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Abstract

Background

Deep-sea hydrothermal vent fields are biological hotspots sustained by chemosynthetic primary production
rather than photosynthesis. The Onnuri Vent Field (OVF), discovered in 2018 on the Central Indian Ridge,
exhibits an unusual diffuse-flow regime and supports a distinct faunal community, yet its microbial contributors
to primary production remain incompletely characterized. Zhuqueibacterota (formerly Ca. KSB1) is an
uncultured bacterial phylum long considered strictly heterotrophic, although a recent study proposed that a
single order within this phylum, Zhuqueibacterales, can perform carbon fixation via the Calvin-Benson-Bassham
(CBB) cycle. Because CBB-competent Zhuqueibacterales had not previously been reported from deep-sea
hydrothermal vents, whether Zhuqueibacterota inhabiting the OVF belong to this order, and whether their
capacity for carbon fixation extends to this environment, remained unexamined.
Results

Comparative shotgun metagenomic analysis of sediment from the OVF and two co-located chimney-type vent
fields, Edmond and Solitaire, revealed a prokaryotic community at the OVF marked by the near-absence of
Epsilonproteobacteria, the typically dominant chemolithoautotrophic primary producers at hydrothermal vents.
Metagenome-assembled genome analysis identified Zhuqueibacterota as a lineage with high relative abundance
unique to the OVEF, encoding the complete gene set for carbon fixation via non-canonical CBB cycle variants.
Zhugqueibacterota-derived RuBisCO sequences accounted for 7.2% of total RbcL sequences at the OVF, the
second-largest contribution after Gammaproteobacteria. This carbon-fixing genome belonged to
Oceanimicrobiales rather than Zhuqueibacterales, the order previously reported as the sole lineage capable of the
CBB cycle. Phylogenetic analysis showed that possession of Form I RuBisCO, and thus the potential for active
CBB cycle operation, tracked with isolation habitat rather than taxonomic lineage across the phylum, a pattern
corroborated by global mapping of Zhuqueibacterota-derived RbcL sequences against environmental
metagenomes.
Conclusions

The identification of a carbon-fixing Zhuqueibacterota genome within Oceanimicrobiales, rather than the
previously implicated Zhuqueibacterales, demonstrates that CBB cycle capacity within this phylum cannot be
inferred from order-level taxonomy alone. Instead, the association between Form I RuBisCO possession and
isolation habitat, corroborated by global metagenomic mapping, indicates that habitat exerts a stronger influence
on carbon-fixation potential than phylogenetic lineage in Zhuqueibacterota. These findings identify

Zhugqueibacterota as an unrecognized contributor to carbon fixation in deep-sea hydrothermal vent ecosystems.

Background

In marine ecosystems, primary production is predominantly carried out by photosynthetic microalgae and phytoplankton
in the photic zone [1, 2]. Because sufficient light energy for photosynthesis is generally available only to a depth of about
200m [3], deep-sea environments were historically assumed to depend entirely on organic matter sinking from the surface

ocean as marine snow. However, the substantially higher organismal density at hydrothermal vent fields compared with
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the surrounding deep seafloor demonstrates that these ecosystems cannot be sustained by marine snow alone [4]. The
discovery of deep-sea hydrothermal vents in 1977 on the Galapagos Rift identified an ecosystem in which chemosynthesis,
rather than photosynthesis, is the predominant form of organic carbon production [5, 6]. Hydrothermal vents are now
recognized as chemosynthesis-based ecosystems (CBEs), in which primary productivity is fueled by chemical energy
derived from vent fluids rather than light [7-10].

Seafloor massive sulfides that accumulate around hydrothermal vents contain high concentrations of copper, zinc, gold,
and silver, and interest in their extraction has grown as terrestrial reserves of these metals decline [11]. Under the
recommendations of the International Seabed Authority (ISA) for implementing the agreement under the United Nations
convention on the law of the sea on the conservation and sustainable use of marine biological diversity of areas beyond
national jurisdiction (BBNJ agreement), however, deep-sea exploration and mining are required to be accompanied by
biodiversity research supporting the conservation and restoration of these ecosystems [12]. Microbial and macrofaunal
biomass at hydrothermal vents are typically elevated relative to the surrounding deep sea owing to in situ primary
production by chemolithotrophic bacteria, which form the base of the food web as free-living microbes, epibionts, or
endosymbionts within macrofaunal hosts [13]. Because vent ecosystems depend on carbon fixation by these
chemosynthetic primary producers, characterizing the bacteria responsible for primary production is essential to
understanding the mechanisms that sustain hydrothermal vent ecosystems.

On slow-spreading ridges, low melt production favors the formation of deep faults and the tectonic exposure of mantle
rocks at the seafloor, facilitating deep seawater penetration and hydrothermal fluid circulation, and thereby promoting
hydrothermal vent formation [14]. The Central Indian Ridge (CIR) is a slow-to-intermediate spreading center with an
expansion rate of 20 to 80 mm/yr [15], along which at least seven named active hydrothermal vent fields have been
identified to date: Kairei, Edmond, Solitaire, Dodo, Onnuri, Onbada, and Onnarae [16-20]. Onnuri Vent Field (OVF), first
discovered during a 2018 expedition targeting new hydrothermal vent fields on the CIR and formally reported in 2020, is
located at approximately 2,000 m depth at the summit of an oceanic core complex (OCC-3-2), where it discharges
ultramafic-hosted hydrothermal fluid. Chimney-type vents discharge high-temperature fluids through focused flow,
whereas diffuse vents emit lower-temperature fluids (<100°C) through seafloor cracks, generating a mixing zone between
reduced hydrothermal fluids and oxygenated seawater [21-23]. The OVF departs from this typical diffuse-flow profile:
fluid temperatures exceeding 200°C have been recorded despite its diffuse venting style [24], together with strong
oxidation-reduction potential (ORP) anomalies, high CH4 concentrations, low metal concentrations, and evidence of both
serpentinization and magmatic influence on fluid composition. These features indicate a hydrothermal regime more
complex than that of typical diffuse-flow or chimney-type systems and suggest that the OVF may sustain a
correspondingly distinct ecosystem, warranting biodiversity research.

The OVF hosts a diverse biological community, including holoplanktonic [25] and meroplanktonic larvae [26],
bathymodiolin mussels (Gigantidas vrijenhoeki and Bathymodiolus septemdierum) [27-30], hairy snails (Alviniconcha
marisindica) [31], shrimp (Rimicaris kairei and Alvinocaris sp.) [32], bythograeid crabs (Austinograea rodriguezensis)
[33-35], squat lobsters (Munidopsis lauensis) [36], the parasitic scale worm Branchipolynoe onnuriensis [37, 38],
harpacticoid copepods (Smacigastes sp. [39], Barathricola thermophilus [40]), the ciliate Dysteria parasemilunaris [41],
the gastropod Lophocochlias parvissimus [42], and meiofauna dominated by nematodes (particularly Chromadorita and

Cobbia) [20, 43], with a community structure that differed markedly from that of the surrounding deep sea. Notably, G.
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vrijenhoeki and its parasitic polychaete B. onnuriensis were found exclusively at the OVF among Indian Ocean vent fields
[37]. Based on 16 recovered taxa, seven trophic guilds and four trophic levels have been recognized within the OVF food
web [44], indicating a food web structure of comparable complexity to that reported at other chemosynthesis-based
ecosystems. The OVF has been the subject of extensive geological, geochemical, and faunal investigation, whereas
microbiological characterization of its ecosystem has remained comparatively limited.

Previous microbiological studies of the OVF have provided preliminary insights into its microbial community structure
and metabolic potential, largely through community-level profiling and symbiont-focused analyses. Amplicon and
shotgun metagenomic analyses revealed that Gammaproteobacteria dominate the OVF microbial community, with
predicted functional enrichment in sulfur cycling and single-carbon compound degradation, including methylotrophy and
methanotrophy [45]. Functional gene surveys further demonstrated that CBB cycle genes (rbcLS) were more abundant at
the OVF than at the adjacent Invent E vent field, with sequences most closely affiliated with the Gammaproteobacterial
genera Nitrosococcus and Allochromatium, while rTCA cycle-related genes were more prevalent at Invent E [46]. Stable
isotope analyses of OVF macrofauna identified at least three potential chemosynthetic carbon fixation routes: the CBB
cycle, the reductive tricarboxylic acid (rTCA) cycle, and methanotrophic production [44]. Detection of a single marker
gene, however, does not confirm that a complete carbon-fixation pathway is encoded; genome-resolved metagenomic
analysis is therefore needed to identify previously unrecognized primary producers at the OVF that encode the complete
gene set required for a functional pathway.

One such candidate is Zhuqueibacterota (formerly candidate division KSB1), an uncultured bacterial lineage first
detected in 2000 as a 16S rRNA gene fragment in sulfur-rich coastal sediment [47]. Members of this phylum have since
been reported as dominant taxa in freshwater and seawater bioreactors, caves, and deep-sea hydrothermal vents, yet their
ecological role in each of these habitats remains poorly resolved. Because Zhugueibacterota remains uncultured,
inferences about its function have relied entirely on genomic data. Genomic surveys have predicted capabilities for
carbohydrate hydrolysis, B-oxidation, anaerobic degradation of aromatic hydrocarbons, and alcohol fermentation, leading
to the presumption that Zhuqueibacterota functions as an obligate chemoheterotroph [48-51]. Lian ef al. renamed Ca.
KSBI1 as Zhuqueibacterota and, based on comparative MAG analysis, proposed that the phylum comprises five orders
rather than the six recognized under GTDB-based taxonomy. Notably, MAGs affiliated with the order Zhuqueibacterales
were predicted to perform autotrophic carbon fixation via the CBB cycle [52].

In this study, we performed genome-resolved shotgun metagenomic comparative analysis across three CIR vent fields,
the diffuse-flow OVF and the focused high-temperature chimney vents Edmond and Solitaire, to identify previously
unrecognized primary producers contributing to carbon fixation at the OVF. We further assessed whether such carbon-
fixation potential, exemplified by the recently reported CBB-cycle activity in certain Zhuqueibacterota orders recovered
from hot springs, extends to Zhuqueibacterota populations inhabiting deep-sea hydrothermal vents, and whether this

capacity is restricted to a specific taxonomic order within the phylum.

Methods
Sampling Locations and Collection Procedures

A deep-sea research expedition was conducted aboard the R/V Onnuri by the Korea Institute of Ocean Science
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and Technology (KIOST) from June 9 to July 4, 2018, to investigate hydrothermal vent ecosystems along the Central
Indian Ridge (CIR). Sampling targeted three active vent fields: Edmond (23°52.69'S, 69°35.83'E; [25]), Solitaire
(19°33.413'S, 65°50.888'E; [18]), and the newly identified Onnuri vent field (11°24.9'S, 66°25.4'E), which was first
documented during this cruise [19]. Sediment and chimney materials were collected using a remotely operated
Video-guided hydraulic grab sampler (TV-Grab, designated as GTV; OKTOPUS GmbH, Germany). The GTV was
deployed at locations corresponding to the vent plume and seafloor contact sites. Immediately following recovery,
samples designated for metagenomic analysis were subsampled under sterile conditions and stored onboard at -
80 °C. Detailed sampling coordinates and associated metadata for all collections are provided in Supplementary

Table 1, and the site maps are presented in Supplementary Fig. 1.

DNA Extraction and High-Throughput Sequencing

DNA extraction was performed using the FastDNA SPIN Kit for Soil (MP Biomedicals, Irvine, CA, USA)
following the manufacturer’s protocol. For each sediment sample originating from the three vent-field locations,
500 mg of wet sediment was transferred into four separate extraction tubes, resulting in a total wet weight of 2 g per
sample location. The lysis step involved bead-beating for 30 min at maximum speed using a Vortex Genie. Following
purification and isopropanol precipitation, the resulting DNA pellet was resuspended in 300 pL of 10 mM Tris buffer
(pH 8.0). DNA concentration and purity were assessed using a Qubit fluorometer (Thermo Fisher) and a NanoDrop
spectrophotometer (Thermo Fisher), respectively. Shotgun metagenomic library preparation and sequencing were
performed on an [llumina MiSeq platform using the v3 reagent kit (2 x 300 bp paired-end) at the LAS sequencing
facility (Gimpo, Republic of Korea). All procedures were carried out in a clean laboratory environment, and negative
extraction controls (no sediment input) were processed in parallel with the samples during DNA extraction to
monitor for potential contamination. The extraction controls yielded no detectable DNA and consequently did not

meet the minimum input requirement for library preparation.

Raw Data Processing and Assembly

Raw paired-end reads were subjected to quality control filtering using Skewer v0.2.2 [53]. The filtering criteria
included a minimum base quality threshold of Q30, a minimum read length of 200 bp (-1 200), and automatic adapter
detection (—f auto). PhiX 174 spike-in sequences were subsequently removed using BBTools v37.62 (hdist =1, k =
31) [54]. Following preprocessing, the Edmond, Solitaire, and Onnuri samples yielded 9,226,772, 10,325,276, and
12,420,385 high-quality read pairs, respectively, corresponding to a read retention rate of 85.45 + 2.23 % across all
samples. After merging the filtered read sets, a total of 17,949,744 + 2,326,681 reads were retained for downstream
analyses (Supplementary Table 2). Filtered reads were assembled using MetaSPAdes v3.13.0 with iterative k-mer
sizes of 21, 33, 55, 77, and 99 [55]. To enhance the quality of subsequent metagenomic binning and annotation,
contigs shorter than 1 kb were removed from the assembly output. Taxonomic assignment of contigs was performed
using two complementary strategies: (i) k-mer—based classification with Kraken2 v2.1.6 [56] followed by abundance
re-estimation with Bracken v3.0.1 [57], and (ii) protein-level six-frame translation—based classification using Kaiju
v1.10.1 [58]. Kraken2—Bracken provided high-resolution taxonomic profiling optimized for nucleotide-level

assignments, whereas Kaiju enabled the classification of highly divergent sequences and genomes lacking close
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reference representatives. The combined use of these methods was intended to improve taxonomic accuracy for
deep-sea hydrothermal microbial communities, which are known to contain a high proportion of uncharacterized

lineages.

Carbon Fixation Pathway Abundance Analysis

Open reading frames (ORFs) were predicted from the assembled contigs using Prodigal v2.6.3 [59] with the '—p
meta' option. The resulting protein sequences (FAA files) were subsequently annotated using EggNOG-mapper
v2.1.12 [60] against the eggNOG database v5.0.2 [61]. Key enzymes involved in the seven major carbon fixation
pathways—the reductive tricarboxylic acid (rTCA) cycle, Calvin-Benson-Bassham (CBB) cycle, 3-
hydroxypropionate (3-HP) cycle, Wood-Ljungdahl (WL) pathway, dicarboxylate—4-hydroxybutyrate (DC/4HB)
cycle, 3-hydroxypropionate—4-hydroxybutyrate (3HP/4HB) cycle, and reductive glycine (rGly) pathway—were
identified based on KEGG Orthology (KO) numbers. The complete list of KO identifiers used for pathway
reconstruction is detailed in Supplementary Table 3. To quantify pathway abundance, quality-filtered paired-end
reads were mapped back to the ORF nucleotide sequences using BWA-MEM v0.7.18 [62], and alignment files were
processed with SAMtools v1.21 [63]. Gene-level abundance was estimated as Transcripts Per Million (TPM) [64],
calculated by normalizing read counts by gene length (reads per kilobase, RPK) followed by library size
normalization. TPM values were subsequently aggregated across all enzymes assigned to each pathway to derive

pathway-level abundances, which were then compared among the Edmond, Solitaire, and Onnuri vent fields.

Metagenome Assembled Genomes (MAGs) Binning

For binning with CONCOCT, assembled contigs were split into 10-kb fragments to minimize assembly artifacts
and reduce length bias during clustering; contigs shorter than 20 kb were not fragmented. Genome binning was
performed using three independent algorithms: CONCOCT v1.1.0 [65], MetaBAT2 v2.18 [66], and MaxBin2 v2.2.7
[67], yielding 245, 139, and 364 preliminary bins, respectively. The resulting bin sets were integrated and
dereplicated using DAS Tool v1.1.7 [68], producing 66 non-redundant MAGs. These MAGs were further refined
with RefineM v0.1.2 [69], which employs DIAMOND-based taxonomic profiling to remove contigs with
inconsistent phylogenetic signals. The quality of the refined MAGs was assessed using CheckM v1.2.3 [70].
According to the Minimum Information about a Metagenome-Assembled Genome (MIMAG) standards [71], MAGs
with completeness >90% and contamination <5% were classified as high-quality MAGs (HQ-MAGs), whereas those
with completeness =50% and contamination <10% were classified as medium-quality MAGs (MQ-MAGs). Only
45 MAGs of medium quality or higher were retained for downstream analyses. Taxonomic assignment of these

MAGs was performed using the classify wf module of GTDB-Tk v1.7.0 [72].

MAGs Abundance, Replication Activity, and Functional Annotation

To compare the relative abundance of MAGs across sampling sites, quality-filtered reads were mapped back to
the reconstructed MAGs, and MAG-level abundance values were calculated based on mapped read counts.
Abundances were normalized using TPM to account for differences in sequencing depth among samples. Replication

activity of individual MAGs was estimated using GRiD (Growth Rate index) v1.3 [73]. GRiD infers in situ
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replication rates based on coverage gradients along the genome, specifically considering coverage ratios between
the origin of replication (dnaA/ori) and the terminus region (fer/dif). Functional annotation of MAGs was performed
using DRAM v1.5.0 [74] with the annotate and distill modules, applying a minimum contig size threshold of 500
bp. Annotations were generated based on multiple reference databases, including KOfam [75], UniRef90 [76], Pfam
[77], dbCAN [78], and VOGDB [79]. To assess the taxonomic origin of RuBisCO genes, protein sequences were
identified by filtering annotations corresponding to KEGG orthology K01601, and taxonomic information associated
with these annotations was extracted. The relative contribution of each taxon was calculated as the proportion of

RuBisCO annotations assigned to that taxon.

Collection, Dereplication, and Phylogenomic Analysis of Zhuqueibacterota MAGs

To construct a comprehensive reference dataset of Zhuqueibacterota-related genomes, publicly available MAGs
were collected from multiple sources as of October 2024, including 146 genomes from NCBI, 99 genomes from
GTDB, 53 genomes from the GEMs catalog (A Genomic Catalog of Earth's Microbiomes, JGI), and 11 genomes
reported in previously published studies. Genomes were filtered based on quality metrics, retaining only MAGs with
estimated completeness >70%, contamination <10%, and a quality score (QS) =55. Taxonomic affiliation to the
Zhuqueibacterota lineage was verified using GTDB-Tk, and only genomes consistently classified as
Zhuqueibacterota (Ca. KSB1) were included. Dereplication of the collected genomes together with
Zhuqueibacterota MAGs recovered in this study was performed using dRep v3.6.2 [80], with parameters -sa 0.99
and -nc 0.50 to remove highly similar genomes at near-strain resolution, yielding a final non-redundant dataset of
100 Zhuqueibacterota MAGs (Supplementary Table 4). Phylogenomic relationships among the dereplicated
genomes were reconstructed using the bacterial 120 single-copy core gene set (bac120) identified by GTDB-Tk.
Individual marker genes were aligned using MAFFT v7.526 [81], and partitioned concatenated alignments were
generated. Maximum-likelihood phylogenetic trees were inferred with IQ-TREE v2.4.0 [82] using the Model Finder
Plus (MFP) option with 1,000 ultrafast bootstrap replicates (-bb 1000 -alrt 1000). To further validate tree topology,
an independent phylogenetic tree was reconstructed using PhyloPhlAn3 with 400 amino acid markers, and bootstrap
support values obtained from both IQ-TREE (ultrafast bootstrap and SH-aLRT) and PhyloPhlAn3 were used to
assess the robustness of the inferred topology. As outgroups, type species representing major lineages within the
FCB superphylum — including Bacteroidota, Chlorobiota, Fibrobacterota, Fidelibacteria, and Gemmatimonadota —
were selected to root the tree. To further evaluate genomic relatedness among Zhuqueibacterota MAGs and confirm
phylum-level coherence, pairwise average amino acid identity (AAI) values were calculated using EzAAI v1.2.3
[83]. Effect sizes for these pairwise comparisons were calculated as Cliff's delta using the effsize package v0.8.1 in

R, with magnitudes classified as negligible (|5/<0.147), small (0.147=<(5|<0.33), medium (0.33=<|5|<0.474), or large
(16|=0.474) according to established thresholds [84].

Detection of CBB Cycle Enzymes, Phylogenetic Analysis of RbcL, and Global Mapping
KEGG Orthology (KO) annotations for the Zhugueibacterota MAG dataset were obtained using GhostKOALA
[85]. Environmental source information for RbcL-containing Zhuqueibacterota MAGs was assigned based on

metadata associated with each genome. The presence or absence of genes corresponding to both canonical and non-
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canonical Calvin-Benson-Bassham (CBB) cycle pathways was determined according to KO identifiers. For
phylogenetic analysis of, RbcL sequences identified from Zhuqueibacterota MAGs were analyzed together with
reference sequences representing known RbcL forms (Supplementary Table 5). Multiple sequence alignment was
performed using MAFFT, and poorly aligned or gap-rich regions were trimmed with trimAl v1.5 [86] using the -gt
0.05 option. A maximum-likelihood phylogenetic tree was reconstructed using IQ-TREE with the LG+RS5
substitution model and branch support assessed with 1,000 ultrafast bootstrap replicates (-bb 1000 -alrt 1000). To
investigate the global distribution of Zhuqueibacterota-associated RbcL genes, metagenomic sequences annotated
as K01601 were retrieved from the Integrated Microbial Genomes & Microbiomes (IMG/M) database [87], yielding
a total of 3,295,882 sequences. The maximum pairwise sequence identity among RbcL genes within the
Zhuqueibacterota MAG dataset was 99.59%. To ensure conservative assignment, a stricter threshold of 99.6%,
exceeding this intra-dataset maximum, was applied to global database hits. Global mapping was performed using
DIAMOND BLASTp [88] with an e-value cutoff of le-5, and hits meeting these criteria were used to infer the

environmental distribution of Zhuqueibacterota-derived RbcL sequences.

Results

Microbial community composition across three hydrothermal vent fields in the CIR

Microbial community composition across the three hydrothermal vent fields was assessed using Kraken2-
Bracken and Kaiju classifiers; the two methods yielded highly consistent patterns at the phylum level (Fig. 1A).
Notably, the OVF exhibited a substantially higher relative abundance of Gammaproteobacteria and a lower relative
abundance of Flavobacteria compared with the Edmond and Solitaire vent fields, while Epsilonproteobacteria were
present at extremely low relative abundances in the OVF. These compositional differences were also evident at the
genus level (Fig. 1B). The sulfur-oxidizing genera Sulfurovum and Sulfurimonas, which were abundant in the
Edmond and Solitaire vent fields, were detected at only very low levels in the OVF. Members of these genera are
key chemolithoautotrophic microorganisms involved in carbon fixation and sulfur cycling in hydrothermal vent
ecosystems. Another genus exhibiting clear site-specific enrichment was Lutibacter, which was abundant in the
Edmond and Solitaire vent fields but relatively scarce in OVF. Genomic analysis of Lutibacter profundi LP1T,
isolated from chimney surface biofilms in Arctic deep-sea hydrothermal vents, revealed microaerophilic and
organotrophic metabolic traits, with a complete denitrification pathway and genes involved in sulfide oxidation,
indicating the capacity for energy acquisition through sulfide oxidation under oxygen-limited conditions [89].
Members of this genus have also been proposed as important degraders of organic matter, including nucleic acids,
in sulfide-rich deep-sea environments [90, 91]. In contrast, the archaeal genus Nitrosopumilus was markedly
enriched in the OVF. Nitrosopumilus species belong to ammonia-oxidizing archaea (AOA), which perform
autotrophic ammonia oxidation via the sequential action of ammonia monooxygenase and hydroxylamine
dehydrogenase [92-94]. Owing to their exceptionally high affinity for ammonia, AOA sustain growth even at the
extremely low ammonia concentrations typical of oligotrophic deep-ocean environments [95], and are therefore
considered important regulators of nitrogen cycling in the deep ocean. In addition, many AOA fix carbon via the

3HP/4HB cycle [96], contributing to chemosynthetic primary production in deep-sea ecosystems. Together, the
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depletion of rTCA-associated Epsilonproteobacteria and the enrichment of Gammaproteobacteria and AOA at the
OVF suggest a shift away from the canonical Epsilonproteobacteria-dominated, sulfur-based primary production

typical of hydrothermal vents, toward alternative energy-acquisition and carbon-fixation strategies.

Carbon fixation potential across three hydrothermal vent fields in the Central Indian Ridge

To investigate whether differences in microbial community composition were associated with variations in
carbon fixation potential across the three hydrothermal vent fields, the abundance of enzymes involved in seven
known carbon fixation pathways—rTCA, CBB, 3-HP, WL, DC/4HB, 3HP/4HB, and rGly—was compared (Fig. 1C;
Supplementary Table 6). Enzymes associated with the rTCA cycle were widely detected across all three sites;
however, the key citrate-cleavage reactions showed markedly lower abundance in the OVF. Both known citrate-
cleavage strategies—ATP citrate lyase (ACL) and the two-step system comprising citryl-CoA synthetase (ccsA) and
citryl-CoA lyase (ccl)—were less prevalent in Onnuri than in the Edmond and Solitaire vent fields, consistent with
the relatively low abundance of Sulfurovum and Sulfurimonas, whose members use the rTCA cycle as a primary
carbon fixation pathway [97-99]. Genes encoding enzymes of the WL pathway were detected across all three vent
fields, and the relatively uniform distribution of the Rnf complex suggests comparable energy conservation
capacities linked to this pathway among sites [100]. However, enzymes involved in CO; and formate utilization—
including carbon monoxide dehydrogenase (CODH) and formate dehydrogenase—were relatively enriched in the
OVF, whereas formate-tetrahydrofolate ligase was more abundant in the Solitaire vent field, indicating site-specific
variation in substrate utilization strategies within the WL pathway. The CBB cycle appeared broadly distributed
across all three vent fields; however, key enzymes of the canonical CBB cycle, including fructose-1,6-
/sedoheptulose-1,7-bisphosphatase (F/SBPase) and phosphoribulokinase (PRK), were less abundant in the OVF.
This pattern suggests that carbon fixation at the OVF may proceed via a non-canonical, PPi-PFK-dependent variant

of the CBB cycle [101].

MAG-based reconstruction reveals non-canonical CBB cycle potential in the OVF

Because pathway-level gene abundance alone cannot identify which taxa are responsible for this potential,
metagenome binning was performed to reconstruct MAGs and identify previously unrecognized microbial
contributors to primary production in the OVF. In total, 45 MAGs were recovered, comprising three archaeal and
42 bacterial genomes (Fig. 1D). Analysis of sample-specific relative abundance (logioTPM) and replication rates
estimated using GRiD revealed that MAGs with high relative abundance at each site also tended to display elevated
replication rates, indicating active microbial growth within their respective environments (Fig. 1E). Several MAGs
displayed consistently high abundance and replication activity exclusively in the OVF, including 102018 MAG 02
(Nanoarchaeota; Pacearchaeales), 102018 MAG 03 (Thermoplasmatota; RBG-16-68-12), 102018 MAG 04
(Actinobacteriota; UBAS5794), 102018 MAG _22-24 (KSB1; CR04binl5), 102018 MAG_27-28 (Planctomycetota;
Pirellulales), 102018 MAG 29 (Alphaproteobacteria, Bin95), 102018 MAG 31 (Alphaproteobacteria;
Rhodospirillales), 102018 MAG 32  (Alphaproteobacteria;  Sphingomonadales), 102018 MAG 33-34
(Alphaproteobacteria; Acidiferrobacterales), and 102018 MAG 35 (Alphaproteobacteria; AKS1) (Supplementary

Table 7). To assess their carbon fixation potential, gene content analysis was restricted to MAGs meeting
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conservative quality thresholds (completeness =70%, contamination <5%, quality score =55) (Fig. 2A). Among
the 11 MAGs enriched in the OVF, only 102018 MAG 22 harbored a nearly complete gene set associated with
carbon fixation via the CBB cycle. [02018 MAG 22 lacks fructose-1,6-bisphosphatase class [I/sedoheptulose-1,7-
bisphosphatase (F/SBPase), indicating that the canonical CBB cycle is unlikely to operate in this lineage. However,
this genome encodes ATP-dependent 6-phosphofructokinase (PPi-PFK) and transaldolase (TAL), indicating the
potential operation of alternative CBB variants, including the PPi-PFK-dependent CBB cycle and the transaldolase-
variant SBPase-less CBB cycle (Fig. 2B). The co-occurrence of PPi-PFK and transaldolase indicates the genomic
potential to operate two alternative CBB variants rather than a single redundant pathway. The PPi-PFK-dependent
CBB cycle requires less ATP than the canonical pathway, whereas the transaldolase-variant SBPase-less CBB cycle
involves fewer enzymatic steps; both may represent energetically favorable strategies under energy-limited
conditions. This co-occurrence may allow the lineage to adjust its carbon-fixation strategy according to energy
availability in the hydrothermal vent environment [101].

We therefore focused subsequent analyses on 102018 MAG_22. To identify the taxonomic origin of RuBisCO
genes detected at the OVF, taxonomic classification of RuBisCO sequences was performed (Fig. 2C). Ca. KSB1
(Zhuqueibacterota) accounted for the second-largest contribution to RuBisCO sequences (7.2%) after
Gammaproteobacteria (71%), a notable finding given that no prior study has reported carbon fixation by KSB1 in
hydrothermal vent environments. A recent study demonstrated that certain lineages within KSBI, specifically
Zhuqueibacterales, possess the capacity for carbon fixation via the CBB cycle in hot spring environments, leading
to the proposal of a new phylum designation, Zhuqueibacterota [52]. Whether this autotrophic capacity extends to
Zhuqueibacterota populations inhabiting hydrothermal vents, and whether this lineage functions as a genuine
primary producer in such environments, has not been examined. We therefore characterized the taxonomic and

genomic diversity of Zhuqueibacterota in greater detail.

Genome-based analyses redefine order-level diversity and carbon fixation potential of Zhuqueibacterota
According to Lian et al. [52], Zhuqueibacterota comprises a single class encompassing five orders—
Residuimicrobiales, Oleimicrobiales, Thermofontimicrobiales, Oceanimicrobiales, and Zhuqueibacterales.
However, genome-based phylogenetic analysis conducted in the present study revealed that Zhuqueibacterota
comprises seven orders rather than five (Fig. 3A). This discrepancy arises from two observations. First,
Oleimicrobiales was resolved as two independent clades, with one clade retaining the original designation
(Oleimicrobiales) and the other representing a distinct, previously unrecognized lineage (Clade 4). Second, JDFR-
76, which was classified as a sister phylum to Zhuqueibacterota by Lian et al. [52] but had previously been
considered a subordinate order within KSB1 under GTDB-Tk classification, was placed within Zhuqueibacterota in
our phylogenetic tree (Clade 7). To validate the placement of JDFR-76 within Zhuqueibacterota, average amino acid
identity (AAI) analysis was performed (Fig. 3B, Supplementary Table 8). AAI values between JDFR-76 members
and other Zhuqueibacterota members (JDFR-76 group) showed extensive overlap with those among
Zhuqueibacterota members alone (internal group; Cliff's 6 =-0.17, small), whereas AAI values between the outgroup
and either the JDFR-76 group or the internal group formed clearly separated distributions (Cliff's 6 = 1.00 for both

comparisons, large). Based on phylogenetic topology and AAI analysis, we propose Clade 4 and Clade 7 as two
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novel orders within the phylum Zhuqueibacterota, for which we propose the names Geothermoviventales ord. nov.
and Abyssisedimentimicrobiales ord. nov., respectively. Among all Zhuqueibacterota MAGs examined, 26 were
found to encode RuBisCO (Fig. 3A; colored backgrounds on MAG labels indicate isolation source; Supplementary
Table 4). To further assess their carbon fixation potential, the presence of CBB cycle-associated enzymes was
examined across these 26 MAGs (Fig. 3C). In contrast to previous findings, which suggested that only MAGs
belonging to Zhuqueibacterales possessed the potential for carbon fixation via the CBB cycle [52], our results reveal
a more complex distribution. Four of the 26 RuBisCO-encoding MAGs lacked GAPDH, PRK, and RPE, rendering
RuBP regeneration impossible and thus precluding complete CBB cycle operation; three of these belonged to
Zhuqueibacterales—073.GCA_011375275.1 (Lau Basin hydrothermal vent rock), 091.GCA 022072515.1
(alternating anaerobic and microaerobic bioreactor), and 093.GCA_034505955.1 (hot spring sediment)—and one
belonged to Residuimicrobiales—010.3300025882.5 (anaerobic digestor sludge). Furthermore, two deep-sea-derived
MAGs within  Oceanimicrobiales—062.GCA_022574215.1 (Mariana Trench surficial sediment) and
068.102018 MAG 22 (Onnuri hydrothermal vent field sediment)—encoded a gene set consistent with complete
CBB cycle operation, showing that the capacity for CBB-based carbon fixation within Zhuqueibacterota extends

beyond Zhuqueibacterales.

RuBisCO sequence analysis of Zhuqueibacterota MAGs

Phylogenetic analysis of RuBisCO amino acid sequences derived from Zhugueibacterota MAGs, together with
reference sequences representing each RuBisCO form, revealed that the distribution of RuBisCO forms was not
confined to specific orders but was instead associated with the isolation habitat of each MAG (Fig. 4A;
Supplementary Table 4). MAGs derived from deep-sea habitats (hydrothermal vents and trenches) and terrestrial hot
springs harbored Form I RuBisCO as the predominant form, along with additional copies of Form III and Form IV.
In contrast, MAGs derived from bioreactors and cave wall deposits harbored Form III as the predominant form,
along with Form II and Form IV, for which catalytic activity in the CBB cycle remains uncertain. Notably, while
certain Zhuqueibacterales MAGs from bioreactor environments lacked Form I RuBisCO, 102018 MAG 22,
belonging to Oceanimicrobiales and recovered from the OVF, harbored Form I RuBisCO, further supporting its
potential for active CBB cycle operation. To examine the global distribution of Zhuqueibacterota-derived RbcL
sequences, metagenomic contig-level data from the IMG/M database were searched using DIAMOND BLASTp
(Fig. 4B; Supplementary Table 9). Consistent with the patterns observed in Fig. 4A, Form I and Form III RuBisCO
were predominant in metagenomes from hot springs, freshwater, and hydrothermal vent environments, whereas
Form III was the dominant form in metagenomes from intertidal zones, cave biofilms, and activated sludge, followed
by Form IV (Fig. 4C). Together, these findings indicate that habitat, rather than phylogenetic affiliation, is a primary

determinant of RuBisCO form distribution within Zhugueibacterota.

Discussion

The proposal by Lian et al. [52] that CBB cycle capacity within Zhuqueibacterota is confined to the order

Zhuqueibacterales rests on a taxonomic framework of five orders. The present phylogenomic analysis revises this
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framework to seven orders, a discrepancy driven by the resolution of Oleimicrobiales into two independent clades,
one retaining the original designation and the other described here as Geothermoviventales ord. nov., and by the
reassignment of JDFR-76, previously treated as a sister phylum, to a position within Zhuqueibacterota as
Abyssisedimentimicrobiales ord. nov. This revised topology matters directly for the CBB cycle argument: once
Abyssisedimentimicrobiales and Geothermoviventales are accounted for as internal lineages rather than external or
unresolved groups, the taxonomic boundaries against which CBB-capable MAGs were mapped shift, and the carbon-
fixing genome recovered from the OVF resolves unambiguously to Oceanimicrobiales rather than to
Zhuqueibacterales. A single-order model of CBB capacity cannot accommodate this placement without treating
Oceanimicrobiales as an independent origin of the pathway, which in turn implies that the trait cannot be diagnosed
from order membership alone.

The habitat-tracking pattern observed here provides an alternative model that better accounts for the data than a
lineage-restricted one. Among the 26 RuBisCO-encoding Zhuqueibacterota MAGs, CBB-cycle completeness did not
partition by order: three Zhuqueibacterales MAGs (from a hydrothermal vent rock, a bioreactor, and hot spring
sediment) and one Residuimicrobiales MAG (from anaerobic digestor sludge) lacked the genes required for RuBP
regeneration, while two Oceanimicrobiales MAGs, one from the Mariana Trench and one from the OVF, retained a
complete gene set. What distinguished the complete from the incomplete genomes was not order but isolation source,
a pattern that recurred at the RuBisCO-form level: Form I, the form associated with active CBB operation,
predominated in MAGs and in global IMG/M metagenomes from deep-sea and hot-spring habitats regardless of order,
whereas Form III predominated in bioreactor- and cave-derived sequences, including in Zhuqueibacterales MAGs
that would be predicted to retain Form I under a strictly lineage-based model. This convergence between the MAG-
level and the global metagenome-level analyses indicates that the association with habitat is unlikely to reflect
sampling artifacts specific to the Zhuqueibacterota MAG dataset, and instead points to habitat as the variable that
more consistently predicts carbon-fixation potential across this phylum than taxonomic order.

Several limitations should be considered when interpreting these findings. First, gene content analysis was restricted

to MAGs meeting a completeness threshold of =70%, which falls short of the high-quality standard (>90%

completeness) recommended by MIMAG guidelines [71]; incomplete genome recovery may have led to
underestimation of carbon fixation potential in MAGs where relevant genes were present but not assembled or binned,
and the absence of a gene in an incomplete MAG cannot be interpreted with certainty as a true absence in the source
organism. Second, sampling was restricted to a single expedition along one section of the Central Indian Ridge, with
sediment collected once from each of the three vent fields without biological replication; the extent to which the
community and functional patterns observed at the OVF generalize across other diffuse-flow vent systems, or vary
temporally within the OVF itself, remains untested. Third, because Zhuqueibacterota remains uncultured, all
inferences regarding its carbon-fixation capacity are based on genomic potential rather than direct physiological or
biochemical evidence; the presence of a complete CBB cycle gene set does not confirm that the pathway is transcribed,
translated, or active in situ, and future work using metatranscriptomic or stable-isotope-labeling approaches would be
needed to validate functional carbon fixation by this lineage. Fourth, the global distribution analysis of
Zhuqueibacterota-derived RbcL sequences relied on metagenomic assemblies deposited in the IMG/M database,

which reflects the sampling and sequencing effort of the broader research community rather than a systematic
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environmental survey; habitats that are more heavily represented in public repositories may therefore appear
disproportionately enriched for Zhuqueibacterota-derived RuBisCO, and the true environmental distribution of this

lineage's carbon-fixation potential may extend to habitats currently underrepresented in available metagenomic data.

Conclusion

Genome-resolved metagenomic analysis of the Onnuri vent field identified Zhuqueibacterota as a previously
unrecognized contributor to carbon fixation at a deep-sea hydrothermal vent, a habitat in which this capacity had not
been reported. Contrary to the proposal that CBB cycle activity within Zhuqueibacterota is restricted to the order
Zhuqueibacterales, the CBB-competent MAG recovered from the OVF belonged to Oceanimicrobiales, and genome-
based and RuBisCO phylogenetic analyses indicated that RuBisCO form distribution across the phylum tracks with
isolation habitat rather than taxonomic lineage. Global mapping of Zhugueibacterota-derived RbcL sequences against
environmental metagenomes further supported this habitat-driven pattern: Form I RuBisCO, the form associated with
active CBB cycle operation, was specifically enriched in metagenomes from hydrothermal vents, terrestrial hot springs,
soil, and freshwater, whereas metagenomes from bioreactor-associated habitats predominantly harbored Form III
RuBisCO and Form IV RuBisCO-like proteins, whose contribution to the CBB cycle remains uncertain or absent.
Together, these findings support recent evidence that Zhuqueibacterota, despite remaining uncultured and functionally
uncharacterized across most of its habitats, can act as a CBB-based primary producer, and indicate that this role is

contingent on habitat rather than a fixed, phylum-wide trait.
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Figure 1. Microbial community composition and carbon fixation potential across three hydrothermal vent fields along the Central Indian Ridge. (A)Relative
abundance of top 20 microbial taxa at the class level, classified by Kraken2-Bracken (left) and Kaiju (right). (B)Relative abundance of top 50 microbial taxa at the
genus level excluding “Other”, classified by Kraken2-Bracken (left) and Kaiju (right). (C)Heatmap of aggregated TPM values (logio) for enzymes associated with
seven carbon fixation pathways. (D)Quality metrics and GTDB-Tk-based taxonomic classification of recovered MAGs. (E)Heatmap of MAG relative abundance
(log10TPM) and replication rates (GRiD) across three vent fields.
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Figure 2. Carbon fixation potential of MAGs enriched in the OVF. (A)Presence or absence of enzymes associated with carbon fixation pathways across MAGs
recovered in this study. Yellow circles indicate MAGs with high relative abundance in the OVF. (B Enzyme complement of 102018_MAG_22 for canonical and non-
canonical CBB cycle variants; gray labels indicate absent enzymes. (C)Donut chart showing the taxonomic composition of RuBisCO (RbcL) sequences detected in
the OVF.
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Figure 3. Phylogenomic analysis and carbon fixation potential of Zhuqueibacterota. (A)Maximum-likelihood phylogenomic tree of Zhugqueibacterota MAGs.

Node su}ﬁport is indicated as follows: filled circles (@) for nodes with >90% support across all methods, (O)

nodes w

ere at least one method yielded <70% support. Colored backgrounds on MAG labels indicate the isolation source of RbcL-encoding MA

for nodes with 70-90% support, and trian%les( Aﬁ for
s: yellow,

bioreactor; sky blue, deep-sea habitats; pink, terrestrial hot springs; green, cave wall deposits. (B)Pairwise AAI value distributions among three genome groups:
JDFR-76 group (AAI between JDFR-76 members and other Zhuqueibacterota members), internal group (AAI among non-JDFR-76 Zhugueibacterota members), and
external group (AAI between all Zhuqueibacterota members including JDFR-76 and outgroup genomes). (C)Presence or absence of CBB cycle-associated enzymes

across RbcL-encoding Zhuqueibacterota MAGs.
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Figure 4. Phylogenetic analysis and global distribution of Zhugqueibacterota-derived RbcL sequences. (A)Maximum-likelihood phylogenetic tree of
Zhuqueibacterota-derived and reference RbcL sequences. Colored backgrounds on MAG labels indicate Zhuqueibacterota-derived sequences, with colors
representing isolation source type. (B)Global distribution map of Zhuqueibacterota-derived RbcL sequences identified by matching against metagenomic assemblies
retrieved from the IMG/M database. (C)Distribution of RuBisCO forms among Zhugueibacterota RbcL sequences grouped by isolation source type.
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