copiotrophic aerobic
282  organoheterotrophs (10 — 107" W cell)***° and exceed the theoretical maintenance at
283 the limits of life (10™* — 107° W cell’)*®**’. These rates are averaged for all cells and
284  samples, although some microbes likely grow by rapidly co-consuming these gases, notably
285  the highly abundant Hydrogenocavus and Hydrogenomurus. For methanotrophs, these rates

286  greatly exceed the realm to support growth of recently cultivated atmospheric methanotrophs
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287 (1.9 x 10 W — 6.1 x 10™° cell’)***8. Altogether, these models indicate that the rates of
288  atmospheric trace gas consumption are sufficient to sustain the growth of the methanotrophs
289  and the survival of the hydrogenotrophs in these caves, with some bacteria potentially also
290 mediating chemolithoautotrophic growth by using atmospheric H, and/or CO to fix CO,.

291 To probe the major pathways contributing to the organic matter in caves, we
292  quantified the fractionation signature of biomass *C/**C in cave sediments and biofilms (Fig.
293 5a). Two autotrophically-grown hydrogenotrophs and three methanotrophs (including
294  atmospheric CH, oxidiser Methylocapsa gorgona) were also analysed for their carbon
295 fractionation as a comparison. Cave sample organic fractions display a depletion of *C
296  (5"°Corganic) ranging from -21.7 to -67.4 %o, consistent with patterns of hydrogenotrophs and
297  biomass derived from CBB cycle but distinct from other carbon fixation pathways®*® (Fig.
298  5a). 8°Coganic Was progressively more negative from sediments in limestone caves to
299  biofilms in basalt caves, in line with the increasing trends of rbcL and pmoA gene abundance
300 (Fig. 2a, Fig. 5b). Random forest analysis reveals rbcL abundance is the best carbon
301  assimilation gene predictor for 8"*Cygancc (Fig. 5b), and also the most negatively correlated
302  with 613C0rgamC among all metabolic marker genes (Spearman’s rho = -0.56, p = 2.0 x 10‘6).
303  This analysis suggests organic carbon in caves is predominantly derived from the CBB cycle.
304 CH, assimilation, which yields biomass strongly depleted in **C, may also contribute to the
305  highly negative 8"Cqgancc in SOme cave samples, such as a biofilm sample with a 8**Cyganic Of
306 -67.4%0 (Fig. 5a). This was supported by methane carbon assimilation as a function of cell
307  specific methane oxidation rates (Fig. 5c).

308 Finally, we traced radioisotope incorporation of **C-CO, into biomass to ascertain the
309 relative contributions of dark, hydrogenotrophic, and photosynthetic CO, fixation pathways,
310 including as a source of the E513C0rgamC signatures. Whereas photosynthesis was strongly
311  stimulated in the entrance of basalt caves, it was negligible otherwise. Hydrogenotrophic CO,
312  fixation was observed in cave interiors, with two-fold and five-fold more carbon fixed in
313  limestone and basalt caves respectively compared to dark conditions (Fig. 5d; Extended
314 Data Table a). Notably, biofilm and basalt sediment microbes mediated particularly high
315  hydrogenotrophic CO, fixation activities (6.7 x 10™*? nmol cell™ min™) compared to average
316 rates by limestone sediment microbes (6.9 x 10" nmol cell* min™). This supports the
317 metagenomic inferences that H, is the predominant driver of CO, fixation and likely the
318 observed 013C,ganic Signatures in caves. Methanotrophs also contribute significantly to
319  carbon acquisition, as they assimilate 1.8 x 107 to 2.0 x 10™ nmol C cell* min™ , which is
320 further supported by their high activities based on the in situ flux analysis (Fig. 5b; Extended
321 Data Table 7b). These experiments demonstrate that microbial energy and carbon
322  acquisition from atmospheric substrates occur at significant rates with chemosynthetic

323  primary productivity being continuously sustained across a range of cave surfaces given the
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324  relatively stable environmental settings. Aboveground, this type of chemosynthetic primary
325  productivity typically exhibits greater flux variation due to environmental conditions such as
326 aridity.

327

328

329 Conclusions

330

331 Here we provide strong metagenomic and biogeochemical evidence that diverse caves are
332  atmospherically-powered ecosystems. Primary production appears to be driven by highly
333 abundant and active methanotrophs, as well as novel lineages of actinobacterial
334 lithoautotrophs, that continuously use the gases methane, hydrogen, carbon dioxide, and
335 carbon monoxide present in cave atmospheres. Cave ecosystems differ from polar desert
336 soils, the other major type of ecosystem shown to be primarily atmospherically-powered™ 22,
337 inthat trace gases appear to drive substantial continual growth rather than long-term survival
338 in these nutrient-deprived environments. This is reflected by the abundant primary producers
339 in cave sediments and biofilms, the rapid fluxes and activities of trace gas oxidisers, and the
340 theoretical considerations based on thermodynamic and biogeochemical modelling. On this
341  basis, we propose defining the term ‘aerotrophy’ as “the process of growth through the use of
342  atmospheric trace gases as energy and carbon sources” and redefine caves as ecosystems
343  often driven by ‘aerotrophic microorganisms’. Nevertheless, there is much spatial variation in
344  the mediators and rates of this process across cave ecosystems. Other energetic processes
345  co-occur, including chemolithoautotrophic nitrification and sulfide oxidation, with these
346  processes likely becoming dominant in environments where these substrates are more
347 abundant. Aerotrophy might not be as dominant in the numerous caves that have more
348  extensive solar or organic carbon inputs, are disconnected from the atmosphere, or are
349  otherwise largely anoxic. Nonetheless, the occurrence of caves beneath 20% of ice-free
350 terrestrial areas suggests that aerotrophy likely supports large and diverse ecosystems
351 worldwide. Cave aerotrophy may thus be a hidden process influencing global

352  biogeochemical cycling of hydrogen, methane, and carbon.
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353 Figure captions

354 Figure 1 | Cave microbial community composition and structure. a, Map showing
355 geographic and lithological setting of the caves studied. Detailed cave morphology, major
356  environment features, study sites, scale, and sites are shown. b, Phylum-level community
357 composition at the sample level, vertical-coloured bars show the environmental diversity
358  captured according to sample types such as biofilms and soils. ¢, Boxplot of 16S rRNA gene
359 copy number for bulk sediments and peanut butter biofiims according to site and host
360 lithology. d, Boxplot of observed and estimated richness according to site and host lithology.
361 e, Non-metric multidimensional scaling using Bray-Curtis similarity comparing differences in

362 community structure according to lithology.

363  Figure 2 | Metabolic potential of energy and carbon acquisition. a, Heatmap showing the
364  metabolic potential of the community as average gene copies per organisms for conserved
365 marker genes of major energy and carbon acquisition pathways across limestone and
366  volcanic caves in Australia in comparison to global samples. b, Metabolic potential at the
367 genome resolved level (MAGSs). Each dot in the blue shading represents the presence of
368 encoded metabolic functions and the shading represents average genome completeness at
369 the phylum level. Orange lollypop charts show the percentage of genes encoded across all

370 MAGs and purple lollypop charts show the relative abundance maximum for each phylum.

371  Figure 3 | Abundance and capabilities of the most abundant functional groups in
372 caves. a, Differential abundance of key taxa, at family level, between cave entrance, interior
373  sediment, and interior biofilm samples. Box plots show the relative abundance, based on
374 read mapping, of MAGs of hydrogenotrophs (teal), methanotrophs (red), nitrifiers (blue),
375  sulfur oxidisers (yellow), and phototrophs (green). Pairs are denoted with asterisks showing
376  significant enrichment. Taxonomic classification is shown at genus level for taxa used for
377 metabolic mapping. Except for Cyanobacteriota, taxa are shown at family level and at its
378 preceding rank if unclassified, with brackets showing phylum level affiliation (Ac —
379  Actinobacteriota; Pr - Proteobacteria; Do — Dormibacteriota; Th — Thermoproteota; Ni —
380 Nitrospirota). b, Metabolic reconstruction of the three dominant hydrogenotrophic taxa, the
381 candidate genera Hydrogenomurus, Hydrogenocavus, and Hydrogenolapis. All encode
382 genes consistent with trace atmospheric gas oxidation, including a group 1h [NiFe]
383  hydrogenase and CO dehydrogenase. ¢, Metabolic reconstruction of the three dominant
384  methanotrophic MAGs, Methylocella (USCa), Methyloligotrophales (USCy), and
385 Methylocavales. All encode particulate methane monooxygenase and a methanol
386 dehydrogenase. Carbon fixation in Methylocella MAGs can occur via the tetrahydrofolate

387 pathway and serine cycle, but remains unresolved in the Gammaproteobacterial MAGs.
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388  Figure 4 | In situ, ex situ and energy yield measurements for trace gases H,, CO and
389 CHs. a, In situ atmospheric concentrations (ppmv.) for all four caves, faceted by each of the
390 three gasses and site. b, In situ sediment—atmosphere gas fluxes (Jsm negative values
391 indicate net gas consumption). ¢, Bulk sediment oxidation rates over time faceted by each
392 gas and site. d, Amount of power per cell derived from the oxidation of each trace gas,
393  coloured bars depict the range of literature values of maintenance energy requirements or
394  endogenous metabolic rates of different pure cultures (green®, yellow®, lilac®®) and
395  hydrogen oxidisers in deep marine sediments (pink®*®*). e, Rates of nitrogen and sulfur
396 compound metabolism, with positive values indicating accumulation and negative values
397 showing uptake. Nitrification is expected to result in ammonium (NH4") consumption and
398 nitrite (NOy), nitrate (NOg3’), and nitrous oxide (N-O) production, whereas sulfide oxidation is

399  expected to cause sulfate (SO4*) production. All boxplots show min., max., median, and IQR.

400 Figure 5 | Major carbon acquisition processes and activities in caves. a, Boxplot
401  showing depletion of biomass 13C stable isotope (613C0rgamc) across cave sediments, biofilms,
402 and selected autotrophically-grown hydrogenotroph and methanotroph pure cultures.
403  Coloured bars depict the range of literature values of 5"*Corganic Of biomass produced from 4-
404  hydroxybutyrate cycle (4HB cycle; green), 3-hydroxypropionate cycle (3HP cycle; yellow),
405 reductive tricarboxylic acid cycle (rTCA; blue), and Calvin-Benson-Bassham cycle (CBB
406  cycle; pink). 8"Cqanic for pure cultures and literature values were adjusted based on the use
407  of atmospheric CO, (8"C: -8.5%0) and CH, (8"°C: -47.2%.) as sole carbon sources. b,
408 Heatmap showing the abundance ratio of key carbon assimilation marker genes (pmoA, mcr,
409  hbsT, aclB, rbcL) in biofilm against sediment communities (top) and random forest analysis
410 (% Mean Squared Error) of these genes as predictors for cave 8°Coganic Values (bottom). c,
411  Boxplot showing methane carbon assimilation rate as a function of cellular oxidation rates
412  normalised by median methane carbon assimilation fraction commonly observed across soil
413 ecosystems. d, Cellular **C-CO, fixation rates faceted by lithology, comparing cave entrance

414  with interior across three conditions.
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