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Microbial metabolic potential of 
hydrothermal vent chimneys 
along the submarine ring of fire
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Hydrothermal vents host a diverse community of microorganisms that utilize 
chemical gradients from the venting fluid for their metabolisms. The venting 
fluid can solidify to form chimney structures that these microbes adhere to 
and colonize. These chimney structures are found throughout many different 
locations in the world’s oceans. In this study, comparative metagenomic 
analyses of microbial communities on five chimney structures from around the 
Pacific Ocean were elucidated focusing on the core taxa and genes that are 
characteristic of each of these hydrothermal vent chimneys. The differences 
among the taxa and genes found at each chimney due to parameters such as 
physical characteristics, chemistry, and activity of the vents were highlighted. 
DNA from the chimneys was sequenced, assembled into contigs, and 
annotated for gene function. Genes used for carbon, oxygen, sulfur, nitrogen, 
iron, and arsenic metabolisms were found at varying abundances at each of 
the chimneys, largely from either Gammaproteobacteria or Campylobacteria. 
Many taxa shared an overlap of these functional metabolic genes, indicating 
that functional redundancy is critical for life at these hydrothermal vents. A high 
relative abundance of oxygen metabolism genes coupled with a low abundance 
of carbon fixation genes could be  used as a unique identifier for inactive 
chimneys. Genes used for DNA repair, chemotaxis, and transposases were 
found at high abundances at each of these hydrothermal chimneys allowing for 
enhanced adaptations to the ever-changing chemical and physical conditions 
encountered.
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1 Introduction

Deep-sea hydrothermal vents have been an ecosystem of interest since their discovery in 
1977 (Francheteau et al., 1979). The mixing of the hot reduced fluids with the cold oxygenated 
seawater creates the chimney, a solid structure to which organisms can adhere (Opatkiewicz 
et al., 2009). Not only do these chimneys provide a surface for microbial growth but also vent 
fluids support the growth of chemoautotrophic microbes (Kato et al., 2018). The metabolic 
byproducts of these microbes are disseminated throughout the ocean, contributing to global 
geochemical cycling functioning as the trophic base to both deep-sea and upper ocean food 
webs (Edwards, 2004; Ardyna et al., 2019). By metabolizing vent fluid and mineral deposits of 
the hydrothermal vent chimneys, chemoautotrophic microbes enhance community richness 
and diversity by allowing for hydrothermal vents to become more diverse communities 
(Wright et al., 2002).
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Hydrothermal vents are ecologically and economically important. 
A sizeable fraction of the ocean’s organic carbon is a direct result of 
microbial carbon fixation from these venting sites (Cathalot et al., 
2021). Similarly, microbial production of iron at hydrothermal vents 
is critical for primary productivity and nitrogen fixation throughout 
the deep ocean (Früh-Green et al., 2022). Due to the high levels of 
valuable metals such as silver, copper, cobalt, and gold, hydrothermal 
vent systems are increasingly being considered for deep-sea mining 
(Han et al., 2018). Deep-sea mining produces large particle plumes 
and landslides that can impact benthic filter feeders’ ability to access 
food and destroy the growth surfaces (Orcutt et al., 2020). This could 
have downstream impacts since these microbes could act as settlement 
cues for vent-endemic invertebrates (O’Brien et al., 2015). Without 
these microbial primary producers at these chimney sites, the rich 
ecosystem would become largely uninhabitable.

Chimneys are found worldwide and have a wide range of venting 
temperatures, chemical composition, and flow rates (Emerson and 
Moyer, 2010). Differences in abiotic factors, such as the presence of 
oxygen, pH, pressure, heat flux, and reduced chemicals, dictate the 
biogeographical distribution of microbes. These differences allow for 
microbes to partition specific niches at venting sites, dictated by the 
availability of compounds such as sulfide and carbon in the venting 
fluid and sediment (Meier et al., 2017). However, due to the necessity 
of microbes having optimal conditions needed for growth, vents with 
similar environmental characteristics have similar microbial 
communities (Dick, 2019).

In this study, we sought to characterize the microbial community 
members and metabolic potential of five different chimneys at four 
locations found along the plate boundary in the Pacific Ocean, known 
as the “Submarine Ring of Fire” (Figure 1). This approach allowed for 
an examination of the similarities and differences in microbial 
community structure and identification of the common genes found 
at each chimney across these selected vent chimneys (Figure 2).

Axial Seamount (Juan de Fuca Ridge) is an active submarine 
volcano and a site of extensive hydrothermal venting, with the most 
recent eruption occurring in 2015 (Chadwick et al., 2016). The high 
volcanic activity of this caldera produces a large amount of hydrogen 
sulfide, ferrous oxide, and methane that are released during eruption 
events. An abundance of sulfur-oxidizing bacteria and methanogenic 
archaea correlate with high concentrations of hydrogen sulfide and 
methane (Topçuoğlu et al., 2016). The geochemistry of the venting 
sites is important in shaping community structure and genes present 
at each vent (Fortunato et al., 2018). For this site, we investigated the 
Castle Chimney, located on the eastern side of Axial Caldera 
(Figure 2A).

The Guaymas Basin (Gulf of California) hydrothermal vents are 
highly active with steep temperature gradients and covered with a 
layer of organic-rich sediments. Some chimneys here are characterized 
not by direct venting but by internal hydrothermal fluid circulation 
due to their shape (Teske et al., 2016). These unique chimneys have 
pagoda-like structures that have fluid circulating internally, leading to 
large, temperature gradients (Figure 2B). Metagenomic analysis of 
Guaymas Basin sediments showed an enrichment of genes for 
methane, hydrogen, and sulfide metabolisms as compared to 
background sediments (Dombrowski et al., 2018).

At the Urashima Vent Field (Mariana back-arc), dissolved sulfide 
and hydrogen concentrations in vent effluent are enhanced. Due to 
the high levels of sulfide, the microbial community is dominated by 

the sulfur-oxidizing Campylobacteria (Trembath-Reichert et  al., 
2019). These were formerly known as Epsilonproteobacteria (Waite 
et al., 2017). Urashima Vents have been shown to have a relatively high 
abundance of Zetaproteobacteria, a class of iron-oxidizing bacteria 
that forms dense mat structures made from iron oxides and 
polysaccharides which are used as a colonizing surface for other 
microbial taxa (McAllister et  al., 2020). At this location, 
we investigated both the Ultra-No-Chi-Chi and Snap-Snap Chimneys 
(Figures 2C,E).

Magic Mountain (Explorer Ridge) has over 50 active and inactive 
vents, including the inactive Ochre Chimney (Figure 2D), which still 
maintained diffuse fluid flow based on the associated Fe and H2S 
geochemistry (Fullerton et al., 2024). The active and inactive chimney 
structures found in this vent field are composed largely of sulfide 
deposits (Fortin et al., 1998). When examining inactive chimneys in 
other locations, sulfide-oxidizing Gammaproteobacteria tend to 
dominate the microbial communities as they can use metal sulfide 
present in the chimney structures and mineral deposits for energy 
(Edwards et al., 2003; Sylvan et al., 2012; Meier et al., 2019; Achberger 
et al., 2024).

The metabolic byproducts of microorganisms that form and 
reside in hydrothermal vent chimneys facilitate nutrient cycling in 
both the hydrothermal vent ecosystem and throughout the world’s 
oceans. Diverse communities of microbes utilize chemicals in the 
venting fluid to gain energy and biomass. Here, metagenomic and 
amplicon sequencing was used to identify metabolism genes to better 
understand the metabolic potential of chimneys. The combination of 
genes detected in this study sheds light on hydrothermal vent 
chimneys’ community structure and metabolic potential throughout 
the Pacific Ocean.

2 Methods

2.1 Study sites and sampling

Chimneys were collected from Axial Seamount, Magic 
Mountain, Guaymas Basin, and two chimneys from the Urashima 
Vent Field along the Mariana back-arc using either a self-sealing 
scoop sampler or biobox. At Axial Seamount, the Castle Chimney 
was collected on 4 August 2002 with ROV ROPOS aboard the R/V 
Thomas G. Thompson. The Ochre Chimney at Magic Mountain 
Vent Field was collected on 29 July 2002 with ROV ROPOS aboard 
the R/V Thomas G. Thompson. The Pagoda Chimney at the 
Guaymas Basin Vent Field was collected on 7 October 1994 with 
HOV ALVIN aboard the R/V Atlantis. Two chimney samples, 
namely, Snap-Snap and Ultra-No-Chi-Chi, were collected with ROV 
Jason aboard the R/V Roger Revelle from the Urashima Vent Field. 
The Snap-Snap Chimney was sampled on 1 November 2014, and the 
Ultra-No-Chi-Chi Chimney was sampled on 18 December 2014 
(Table  1). All chimney samples from all sites were immediately 
preserved with RNAlater and then stored at −80°C until DNA could 
be extracted. Geochemistry data from nearby chimneys or their 
venting fluid were sourced from previous publications for the 
Pagoda Chimney (Von Damm et al., 1985), the Castle Chimney 
(Butterfield et al., 1990; Fortunato et al., 2018), the Ochre Chimney 
(Fullerton et al., 2024), and the two Urashima Chimneys (Hager 
et al., 2017; Table 1).
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FIGURE 1

Map of the four sampling locations across the Pacific Ocean. The orange star denotes the Magic Mountain, Explorer Ridge sampling location of the 
Ochre Chimney, and the green star denotes the Axial Volcano, Juan de Fuca Ridge sampling location of the Castle Chimney. The white star denotes 
the Guaymas Basin sampling location of the Pagoda Chimney. The yellow star denotes the Mariana back-arc Urashima sampling location of the Snap-
Snap and Ultra-No-Chi-Chi Chimneys (Image reproduced from the GEBCO world map 2019, www.gebco.net).

FIGURE 2

Photographs of the five chimneys evaluated in this study. (A) Castle Chimney from Axial Seamount. (B) Pagoda Chimney from Guaymas Basin. 
(C) Ultra-No-Chi-Chi Chimney from the Urashima Vent Field (Laser dots are 10  cm apart). (D) Ochre Chimney from Magic Mountain. (E) Snap-Snap 
Chimney also from the Urashima Vent Field.
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2.2 Amplicon DNA extractions, sequencing, 
and sequence processing

Genomic DNA was extracted from cell pellets using the Fast DNA 
SPIN Kit for Soil (MP Biomedicals, Santa Ana, CA) as previously 
published (Hager et al., 2017). Cell lysis was optimized using two 
rounds of bead beating for 45 s at a power setting of 5.5 using the 
FastPrep instrument (MP Biomedicals) with samples being placed on 
ice between runs. Extracted DNA was quantified by a Qubit 2.0 
fluorometer using high-sensitivity reagents (Thermo Fisher Scientific, 
Waltham, MA).

The V3-V4 regions of the SSU rRNA gene were amplified via 
PCR-purified DNA using bacterial primers 340F and 784R 
(Klindworth et al., 2013; Hager et al., 2017). The resulting amplicons 
were sequenced using a MiSeq (Illumina, San Diego, CA) as per the 
manufacturer’s protocol generating 2 × 300 bp paired-end reads. The 
resulting reads were trimmed out of primers using Cutadapt 
(Martin, 2011). The trimmed reads were then processed using the 
Divisive Amplicon Denoising Algorithm 2 (DADA2) v1.26.0 with 
pseudopooling following the previously described protocols (Lee 
et al., 2015; Callahan et al., 2016, 2017) with R version 4.2.3 and 
using the Silva v138 database for assigning taxonomy. Further 
analysis was completed using phyloseq version 1.32 (McMurdie and 
Holmes, 2013) and microbiome version 1.20 (Lahti and 
Shetty, 2017).

2.3 Metagenomic sequencing

The extracted DNA was separated into strands greater than 1 kb 
using an Aurora (Boreal Genomics, Vancouver, BC). Nextera 
indices were added to purified DNA fragments as per the 
manufacturer’s protocol (Illumina, San Diego, CA). The indexed 
fragments were purified using AMPure XP Beads according to the 
manufacturer’s protocol (Beckman Coulter, IN). The library was 
quantified with a Qubit 2.0 fluorometer (Thermo Fisher, MA) and 
sequenced on the Illumina MiSeq sequencer with v3.0 chemistry to 
generate 2×300 bp paired-end reads at Shannon Point Marine 
Center, WWU.

2.4 Metagenomic sequence analysis

After sequencing, the reads were assessed and trimmed for 
quality control using the program Trimmomatic v.0.40 (Bolger et al., 
2014) and were assessed for quality with FastQC v.0.11.9 (Andrews, 
2010). All metagenomic analyses were done under the metagenomic 
pipeline, SqueezeMeta v.1.5.1 (Tamames and Puente-Sánchez, 
2019), under co-assembly mode using default parameters. Once 
trimmed for quality, the reads were assembled into contigs using 
MEGAHIT with a minimum contig length of 200 base pairs (Li 
D. et  al., 2015). The assembled contigs were checked for rough 
taxonomy using MetaQuast (Mikheenko et al., 2016). Genes were 
predicted using Prodigal (Hyatt et al., 2010). Small subunit (SSU) 
rRNA genes were pulled from contigs using Barrnap with a 
minimum length requirement of 200 base pairs (Seemann, 2014) 
and classified using the RDP naïve Bayesian classifier (Wang 
et al., 2007).

Gene sequences were compared for homology using Diamond 
v.2.7.14 (Buchfink et al., 2015). The genes were then functionally and 
taxonomically assigned using SqueezeMeta by running a Diamond 
search against the COG and KEGG databases for functional 
assignments and GenBank nr for taxonomic assignments. Either a 
best hit or best average method is used for assigning functional IDs 
to each hit, or the average of 5 best hits for any given functional 
ID. For taxonomic assignment, an LCA of the best hits is obtained, 
where the hits had to pass a minimum amino acid identification level 
to be used for assigning taxonomic ranks. These thresholds are 85, 
60, 55, 50, 46, 42, and 40% for species, genus, family, order, class, 
phylum, and superkingdom ranks, respectively. Bowtie2 v.2.4.5 was 
used to estimate coverage and abundance (Langmead and Salzberg, 
2012). Gene abundances were calculated using STAMP (Parks et al., 
2014), and then the percent relative abundance of each gene was 
calculated by taking the raw read counts for each ORF, dividing it by 
the total reads in the sample, and multiplying by 100. Coverage 
values (bases mapped/ORF length) and normalized RPKM values 
were calculated using custom SqueezeMeta pipeline scripts. All 
outputs of taxonomic names present in this analysis reflect the 
names in the databases at the time of assembly and assignment. 
Contig assemblies were loaded into FeGenie to evaluate the 

TABLE 1  Summary of samples collected from five different hydrothermal vent chimneys.

Chimney sample Dive 
number

Collection 
DSV

Date Latitude 
and 

longitude

Depth 
(m)

Temp 
(°C)

Fe 
(μM)

H2S (μM) H2 
(μM)

Magic Mountain: Ochre R668 ROV ROPOS 07/29/2002 49°45.38’N, 

130°15.75’W

1847 4 12 to 20A 315 to 559A nd

Axial: Castle R674 ROV ROPOS 08/04/2002 45°55.57’N,

129°58.80’W

1,522 235 31B 7100B 1.5B

Guaymas: Pagoda A2838 HOV ALVIN 10/07/1994 27°00.91’N, 

111°24.64’W

1980 279 17 to 180C 3,800 to 5980C nd

Urashima: Snap-Snap J2-797 ROV JASON II 11/01/2014 12°55.33’N, 

143°38.95’W

2,928 161 48.5D <0.4D 0.01D

Urashima: Ultra-No- Chi-Chi J2-801 ROV JASON II 12/18/2014 12°55.34’N, 

143°38.95’W

2,929 174 48.5D <0.4D 0.01D

AChemistry data for the Ochre Chimney were taken from Fullerton et al. (2024). BFe and H2S data for the Castle Chimney were taken from the venting fluid of a nearby chimney from 
Butterfield et al. (1990). H2 data were taken from the venting fluid from Fortunato et al. (2018). CChemistry data for the Pagoda Chimney were taken from Von Damm et al. (1985). DChemistry 
data represent venting fluid from the Snap-Snap and Ultra-No-Chi-Chi Chimneys and were taken from Hager et al. (2017).
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abundance of different iron genes in each chimney (Garber et al., 
2020). Outputs were visualized in R version 4.2.3 with the package 
ggplot2 v.3.3.5 (Wickham, 2016).

After assembly, the contigs were binned into metagenomic 
assembled genomes (MAGs) using Metabat2 v.2.15 (Kang et al., 2015) 
and Maxbin2 v.2.2.7 (Wu et al., 2016). The outputs of both binning 
programs were merged using DAStool v.1.1.3 (Sieber et al., 2018). Bins 
were checked for completeness and contamination using the program 
CheckM v.1.1.3 (Parks et al., 2015) and then taxonomically assigned 
using a Diamond homology search with an LCA algorithm 
in SqueezeMeta.

In R v.3.6.3, the results of the SqueezeMeta co-assembly 
pipeline were imported using the R package SQMtools v.0.7.0 
(Puente-Sánchez et al., 2020). The Vegan package (Oksanen et al., 
2008) was used to conduct permutational multivariate analysis of 
variance (PERMANOVA) among the chimneys with 999 
permutations and the Bray–Curtis distance method, non-metric 
multidimensional scaling (NMDS) based on Bray–Curtis distance 
of KEGG functions, and to assess the relative abundance and 
diversity of the taxa found at each chimney. The similarity of taxa 
was analyzed using the Bray–Curtis distance matrix and visualized 
with a dendrogram.

3 Results

3.1 Assembly

After sequencing and filtration for quality, 207,450,568 reads 
were assembled into 15,601,568 contigs. The N50 was 385 base pairs 
which had an average coverage of 0.669 at Ochre, 0.815 at Castle, 
0.515 at Pagoda, 0.388 at Snap, and 0.446 at Ultra. After composite 
assembly, a total of 17,978,241 ORFs were identified, and of these, 
40.7% were able to be annotated. The composite assembly resulted 
in 43 MAGs with a completeness range of 10 to 52% and a 
contamination range of 0 to 4.76% (Supplementary Table S1). Due 
to the low completeness and high contamination level of the MAGs, 
further analysis was done directly on the composite assembly 
(Bowers et al., 2017).

3.2 Alpha and beta diversity

In general, alpha diversity was greater in the amplicons than in the 
metagenomic contigs. The Pagoda Chimney had the highest alpha 
diversity of both Shannon and Simpson indices in contigs, while the 
Ochre Chimney had the highest alpha diversity regarding amplicon-
generated ASVs (Supplementary Table S2). Dendrograms for the 
metagenomic function, metagenomic-derived taxa identification, and 
SSU rRNA communities varied in branching pattern and out-groups 
across the Chimneys (Figure  3). Clustering of chimneys using a 
dendrogram of Bray–Curtis distance matrices of KEGG gene 
functions showed the inactive Ochre Chimney paired with the Castle 
Chimney, while the two Urashima Chimneys clustered together with 
Pagoda as an out-group (Figure 3A). When clustered by metagenomic-
derived taxa, the Pagoda Chimney was the out-group, while the two 
Urashima chimneys clustered most closely together, and the Castle 
and Ochre chimneys also clustered together (Figure 3B). The amplicon 
sequence analysis showed the two Urashima Chimneys cluster most 
closely together, similar to the SSU rRNA genes from the composite 
assembly (Figure 3C). However, with the amplicon analysis, the Ochre 
Chimney was the out-group. PERMANOVA analysis was run to test 
the variance of the chimneys by location and metagenomic contig 
composition. Despite each chimney having a significant R2 value after 
PERMANOVA analysis, the p-value was 0.1 or greater, likely due to 
each chimney only having a single sample.

Each chimney had variations in the taxonomic identity of the 
ORFs, the identity of SSU rRNA genes in the composite assembly, and 
SSU rRNA amplicon identity (Figure 4). The composite metagenomes 
resulted in the identification of 23,040 SSU rRNA genes, whereas 
amplicon analysis resulted in 5,380 ASVs. By ORF analysis, 
Deltaproteobacteria were identified in all five chimneys (Figure 4A). 
However, by metagenomic SSU rRNA genes, Deltaproteobacteria were 
identified in Pagoda and Snap-Snap, and by amplicon sequencing, 
Deltaproteobacteria were identified only in the Castle Chimney 
(Figures 4B,C). Analysis of ORFs differed from that of metagenomic 
SSU rRNA genes and amplicon sequencing in that Alphaproteobacteria 
were found present in the Pagoda Chimney (Figure 4A). Chloroflexi 
were found present in the Ochre and Pagoda Chimneys by ORF 
analysis but were absent in the other two analyses. ORF analysis also 

FIGURE 3

(A) Cluster analysis of metagenomic-derived contig similarities among chimneys using Bray–Curtis distance for contigs. Green represents the Ochre 
Chimney at Magic Mountain, blue represents the Castle Chimney at Axial Seamount, orange represents the Snap-Snap and Ultra-No-Chi-Chi 
Chimneys from the Urashima Vent Field, and red represents the Pagoda Chimney at Guaymas Basin Vent Field. (B) Cluster analysis of metagenomic-
derived taxa similarities among chimneys using Bray–Curtis distance for taxa. (C) Cluster analysis of amplicon sequencing-derived taxa similarities 
among chimneys using Aitchison distance for taxa.
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FIGURE 4

Stacked bar graph of the top 15 microbial taxa found in each chimney as a percentage of reads from the whole metagenome and from all taxa 
detected by amplicon sequencing. (A) Stacked bar graph of the ORFs from assembly, not including unclassified or unmapped reads. (B) Stacked bar 
graph of the SSU rRNA gene reads, only including the top 15 taxa, not including unclassified or unmapped metagenome reads. (C) Stacked bar graph 
based on amplicon sequencing of SSU rRNA genes using V3V4 primers.

identified Nitrospirae and Nitrosopumilales in the Ochre Chimney, 
while neither of these taxa were present in metagenomic SSU rRNA 
genes or amplicon sequencing (Figure 4).

When evaluating metagenomic SSU rRNA genes, more Archaeal 
taxa were identified in the Pagoda Chimney than in the other two 
methods of identification. Much larger proportions of the taxa were 
only assigned to domain level, indicating that this method of 
taxonomic identification is likely less refined than the other two 
methods (Figure 4B). Bacteroidetes were only found to be present in 
the Pagoda Chimney and Snap-Snap Chimney when examining 
metagenomic SSU rRNA genes but were found in all five chimneys 
when looking at ORFs (Figures 4A,B).

Amplicon sequencing of the SSU rRNA gene demonstrated a lack 
of Flavobacteriia that were otherwise found in the Pagoda, Snap-Snap, 
and Ultra-No-Chi-Chi Chimneys from ORF analysis and in the 
Pagoda and Snap-Snap Chimneys from metagenomic SSU rRNA gene 
analysis (Figure 4). Bacteroidia were found at all five chimneys using 
amplicon sequencing, while they were only found in the Pagoda 
Chimney when examining metagenomic SSU rRNA genes and were 
absent from all five chimneys using ORF analysis. Amplicon 
sequencing also identified much larger proportions of 
Campylobacteria in the Pagoda Chimney than the other two methods 
of analysis (Figure 4C). A few taxa were identified from amplicon 
sequencing that were not found in the other two methods of analysis, 
including Anaerolineae, Dehalococcoidia, Desulfobulbia, 
Desulfuromonadia, Gracilibacteria, Ignavibacteria, Phycisphaerae, 
and Thermodesulfovibrionia. Parcubacteria were found present in 
both the Ochre Chimney and the Pagoda Chimney using amplicon 
sequencing, were found present in the Pagoda Chimney from only 
metagenomic SSU rRNA genes, and were not found using ORF 
analysis (Figure 4).

3.3 Gene abundances

The most abundant gene present in all chimneys was a putative 
transposase gene (Figure 5). Notably, an ammonium transporter 
gene was also present in the top  15 most abundant genes, with 
higher abundance at the Castle Chimney and lower abundance at the 
Pagoda Chimney. DNA-directed RNA polymerase was present at all 
chimneys, with higher abundances in Ochre and Pagoda. Two 
chemotaxis genes were found at high abundance in the Snap-Snap 
Chimney but less abundant in the other chimneys. Genes for 
motility, signaling and cellular processes, and folding and 
degradation were found to be largely differentially abundant among 
chimneys (Supplementary Figure S1A). When comparing 
differentially abundant genes between the active chimney and 
inactive chimney, hydrogenases were found to be more differentially 
abundant in the active chimneys while dehydrogenases were more 
differentially abundant in the Ochre Chimney 
(Supplementary Figure S1B).

3.4 Metabolic potential

3.4.1 Carbon cycling
Chemosynthetic primary producers at hydrothermal vent 

chimneys predominately fix carbon via the reverse tricarboxylic acid 
cycle (rTCA), the Calvin–Benson–Bassham (CBB) cycle, and the 
Wood–Ljungdahl (WL) pathway (Erb, 2011; Hügler and Sievert, 
2011; Mall et al., 2018). The rTCA cycle uses the enzyme ATP citrate 
lyase (aclB) to take CO2 and water to make carbon compounds that 
can be  used for energy by microorganisms in low-oxygen 
environments (Mall et  al., 2018). The aclB gene was found to 
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be present in all five chimneys (Figure 6). The Castle and Ochre 
Chimneys both had Nitrospirae and Campylobacteria identified aclB 
genes (Supplementary Tables S3, S4). The Pagoda Chimney aclB was 
found in unclassified archaea and bacteria, as well as Thermoplasmata, 
Candidatus Bipolaricaulota, Chloroflexi, Aquificae, and 
Campylobacteria. At the Snap-Snap and Ultra-No-Chi-Chi 
Chimneys, Campylobacteria aclB genes dominated in relative 
abundance (Supplementary Tables S5–S7).

The CBB cycle was identified using the RuBisCO protein, 
shown here by the presence of type I and type II RuBisCO genes, 
rbcLS, and cbbM respectively, which have varying affinities for 
oxygen (Tabita et al., 2008). The rbcLS RuBisCO gene has a lower 
affinity for oxygen, while cbbM has a higher affinity (Rickaby and 
Eason Hubbard, 2019). These genes were found to be differentially 
abundant at all five chimneys, with rbcLS dominating. The rbcLS 
ORFs found were identified as Alphaproteobacteria, Chloroflexi, 
Proteobacteria, and Gammaproteobacteria across all five 
chimneys (Figure 6; Supplementary Tables S3–S7). The Castle and 
Ochre Chimneys showed similar assignments of rbcLS-assigned 
taxa, with Proteobacteria dominating and a low presence of 
archaeal rbcLS genes (Supplementary Tables S3, S4). In contrast, 
the Pagoda Chimney and both the Urashima Chimneys showed a 
higher presence of archaeal rbcLS genes 
(Supplementary Tables S5–S7). The cbbM gene was identified as 
Alphaproteobacteria in every chimney and Gammaproteobacteria 
in every chimney but Pagoda, which was dominated by 
Methanomicrobia and Thermococci. The two Urashima Chimneys 

had a large abundance of Zetaproteobacterial cbbM genes 
(Supplementary Tables S6, S7).

The Wood–Ljungdahl pathway reduces CO2 to carbon monoxide 
using the enzyme carbon monoxide dehydrogenase (cooS and acsA, 
both represented here by cooS) and then creates acetyl-CoA using 
acetyl-CoA synthase (Ragsdale and Pierce, 2008). The Wood–
Ljungdahl pathway was found to be present across all five chimneys. 
This gene was least abundant at the Ochre Chimney and most 
abundant at the Pagoda Chimney (Figure 6). Deltaproteobacteria, 
Gammaproteobacteria, and Nitrospirae identified cooS all were found 
at higher relative abundances at the Castle Chimney compared to the 
other chimneys. Chloroflexi, Deltaproteobacteria, and Methanopyri 
cooS were the most abundant at the Pagoda Chimney, and 
Deltaproteobacteria and Nitrospirae cooS were found to be  in the 
highest relative abundance at the two Urashima Chimneys 
(Supplementary Tables S3–S7).

3.4.2 Nitrogen cycling
Three nitrogen cycling genes were annotated and taxonomically 

assigned for each chimney: methane/ammonia monooxygenase 
subunit A (amoA), nitrogenase iron protein (nifH), and nitrite 
reductase (nirK), a gene responsible for a step in the denitrification 
pathway, facilitating the reduction of nitrite to nitric oxide (NO). The 
least abundant nitrogen cycling gene detected across all five chimneys 
was amoA (Supplementary Tables S3–S7). Nitrification as represented 
by the amoA gene showed the greatest representation in the Ochre 
Chimney, with corresponding taxa including Betaproteobacteria, 

FIGURE 5

Heatmap of the top 15 most abundant KEGG genes found in all five chimneys. Presence is measured in raw abundance of reads.
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FIGURE 6

Bubble plot of the relative abundance of key metabolic genes found in each chimney. Relative abundance is measured in the number of reads per ORF 
divided by the total number of reads. (A) Arsenic, iron, sulfur, nitrogen, and carbon genes. The red bubbles represent arsenic cycling genes, the purple 
bubbles represent iron cycling genes, the pink bubbles represent sulfur cycling genes, the blue bubbles represent nitrogen cycling genes, and the lime 
green bubbles represent carbon cycling genes. (B) Oxygen metabolism genes are represented by dark green bubbles.

Deltaproteobacteria, Gammaproteobacteria, Nitrososphaeria, 
unclassified Thaumarchaeota, and unclassified Archaea 
(Supplementary Table S3). Interestingly, amoA is completely absent 
from the Ultra-No-Chi-Chi Chimney, while this gene was identified 
at Snap-Snap, its geographic neighbor.

The Pagoda Chimney had the lowest total abundance of nitrogen 
metabolism genes compared to the other chimneys. Dinitrogen 
fixation by nifH was dominated by Methanopyri, Nitrospirae, 
Firmicutes, Gammaproteobacteria, and Deltaproteobacteria (Figure 6, 
Supplementary Table S5). Most of the ORFs assigned to nifH genes 
were found to be associated with Methanopyri, a class of methanogenic 
Euryarchaeota that can be nitrogen fixers (Leigh, 2000; Auman et al., 
2001; Bae et al., 2018). The Castle Chimney had a large proportion of 
nifH genes dominated by Proteobacteria, while the two Urashima 
Chimneys had small abundances of nifH genes identified as 

Deltaproteobacteria, Thermodesulfobacteria, and Archaeoglobi 
compared to the other chimneys (Supplementary Tables S3, S6, S7).

The most prevalent form of potential nitrogen metabolism across 
the samples except the Pagoda and Castle Chimneys was 
denitrification via nirK (Figure  6). Each chimney had a unique 
taxonomic distribution of nirK taxa, with high relative abundances in 
Bacteroidetes, Gammaproteobacteria, and unclassified Bacteria. The 
Ochre Chimney had the highest diversity of nirK genes across both 
archaea and bacteria, with most of the reads assigned to 
Nitrososphaeria (Supplementary Tables S3–S7).

3.4.3 Sulfur cycling
Two sulfur cycling genes were examined in all five chimneys: 

dissimilatory sulfite reductase dsrAB and thiosulfotransferase 
soxAB. Across all five chimneys, dsrAB was found present in 
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Alphaproteobacteria, Deltaproteobacteria, Gammaproteobacteria, 
Proteobacteria, and unclassified Bacteria. It was also found in the four 
active chimneys as Acidobacteria and Nitrospirae. The soxAB genes 
were represented across similar taxa as dsrAB genes in all five 
chimneys. At the Ochre Chimney, the Gammaproteobacterial and 
Alphaproteobacterial dsrAB genes found are the oxidative version of 
dsrAB, indicating that these organisms are likely sulfur-oxidizing 
bacteria. Alphaproteobacteria, Gammaproteobacteria, and 
unclassified Bacteria dsrAB genes were present in all chimneys, and 
Deltaproteobacteria and Campylobacteria were present in the four 
active chimneys (Supplementary Tables S3–S7).

3.4.4 Iron cycling
To observe iron metabolisms in the chimneys, the iron oxidase 

gene cyc2 was examined since it is useful as an indicator of microbial 
iron oxidation (McAllister et  al., 2020). The presence of iron was 
confirmed previously at all chimneys (Table 1). However, cyc2 genes 
were found present in both the Pagoda Chimney and the Ochre 
Chimney. The most abundant cyc2 gene taxon was 
Gammaproteobacteria, found in all chimneys except for Ultra-No-
Chi-Chi (Supplementary Tables S3–S7). At the Snap-Snap Chimney, 
Alphaproteobacteria, Gammaproteobacteria, Bacteroidetes, and 
unclassified Bacteria had the cyc2 gene. In contrast, Ultra-No-Chi-Chi 
only had ORFs assigned to Proteobacteria and Aquificae cyc2 genes 
(Supplementary Tables S3–S7). In FeGenie, cyc2 was not identified 
(Supplementary Figure S2). The iron complex outer membrane 
receptor gene, involved in the acquisition and uptake of iron, was 
found to be present across all five chimneys, with the largest relative 
abundance found in the Snap-Snap Chimney (Figure 5).

3.4.5 Arsenic metabolism
Arsenate reductase, arsC, allows for the reduction of arsenate, and 

each of the five chimneys contained this gene in at least 12 different 
taxa including Gammaproteobacteria, Bacteroidetes, Proteobacteria, 
and unclassified Bacteria (Supplementary Tables S3–S7). The Ultra-
No-Chi-Chi Chimney had the most arsC genes present. In the Castle 
and Ochre Chimneys, Gammaproteobacteria had the most ORFs 
assigned, while Campylobacteria dominated the two Urashima 
Chimneys. The Pagoda Chimney had the largest abundance of 
Bacteroidetes identified arsC genes (Supplementary Tables S3–S7).

3.4.6 Oxygen metabolism
The relative abundance of two cytochrome c oxidase genes 

(ccoNO and coxAB) was evaluated as an indicator of aerobic 
respiration, and in general, coxAB was more abundant across the 
five chimneys. The ccoNO gene was more abundant at the Ultra-No-
Chi-Chi, Snap-Spap, and Pagoda Chimneys, with the least amount 
detected at the Castle and Ochre Chimneys (Figure 6). At the Ochre 
Chimney, Bacteroidetes, Flavobacteriia, and Gemmatimonadetes 
had the highest relative abundance of ORFs assigned to ccoNO genes 
(Supplementary Table S2). The Castle Chimney had a large 
abundance of Bacteroidetes and Gammaproteobacteria ccoNO genes 
(Supplementary Table S4). Chlorobi, Flavobacteriia, Bacteroidetes, 
and Cytophagia ccoNO genes were most abundant at the Pagoda 
Chimney (Supplementary Table S4). At Snap-Snap; Acidobacteria, 
Bacteroidetes, Chlorobi, and Flavobacteriia had the most ccoNO 
genes assigned (Supplementary Table S6). Ultra-No-Chi-Chi had a 
similar abundance of ccoNO genes, with the addition of 

Deltaproteobacteria having a large relative abundance 
(Supplementary Table S7). Overall, the coxAB gene was much 
higher than the ccoNO genes at all chimneys except Pagoda, which 
had the lowest relative abundance. There were large relative 
abundances of coxAB genes assigned in Alpha and 
Gammaproteobacteria in all the chimneys, and the Pagoda and 
Ultra-No-Chi-Chi Chimneys had a large relative abundance of 
Campylobacteria assigned to coxAB genes (Supplementary Tables 
S3–S7).

4 Discussion

The analysis of the metagenomes of five hydrothermal vent 
chimneys around the Pacific Ocean elucidates the differences in 
community composition and metabolic potential of chimneys of 
varying depth, age, and location. After examining the 
metagenomic contigs, the SSU rRNA taxonomic community 
compositions, and common genes involved in carbon fixation, 
nitrogen, sulfur, iron, arsenic, and oxygen metabolism in each 
chimney, it was found that each chimney had a distinct 
metabolic profile.

PERMANOVA showed no statistical significance to the chimneys 
clustering based on geographic location, activity, depth, or 
temperature; however, this is likely due to having no sample replicates. 
Despite a lack of statistically significant data, each chimney site has a 
unique community of microbes; however, there were noticeable 
trends. Similarities between the Snap-Snap and Ultra-No-Chi-Chi 
Chimneys are likely due to them being close in proximity and with 
similar chemical profiles. Similarities in metabolic potential and high 
prevalence of Gammaproteobacteria between the Castle Chimney and 
Ochre Chimney likely are due to the shallow depth of the Castle 
Chimney and the inactivity of the Ochre Chimney allowing for the 
growth of more aerobic microorganisms. This is supported by the low 
relative abundance of the ccoNO, indicating aerobic respiration is 
occurring in the presence of a high concentration of oxygen (Zhou 
et al., 2013).

The relative abundance of transposase genes in all five chimneys 
indicates horizontal gene transfer as a likely method of adaptation to 
the extreme environment of the chimneys (Reznikoff, 2003; Brazelton 
and Baross, 2009). Horizontal gene transfer among microbial taxa 
increases the phenotypic diversity of the chimney communities for 
microbes to better respond and adapt to environmental gradients 
(Brazelton and Baross, 2009). This is evident when examining 
extremophiles that commonly reside at hydrothermal vents. The 
extremophile Fervidobacterium showed transposases as indicators of 
horizontal gene transfer are common in thermophilic microbes 
(Cuecas et al., 2017).

The presence of an ammonia transport gene supports the high 
instance of ammonia oxidation at each of these chimneys. In 
addition, the ubiquity of ammonia transport genes across the 
chimneys suggests that microbes are accessing environmental 
nitrogen for assimilative or dissimilative processes (Sylvan 
et al., 2017).

Arsenic is inferred to be present at all five chimneys based on the 
ubiquity of the arsC gene. A diverse number of microbes can 
metabolize arsenic using arsC (Meyer-Dombard et al., 2013). Since 
nine different classes of microorganisms at these chimneys have an 
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arsenic reductase gene, arsenic is likely present and detoxification is 
necessary for survival.

4.1 Ochre Chimney

The Ochre Chimney is an inactive, weathered chimney; therefore, 
the microbial community must gain its energy from the metabolism 
of solid minerals rather than the reduced chemicals present in the 
venting fluid of an active chimney. The Ochre chimney was dominated 
by Gammaproteobacteria as determined by amplicon sequencing, and 
many of the investigated genes were also identified as 
Gammaproteobacteria. The lack of venting fluid at inactive chimneys 
allows for more stable metabolic activity and cooler temperatures (Pan 
et al., 2022). At the Ochre Chimney, this is supported by the lower 
abundance of type I restriction enzymes and genes for chemotaxis. 
The lower relative abundance of these genes suggests less demand for 
microbes to respond quickly to changing chemical gradients since the 
sources of energy in the chimney sediment are relatively stable (Xie 
et al., 2011).

At the Ochre Chimney, carbon cycling at the inactive chimney is 
likely done via the CBB cycle since rbcLS has higher abundances than 
the other examined carbon cycling genes (Meier et al., 2019). Other 
studies examining the metabolic potential of inactive hydrothermal 
vent chimneys on the East Pacific Rise have identified the CBB cycle 
in autotrophic Gammaproteobacteria (Hou et al., 2020). In a study 
quantifying carbon fixation at inactive chimneys, it was found that 
Gammaproteobacterial CBB cycle genes were more prevalent than 
rTCA and Wood–Ljungdahl pathways (Achberger et  al., 2024). 
Notably, Ochre also has two archaeal classes assigned to rbcLS: one in 
the Thaumarchaeota phylum and one at the unclassified Archaeal 
level. Archaeal RuBisCO genes are putatively involved in carbon 
dioxide fixation or AMP and nucleotide scavenging pathways (Beam 
et al., 2014). Thaumarchaeota, specifically Nitrososphaeria, are known 
to be  common in inactive chimneys and can metabolize low 
concentrations of nitrogen and carbon (Han et al., 2018).

As nirK is largely used in archaea for ammonia oxidation and in 
bacteria for denitrification of nitrite, the relatively high number of 
different taxa that have a nirK gene for denitrification indicates an 
abundance of nitrite as an electron donor for lithotrophic growth 
(Kerou et al., 2016). At the hydrothermal vents of Explorer Ridge, 
nitrate was more prevalent than nitrite, which explained the high 
relative abundance of nirK (Tunnicliffe et al., 1986). The relatively 
large abundance of amoA genes could be due to increased ammonium 
found at the inactive chimney due to the breakdown of organic matter 
(Li J. et al., 2015). Both bacterial and archaeal amoA were identified 
and are likely critical in the nitrification process at the Ochre Chimney.

The availability of sulfur is a distinguishing factor in 
community composition between the inactive and active chimneys 
(Han et al., 2018). Since there are limited data on the hydrogen 
sulfide concentrations at the Ochre Chimney that come from 
previous analyses on nearby chimneys, the presence of different 
sulfur compounds can be inferred by the differential abundance 
genes for sulfur metabolism (Fullerton et  al., 2024). Sulfate 
reduction by Deltaproteobacteria dominates at inactive chimneys, 
which in turn can change the mineral composition of the chimney 
with the production of pyrite (Han et  al., 2018). The 
Gammaproteobacterial clade SUP05 has been shown to store 

sulfur, which allows it to metabolize sulfur when it may not 
be  available from the chimney or its vent effluent (Shah et  al., 
2019). The co-occurrence of dsrAB and soxAB in certain taxa 
indicate that if dissimilatory sulfate reduction is occurring, 
thiosulfate oxidation could be occurring concurrently in the same 
taxa. This type of functional redundancy has been shown to 
increase ecological stability and resilience to disturbance, like the 
inactivation of a chimney (Biggs et al., 2020).

The relatively low abundance of Gammaproteobacterial cyc2 
genes at the Ochre Chimney indicates that iron oxidation may not 
be  as prevalent at inactive, weathered chimney structures. 
Gammaproteobacteria are primary colonizers of inactive chimneys 
as they can oxidize sulfur present in the chimney structure (Hou 
et al., 2020). These Gammaproteobacteria may act as a catalyst in the 
weathering of inactive iron-sulfide chimneys, which could indicate 
that the Ochre Chimney was toward the end of the weathering 
process (Meier et al., 2019).

The ccoNO gene encodes a cbb3-type cytochrome c oxidase 
subunit I/II, which has a high affinity for oxygen and is more prevalent 
in lower oxygen concentrations, while the coxAB gene encodes an aa3-
type cytochrome c oxidase subunit I/II, which has a low affinity for 
oxygen and is more prevalent in higher oxygen concentrations (Gier 
et al., 1996). The Ochre Chimney has a very small relative abundance 
of ccoNO cytochrome c oxidase genes compared to the other 
chimneys, further supporting that oxygen concentration is higher at 
this chimney.

4.2 Castle Chimney

The main pathway for carbon fixation at the Castle Chimney is 
seemingly via the CBB cycle, with most rbcLS genes associated with 
different Proteobacterial classes. Axial Seamount plumes and 
microbial mats have shown Aquificae, Gammaproteobacteria, 
Campylobacteria, and classes of methanogenic archaea dominated 
these microbial communities. Through metagenomics of another 
Axial Seamount chimney, Gammaproteobacteria were found to 
be the largest contributing taxon to the CBB cycle (Fortunato et al., 
2018). Gammaproteobacteria tend to favor environments with higher 
oxygen and lower concentrations of sulfide (Meier et al., 2017). The 
higher concentration of oxygen present at the Castle Chimney may 
account for the high relative abundance of Gammaproteobacterial 
rbcL genes. The presumed high concentration of oxygen is also 
evidenced by the relatively low abundance of ccoNO genes. The rTCA 
cycle is favored over CBB in oxygen-limited environments, which 
could explain the higher relative abundance of Gammaproteobacterial 
CBB cycling genes over Campylobacterial rTCA cycling genes (Oulas 
et al., 2016). Another possible explanation is that these organisms are 
highly adapted to different environments due to sulfur, iron, or 
nitrogen cycling at each location, as evidenced by the 
Gammaproteobacterial clade SUP05’s ability to niche partition, store 
sulfur, and enhance carbon utilization with the use of thiosulfate 
(Marshall and Morris, 2013; Shah et al., 2019; Dede et al., 2022). For 
example, niche partitioning of both Gammaproteobacteria and 
Campylobacteria based on the concentration of sulfide as well as 
temperature has been previously demonstrated (Meier et al., 2017) 
and confirmed with the results of this analysis. The dominance of 
denitrification as evidenced by the large relative proportion of 
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bacterial and archaeal nirK genes compared to the other chimneys is 
supported by previous analyses, which classified nirK transcripts to 
Thaumarchaeota and other ammonia-oxidizing archaea at Axial 
Seamount (Fortunato et al., 2018). Organisms that had the ammonia 
oxidation gene, amoA, always had nirK genes as well, indicating that 
these pathways could be co-occurring in ammonia-oxidizing archaea. 
The co-occurrence of metabolic pathways like these is hypothesized 
to be  due to the decentralization of gene expression to maintain 
genetic diversity in variable environments such as hydrothermal vent 
chimneys (Carini et al., 2018).

The Castle Chimney likely has anaerobic sulfide-oxidizing 
bacteria since nitrite reduction genes and sulfur oxidation genes were 
identified as Gammaproteobacteria. As with Gammaproteobacterial 
sulfide oxidation via dsrAB, some Alphaproteobacteria couple 
denitrification via nirK with thiosulfate oxidation via soxAB in deep 
subsurface environments (Bell et  al., 2020). Since many of these 
metabolic pathways have been shown to co-occur, it demonstrates that 
the microbes present in the Castle Chimney likely may be capable of 
gaining electrons from several different sources, as evidenced by the 
co-occurrence of Alphaproteobacterial nirK and soxAB.

The Castle Chimney iron oxidation is dominated by 
Gammaproteobacteria, a class that has been previously identified on 
the Juan de Fuca Ridge (Edwards et  al., 2003). The 
Gammaproteobacterial clade SUP05 will partition niches based on the 
availability of iron and sulfide (Dede et al., 2022). Based on the high 
relative abundance of Gammaproteobacterial cyc2, dsrAB, and soxAB, 
the Castle Chimney likely has a large community of SUP05. 
Zetaproteobacteria, an iron-oxidizing bacteria commonly found at 
hydrothermal vents, are notably absent in the Castle Chimney. This 
could be due to the higher temperature and lower abundance of iron 
at Castle influencing a higher proportion of Gammaproteobacterial 
iron oxidation as Zetaproteobacteria tend to prefer lower temperatures 
(Mori et al., 2017).

4.3 Pagoda Chimney

Shaped like a mushroom or a Pagoda topped with a domed cap 
and many flanges coming out of the trunk, the Pagoda Chimney’s vent 
fluid is channelized through the flanges and up and over its cap, 
collecting in the center and creating several microenvironments of 
differing temperatures and chemistries (Teske et  al., 2016). These 
different habitats introduce a need for microbes to adapt quickly to an 
ever-changing environment which is supported by the enrichment of 
transposase genes and therefore an increased potential for horizontal 
gene transfer (He et al., 2013). The microenvironments in Pagoda also 
allow for many different classes of microbes to reside, with the 
chimney dominated by Bacteroidetes, Campylobacteria, and 
Deltaproteobacteria. The Pagoda Chimney has the most taxonomic 
diversity of rbcLS genes, with a higher presence of archaeal rbcLS 
genes, likely due to the physical structure of the chimney allowing for 
many temperatures and chemical gradients (Böhnke and Perner, 
2019). It has been shown that RuBisCO can also be used for nucleotide 
salvage rather than carbon fixation in archaea, which could explain 
the high abundance of archaeal rbcLS genes present (Wrighton 
et al., 2016).

Guaymas Basin is characterized by high phytoplankton 
productivity enhancing organic-rich sedimentation, thereby 

supporting hydrothermal vent fluid and sediment heterotrophic 
metabolisms (Teske et al., 2002). These organic-rich sediments lead 
to a large amount of hydrogen to be used for energy by organisms 
such as Methanopyri (Dombrowski et al., 2018). Sulfate reduction is 
common among microbial communities at Guaymas Basin 
hydrothermal chimneys. Previous metagenomic analysis of a 
chimney from the Guaymas Basin showed that heterotrophic sulfate-
reducing bacteria were found at higher abundances due to the high 
concentrations of hydrocarbons (He et al., 2015). Sulfate-reducing 
bacteria degrade these plentiful hydrocarbons found at this site which 
in turn create H2 that can be used by methanogens in low-oxygen 
environments (He et  al., 2013). Both the oxidative and reductive 
versions of dsrAB were present in Pagoda. The only instance of 
archaeal dsrAB genes present was in the Archaeoglobi class, the only 
known archaeal class that is hyperthermophilic with a sulfate-
reducing metabolism (Pillot et al., 2021). As expected, Methanopyri 
was abundant in the Pagoda Chimney and likely utilizes the Wood–
Ljungdahl pathway for carbon fixation and methanogenesis (Hügler 
and Sievert, 2011). Multiple hydrogenase uptake genes were found 
present at Pagoda, to further support Methanopyri methanogenesis. 
There is likely deoxygenation occurring inside the Pagoda chimney 
as supported by a low abundance of coxAB and ccoNO (Teske et al., 
2016). This deoxygenation creates environments favorable for 
anaerobes such as Methanopyri.

4.4 Snap-Snap Chimney

Back-arcs, such as the Urashima Vent Field, can have a wide 
variation in pH, dissolved gasses, and metal concentrations due to 
variations in magma chemistry (Trembath-Reichert et al., 2019). The 
high abundances of genes for chemotaxis indicate a steep gradient of 
reduced chemicals needed for growth (Sourjik and Wingreen, 2012). 
The low-oxygen concentration is evidenced at Snap-Snap by the large 
relative abundance of ccoNO cytochrome c oxidase genes. 
Campylobacteria, Deltaproteobacteria, and Zetaproteobacteria were 
found at Snap-Snap both in the functional genes found through 
metagenomic sequencing and amplicon sequencing.

The Snap-Snap Chimney had a high abundance of 
Gammaproteobacterial aclB and rbcLS genes and the most cbbM 
genes out of all the chimneys, consistent with previous analyses of the 
CBB cycle on the Mariana back-arc (Trembath-Reichert et al., 2019). 
The presence of the rbcLS gene mapped to Deinococci, an 
extremophile chemoorganotroph. The high abundance of chemotaxis 
proteins could further indicate that the Snap-Snap Chimney is an 
extreme environment with variable chemical, temperature, and 
nutrient gradients.

Based on the relative abundances of dissimilatory nitrogen 
metabolism genes found at the Snap-Snap Chimney, a large amount 
of nitrite is likely used as an energy source (Levy-Booth et al., 2014). 
Previous analyses of archaeal denitrifiers have found that accumulation 
of organic material can increase nirK gene abundances, indicating that 
there may be organic material build-up at the Snap-Snap Chimney as 
there are archaeal nirK genes present (Hou et al., 2013).

At the Snap-Snap Chimney, there is a higher relative abundance 
of Campylobacteria than found at the other chimneys, indicating a 
high prevalence of reduced sulfur compounds in the vent fluid 
(Trembath-Reichert et al., 2019; Zhou et al., 2022). Deltaproteobacteria 
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and Gammaproteobacteria have been found to have the ability to 
couple sulfate reduction with sulfur oxidation using the oxidative 
form of dsrAB (Müller et al., 2015). Since these taxa have both sulfur 
genes, coupled sulfur oxidation with sulfate reduction could 
be occurring.

Venting fluid at the Snap-Snap Chimney has been characterized 
by high concentrations of iron (Trembath-Reichert et al., 2019), which 
is hypothesized to be due to low pH from magmatic volatiles on the 
Mariana back-arc (Toki et al., 2015). The Snap-Snap Chimney has 
several taxa with the cyc2 gene; however, no Zetaproteobacterial cyc2 
genes were identified in contrast to previous research (McAllister 
et al., 2020). This could be because it is a relatively new class with few 
isolated genomes. Therefore, the Zetaproteobacterial cyc2 ORFs could 
be misidentified as Gammaproteobacterial or placed in an unclassified 
bacterial category during annotation (Emerson et al., 2007; Koeksoy 
et al., 2021).

4.5 Ultra-No-Chi-Chi Chimney

The Ultra-No-Chi-Chi Chimney was dominated by 
Campylobacteria, Alphaproteobacteria, and Zetaproteobacteria as 
identified in the genes present and by amplicon sequencing. The 
metabolisms of organisms at Ultra-No-Chi-Chi were relatively even 
when compared to the other chimneys. Notably, Ultra-No-Chi-Chi 
has nearly the same number of aclB and rbcLS genes, demonstrating 
that both the rTCA and CBB pathways are likely used for carbon 
fixation. The rTCA cycle is likely performed by Campylobacteria, 
while the CBB cycle has a higher diversity of taxa 
(Supplementary Table S7). The high relative abundance of both 
ccoNO and coxAB genes indicates that Ultra-No-Chi-Chi has a broad 
oxygen gradient, allowing for anaerobic and aerobic organisms to 
fix carbon.

Unexpectedly, Ultra-No-Chi-Chi has a lower abundance of genes 
coding for iron receptors and cyc2, which could indicate that there is 
less iron present. This was unexpected as other Urashima Chimneys 
have been characterized as iron-dominated (McAllister et al., 2020). 
However, Zetaproteobacterial nirK and SSU genes were found. Since 
iron oxidation is coupled with denitrification via nirK in 
Zetaproteobacteria (McAllister et al., 2021), Zetaproteobacterial iron 
oxidation is likely occurring at this chimney despite no cyc2 genes 
mapping to that class.

5 Conclusion

Metagenomic analysis of these five hydrothermal vent chimneys 
demonstrates how the chemical composition of the chimney impacts 
the microbes that reside there and their potential metabolisms. 
Despite a unique collection of microorganisms, there were several 
uniting characteristics. Genes for DNA repair, chemotaxis, and 
transposases were present at higher abundances at hydrothermal vent 
chimneys compared to other environmental microbial communities, 
including terrestrial and marine soils, geothermal hot springs, the 
deep subsurface, the marine water column, and lake and estuary 
sediments and could be a uniting identifier for these communities to 
adapt to the ever-changing chemical and physical conditions. By both 

metagenomic and amplicon analyses, Gammaproteobacteria 
dominated the Ochre and Castle Chimneys while Campylobacteria 
were more prevalent at the Pagoda, Snap-Snap, and Ultra-No-
Chi-Chi Chimneys. The relative abundances of oxygen and carbon 
metabolism genes at each of the chimneys tell a distinct story of the 
availability of these compounds as energy sources in both the active 
and inactive chimneys. A high relative abundance of oxygen 
metabolism genes coupled with the low relative abundance of carbon 
fixation genes could be  used as a unique identifier for inactive 
chimneys, as shown with the Ochre Chimney. The differences in 
carbon fixation genes of the chimney microbes and the ability to shift 
their metabolic functional potential and community composition 
demonstrate that these microorganisms can adapt to varying 
chemical compositions of the chimneys and that many of these 
metabolic pathways tend to be functionally redundant to thrive in a 
dynamic ecosystem.

Data availability statement

The amplicon and shotgun sequencing data sets generated for this 
study have been deposited in the NCBI Sequence Read Archive under 
the BioProject accession no. PRJNA996601.

Author contributions

LM: Conceptualization, Data curation, Formal analysis, 
Investigation, Methodology, Validation, Writing – original draft, 
Writing – review & editing. HF: Conceptualization, Data curation, 
Formal analysis, Investigation, Methodology, Project administration, 
Resources, Software, Supervision, Validation, Visualization, Writing 
– original draft, Writing – review & editing. CM: Conceptualization, 
Data curation, Formal analysis, Funding acquisition, Investigation, 
Methodology, Project administration, Resources, Software, 
Supervision, Validation, Visualization, Writing – original draft, 
Writing – review & editing.

Funding

The author(s) declare that financial support was received for the 
research, authorship, and/or publication of this article. This study was 
funded in part by Western Washington University’s Office of Research 
and Sponsored Programs (to LM and CM), the Fouts Foundation for 
the Enhancement of Student Research Experiences (to CM), the 
College of Charleston Department of Biology Research and 
Development fund (to HF), and the National Science Foundation, 
award OCE 1155756 (to CM).

Acknowledgments

We thank the operation teams of ROV ROPOS, ROV Jason, and 
HOV Alvin along with the captains and crew of the R/V Thomas 
G. Thompson, Roger Revelle, and Atlantis. We are grateful to Jason 
Sylvan for thoughtful discussions while conceiving this study.

https://doi.org/10.3389/fmicb.2024.1399422
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Murray et al.� 10.3389/fmicb.2024.1399422

Frontiers in Microbiology 13 frontiersin.org

Conflict of interest

The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors 
and do not necessarily represent those of their affiliated 

organizations, or those of the publisher, the editors and the 
reviewers. Any product that may be evaluated in this article, or claim 
that may be made by its manufacturer, is not guaranteed or endorsed 
by the publisher.

Supplementary material

The Supplementary material for this article can be found online 
at: https://www.frontiersin.org/articles/10.3389/fmicb.2024.1399422/
full#supplementary-material

References
Achberger, A. M., Jones, R., Jamieson, J., Holmes, C. P., Schubotz, F., Meyer, N. R., 

et al. (2024). Inactive hydrothermal vent microbial communities are important 
contributors to deep ocean primary productivity. Nat. Microbiol. 9, 657–668. doi: 
10.1038/s41564-024-01599-9

Andrews, S. (2010). FastQC: A quality control tool for high throughput sequence data.

Ardyna, M., Lacour, L., Sergi, S., d’Ovidio, F., Sallée, J.-B., Rembauville, M., et al. 
(2019). Hydrothermal vents trigger massive phytoplankton blooms in the Southern 
Ocean. Nat. Commun. 10:2451. doi: 10.1038/s41467-019-09973-6

Auman, A. J., Speake, C. C., and Lidstrom, M. E. (2001). nifH sequences and nitrogen 
fixation in type I and type II Methanotrophs. Appl. Environ. Microbiol. 67, 4009–4016. 
doi: 10.1128/AEM.67.9.4009-4016.2001

Bae, H.-S., Morrison, E., Chanton, J. P., and Ogram, A. (2018). Methanogens are major 
contributors to nitrogen fixation in soils of the Florida Everglades. Appl. Environ. 
Microbiol. 84, e02222–e02217. doi: 10.1128/AEM.02222-17

Beam, J. P., Jay, Z. J., Kozubal, M. A., and Inskeep, W. P. (2014). Niche specialization 
of novel Thaumarchaeota to oxic and hypoxic acidic geothermal springs of Yellowstone 
National Park. ISME J. 8, 938–951. doi: 10.1038/ismej.2013.193

Bell, E., Lamminmäki, T., Alneberg, J., Andersson, A. F., Qian, C., Xiong, W., et al. 
(2020). Active sulfur cycling in the terrestrial deep subsurface. ISME J. 14, 1260–1272. 
doi: 10.1038/s41396-020-0602-x

Biggs, C. R., Yeager, L. A., Bolser, D. G., Bonsell, C., Dichiera, A. M., Hou, Z., et al. 
(2020). Does functional redundancy affect ecological stability and resilience? A review 
and meta-analysis. Ecosphere 11:3184. doi: 10.1002/ecs2.3184

Böhnke, S., and Perner, M. (2019). Seeking active RubisCOs from the currently 
uncultured microbial majority colonizing deep-sea hydrothermal vent environments. 
ISME J. 13, 2475–2488. doi: 10.1038/s41396-019-0439-3

Bolger, A. M., Lohse, M., and Usadel, B. (2014). Trimmomatic: a flexible trimmer for 
Illumina sequence data. Bioinformatics 30, 2114–2120. doi: 10.1093/bioinformatics/
btu170

Bowers, R. M., Kyrpides, N. C., Stepanauskas, R., Harmon-Smith, M., Doud, D., 
Reddy, T. B. K., et al. (2017). Minimum information about a single amplified genome 
(MISAG) and a metagenome-assembled genome (MIMAG) of bacteria and archaea. 
Nat. Biotechnol. 35, 725–731. doi: 10.1038/nbt.3893

Brazelton, W. J., and Baross, J. A. (2009). Abundant transposases encoded by the 
metagenome of a hydrothermal chimney biofilm. ISME J. 3, 1420–1424. doi: 10.1038/
ismej.2009.79

Buchfink, B., Xie, C., and Huson, D. H. (2015). Fast and sensitive protein alignment 
using DIAMOND. Nat. Methods 12, 59–60. doi: 10.1038/nmeth.3176

Butterfield, D. A., Massoth, G. J., McDuff, R. E., Lupton, J. E., and Lilley, M. D. 
(1990). Geochemistry of hydrothermal fluids from axial seamount hydrothermal 
emissions study vent field, Juan de Fuca ridge: subseafloor boiling and subsequent 
fluid-rock interaction. J. Geophys. Res. 95, 12895–12921. doi: 10.1029/
JB095iB08p12895

Callahan, B. J., McMurdie, P. J., and Holmes, S. P. (2017). Exact sequence variants 
should replace operational taxonomic units in marker-gene data analysis. ISME J. 11, 
2639–2643. doi: 10.1038/ismej.2017.119

Callahan, B. J., McMurdie, P. J., Rosen, M. J., Han, A. W., Johnson, A. J. A., and 
Holmes, S. P. (2016). DADA2: high-resolution sample inference from Illumina amplicon 
data. Nat. Methods 13, 581–583. doi: 10.1038/nmeth.3869

Carini, P., Dupont, C. L., and Santoro, A. E. (2018). Patterns of thaumarchaeal gene 
expression in culture and diverse marine environments. Environ. Microbiol. 20, 
2112–2124. doi: 10.1111/1462-2920.14107

Cathalot, C., Roussel, E. G., Perhirin, A., Creff, V., Donval, J.-P., Guyader, V., et al. 
(2021). Hydrothermal plumes as hotspots for deep-ocean heterotrophic microbial 
biomass production. Nat. Commun. 12:6861. doi: 10.1038/s41467-021-26877-6

Chadwick, W. W., Paduan, J. B., Clague, D. A., Dreyer, B. M., Merle, S. G., 
Bobbitt, A. M., et al. (2016). Voluminous eruption from a zoned magma body after an 
increase in supply rate at axial seamount. Geophys. Res. Lett. 43:1327. doi: 
10.1002/2016GL071327

Cuecas, A., Kanoksilapatham, W., and Gonzalez, J. M. (2017). Evidence of horizontal 
gene transfer by transposase gene analyses in Fervidobacterium species. PLoS One 
12:e0173961. doi: 10.1371/journal.pone.0173961

Dede, B., Hansen, C. T., Neuholz, R., Schnetger, B., Kleint, C., Walker, S., et al. (2022). 
Niche differentiation of sulfur-oxidizing bacteria (SUP05) in submarine hydrothermal 
plumes. ISME J. 16, 1479–1490. doi: 10.1038/s41396-022-01195-x

Dick, G. J. (2019). The microbiomes of deep-sea hydrothermal vents: distributed globally, 
shaped locally. Nat. Rev. Microbiol. 17, 271–283. doi: 10.1038/s41579-019-0160-2

Dombrowski, N., Teske, A. P., and Baker, B. J. (2018). Expansive microbial metabolic 
versatility and biodiversity in dynamic Guaymas Basin hydrothermal sediments. Nat. 
Commun. 9:4999. doi: 10.1038/s41467-018-07418-0

Edwards, K. J. (2004). “Formation and degradation of seafloor hydrothermal sulfide 
deposits” in Sulfur biogeochemistry - past and present. ed. K. J. Edwards (Boulder, CO: 
Geological Society of America).

Edwards, K. J., Rogers, D. R., Wirsen, C. O., and McCollom, T. M. (2003). Isolation 
and characterization of novel psychrophilic, neutrophilic, Fe-oxidizing, 
Chemolithoautotrophic α- and γ- Proteobacteria from the Deep Sea. Appl. Environ. 
Microbiol. 69, 2906–2913. doi: 10.1128/AEM.69.5.2906-2913.2003

Emerson, D., and Moyer, C. (2010). Microbiology of seamounts: common patterns 
observed in community structure. Oceanography 23, 148–163. doi: 10.5670/
oceanog.2010.67

Emerson, D., Rentz, J. A., Lilburn, T. G., Davis, R. E., Aldrich, H., Chan, C., et al. 
(2007). A novel lineage of Proteobacteria involved in formation of marine Fe-oxidizing 
microbial mat communities. PLoS One 2:e667. doi: 10.1371/journal.pone.0000667

Erb, T. J. (2011). Carboxylases in natural and synthetic microbial pathways. Appl. 
Environ. Microbiol. 77, 8466–8477. doi: 10.1128/AEM.05702-11

Fortin, D., Ferris, F. G., and Scott, S. D. (1998). Formation of Fe-silicates and Fe-oxides 
on bacterial surfaces in samples collected near hydrothermal vents on the southern 
explorer ridge in the Northeast Pacific Ocean. Am. Mineral. 83, 1399–1408. doi: 10.2138/
am-1998-11-1229

Fortunato, C. S., Larson, B., Butterfield, D. A., and Huber, J. A. (2018). Spatially 
distinct, temporally stable microbial populations mediate biogeochemical cycling at and 
below the seafloor in hydrothermal vent fluids: microbial genomics at axial seamount. 
Environ. Microbiol. 20, 769–784. doi: 10.1111/1462-2920.14011

Francheteau, J., Needham, H. D., Choukroune, P., Juteau, T., Séguret, M., Ballard, R. D., 
et al. (1979). Massive deep-sea sulphide ore deposits discovered on the East Pacific rise. 
Nature 277, 523–528. doi: 10.1038/277523a0

Früh-Green, G. L., Kelley, D. S., Lilley, M. D., Cannat, M., Chavagnac, V., and 
Baross, J. A. (2022). Diversity of magmatism, hydrothermal processes and microbial 
interactions at mid-ocean ridges. Nat. Rev. Earth Environ. 3, 852–871. doi: 10.1038/
s43017-022-00364-y

Fullerton, H., Smith, L., Enriquez, A., Butterfield, D., Wheat, C. G., and Moyer, C. L. 
(2024). Seafloor incubation experiments at Deep-Sea hydrothermal vents reveal distinct 
biogeographic signatures of autotrophic communities. Microbiology 2024:880. doi: 
10.1101/2023.07.20.549880

Garber, A. I., Nealson, K. H., Okamoto, A., McAllister, S. M., Chan, C. S., Barco, R. A., 
et al. (2020). FeGenie: a comprehensive tool for the identification of Iron genes and Iron 
gene neighborhoods in genome and metagenome assemblies. Front. Microbiol. 11:37. 
doi: 10.3389/fmicb.2020.00037

Gier, J.-W. L., Schepper, M., Reijnders, W. N. M., Dyck, S. J., Slotboom, D. J., Warne, A., 
et al. (1996). Structural and functional analysis of aa 3 -type and cbb 3 -type cytochrome 

https://doi.org/10.3389/fmicb.2024.1399422
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fmicb.2024.1399422/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2024.1399422/full#supplementary-material
https://doi.org/10.1038/s41564-024-01599-9
https://doi.org/10.1038/s41467-019-09973-6
https://doi.org/10.1128/AEM.67.9.4009-4016.2001
https://doi.org/10.1128/AEM.02222-17
https://doi.org/10.1038/ismej.2013.193
https://doi.org/10.1038/s41396-020-0602-x
https://doi.org/10.1002/ecs2.3184
https://doi.org/10.1038/s41396-019-0439-3
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1038/nbt.3893
https://doi.org/10.1038/ismej.2009.79
https://doi.org/10.1038/ismej.2009.79
https://doi.org/10.1038/nmeth.3176
https://doi.org/10.1029/JB095iB08p12895
https://doi.org/10.1029/JB095iB08p12895
https://doi.org/10.1038/ismej.2017.119
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1111/1462-2920.14107
https://doi.org/10.1038/s41467-021-26877-6
https://doi.org/10.1002/2016GL071327
https://doi.org/10.1371/journal.pone.0173961
https://doi.org/10.1038/s41396-022-01195-x
https://doi.org/10.1038/s41579-019-0160-2
https://doi.org/10.1038/s41467-018-07418-0
https://doi.org/10.1128/AEM.69.5.2906-2913.2003
https://doi.org/10.5670/oceanog.2010.67
https://doi.org/10.5670/oceanog.2010.67
https://doi.org/10.1371/journal.pone.0000667
https://doi.org/10.1128/AEM.05702-11
https://doi.org/10.2138/am-1998-11-1229
https://doi.org/10.2138/am-1998-11-1229
https://doi.org/10.1111/1462-2920.14011
https://doi.org/10.1038/277523a0
https://doi.org/10.1038/s43017-022-00364-y
https://doi.org/10.1038/s43017-022-00364-y
https://doi.org/10.1101/2023.07.20.549880
https://doi.org/10.3389/fmicb.2020.00037


Murray et al.� 10.3389/fmicb.2024.1399422

Frontiers in Microbiology 14 frontiersin.org

c oxidases of Paracoccus denitrificans reveals significant differences in proton-pump 
design. Mol. Microbiol. 20, 1247–1260. doi: 10.1111/j.1365-2958.1996.tb02644.x

Hager, K. W., Fullerton, H., Butterfield, D. A., and Moyer, C. L. (2017). Community 
structure of Lithotrophically-driven hydrothermal microbial Mats from the Mariana arc 
and Back-arc. Front. Microbiol. 8:1578. doi: 10.3389/fmicb.2017.01578

Han, Y., Gonnella, G., Adam, N., Schippers, A., Burkhardt, L., Kurtz, S., et al. (2018). 
Hydrothermal chimneys host habitat-specific microbial communities: analogues for 
studying the possible impact of mining seafloor massive sulfide deposits. Sci. Rep. 
8:10386. doi: 10.1038/s41598-018-28613-5

He, Y., Feng, X., Fang, J., Zhang, Y., and Xiao, X. (2015). Metagenome and 
Metatranscriptome revealed a highly active and intensive sulfur cycle in an oil-immersed 
hydrothermal chimney in Guaymas Basin. Front. Microbiol. 6:1236. doi: 10.3389/
fmicb.2015.01236

He, Y., Xiao, X., and Wang, F. (2013). Metagenome reveals potential microbial 
degradation of hydrocarbon coupled with sulfate reduction in an oil-immersed chimney 
from Guaymas Basin. Front. Microbiol. 4:148. doi: 10.3389/fmicb.2013.00148

Hou, J., Cao, X., Song, C., and Zhou, Y. (2013). Predominance of ammonia-oxidizing 
archaea and nirK -gene-bearing denitrifiers among ammonia-oxidizing and denitrifying 
populations in sediments of a large urban eutrophic Lake (Lake Donghu). Can. J. 
Microbiol. 59, 456–464. doi: 10.1139/cjm-2013-0083

Hou, J., Sievert, S. M., Wang, Y., Seewald, J. S., Natarajan, V. P., Wang, F., et al. (2020). 
Microbial succession during the transition from active to inactive stages of deep-sea 
hydrothermal vent sulfide chimneys. Microbiome 8:102. doi: 10.1186/
s40168-020-00851-8

Hügler, M., and Sievert, S. M. (2011). Beyond the Calvin cycle: autotrophic carbon 
fixation in the ocean. Annu. Rev. Mar. Sci. 3, 261–289. doi: 10.1146/annurev-
marine-120709-142712

Hyatt, D., Chen, G.-L., LoCascio, P. F., Land, M. L., Larimer, F. W., and Hauser, L. J. 
(2010). Prodigal: prokaryotic gene recognition and translation initiation site 
identification. BMC Bioinformatics 11:119. doi: 10.1186/1471-2105-11-119

Kang, D. D., Froula, J., Egan, R., and Wang, Z. (2015). MetaBAT, an efficient tool for 
accurately reconstructing single genomes from complex microbial communities. PeerJ 
3:e1165. doi: 10.7717/peerj.1165

Kato, S., Shibuya, T., Takaki, Y., Hirai, M., Nunoura, T., and Suzuki, K. (2018). 
Genome-enabled metabolic reconstruction of dominant chemosynthetic colonizers in 
deep-sea massive sulfide deposits: chemosynthetic ecosystem fuelled by metal sulfides. 
Environ. Microbiol. 20, 862–877. doi: 10.1111/1462-2920.14032

Kerou, M., Offre, P., Valledor, L., Abby, S. S., Melcher, M., Nagler, M., et al. (2016). 
Proteomics and comparative genomics of Nitrososphaera viennensis reveal the core 
genome and adaptations of archaeal ammonia oxidizers. Proc. Natl. Acad. Sci. U. S. A. 
113, E7937–E7946. doi: 10.1073/pnas.1601212113

Klindworth, A., Pruesse, E., Schweer, T., Peplies, J., Quast, C., Horn, M., et al. (2013). 
Evaluation of general 16S ribosomal RNA gene PCR primers for classical and next-
generation sequencing-based diversity studies. Nucleic Acids Res. 41:e1. doi: 10.1093/
nar/gks808

Koeksoy, E., Bezuidt, O. M., Bayer, T., Chan, C. S., and Emerson, D. (2021). 
Zetaproteobacteria Pan-genome reveals candidate gene cluster for twisted stalk 
biosynthesis and export. Front. Microbiol. 12:679409. doi: 10.3389/fmicb.2021.679409

Lahti, L., and Shetty, S. (2017). Tools for microbiome analysis in R. Available at: http://
microbiome.github.com/microbiome.

Langmead, B., and Salzberg, S. L. (2012). Fast gapped-read alignment with bowtie 2. 
Nat. Methods 9, 357–359. doi: 10.1038/nmeth.1923

Lee, M. D., Walworth, N. G., Sylvan, J. B., Edwards, K. J., and Orcutt, B. N. (2015). 
Microbial communities on seafloor basalts at dorado outcrop reflect level of alteration 
and highlight global lithic clades. Front. Microbiol. 6:1470. doi: 10.3389/fmicb.2015.01470

Leigh, J. (2000). Nitrogen fixation in methanogens: the archaeal perspective. Curr. 
Issues Mol. Biol. 2000:125. doi: 10.21775/cimb.002.125

Levy-Booth, D. J., Prescott, C. E., and Grayston, S. J. (2014). Microbial functional 
genes involved in nitrogen fixation, nitrification and denitrification in forest ecosystems. 
Soil Biol. Biochem. 75, 11–25. doi: 10.1016/j.soilbio.2014.03.021

Li, D., Liu, C.-M., Luo, R., Sadakane, K., and Lam, T.-W. (2015). MEGAHIT: an ultra-
fast single-node solution for large and complex metagenomics assembly via succinct de 
Bruijn graph. Bioinformatics 31, 1674–1676. doi: 10.1093/bioinformatics/btv033

Li, J., Nedwell, D. B., Beddow, J., Dumbrell, A. J., McKew, B. A., Thorpe, E. L., et al. 
(2015). amoA gene abundances and nitrification potential rates suggest that benthic 
Ammonia-oxidizing Bacteria and not Archaea dominate N cycling in the Colne estuary, 
United Kingdom. Appl. Environ. Microbiol. 81, 159–165. doi: 10.1128/AEM.02654-14

Mall, A., Sobotta, J., Huber, C., Tschirner, C., Kowarschik, S., Bačnik, K., et al. (2018). 
Reversibility of citrate synthase allows autotrophic growth of a thermophilic bacterium. 
Science 359, 563–567. doi: 10.1126/science.aao2410

Marshall, K. T., and Morris, R. M. (2013). Isolation of an aerobic sulfur oxidizer from 
the SUP05/Arctic96BD-19 clade. ISME J. 7, 452–455. doi: 10.1038/ismej.2012.78

Martin, M. (2011). Cutadapt removes adapter sequences from high-throughput 
sequencing reads. EMBnet J. 17:10. doi: 10.14806/ej.17.1.200

McAllister, S. M., Polson, S. W., Butterfield, D. A., Glazer, B. T., Sylvan, J. B., and 
Chan, C. S. (2020). Validating the Cyc2 neutrophilic Iron oxidation pathway using Meta-
omics of Zetaproteobacteria Iron Mats at marine hydrothermal vents. mSystems 5, 
e00553–e00519. doi: 10.1128/mSystems.00553-19

McAllister, S. M., Vandzura, R., Keffer, J. L., Polson, S. W., and Chan, C. S. (2021). 
Aerobic and anaerobic iron oxidizers together drive denitrification and carbon cycling 
at marine iron-rich hydrothermal vents. ISME J. 15, 1271–1286. doi: 10.1038/
s41396-020-00849-y

McMurdie, P. J., and Holmes, S. (2013). Phyloseq: an R package for reproducible 
interactive analysis and graphics of microbiome census data. PLoS One 8:e61217. doi: 
10.1371/journal.pone.0061217

Meier, D. V., Pjevac, P., Bach, W., Hourdez, S., Girguis, P. R., Vidoudez, C., et al. (2017). 
Niche partitioning of diverse sulfur-oxidizing bacteria at hydrothermal vents. ISME J. 
11, 1545–1558. doi: 10.1038/ismej.2017.37

Meier, D. V., Pjevac, P., Bach, W., Markert, S., Schweder, T., Jamieson, J., et al. (2019). 
Microbial metal-sulfide oxidation in inactive hydrothermal vent chimneys suggested by 
metagenomic and metaproteomic analyses: chemosynthetic bacteria on iron-sulfur 
deposits. Environ. Microbiol. 21, 682–701. doi: 10.1111/1462-2920.14514

Meyer-Dombard, D. R., Amend, J. P., and Osburn, M. R. (2013). Microbial diversity 
and potential for arsenic and iron biogeochemical cycling at an arsenic rich, shallow-sea 
hydrothermal vent (Tutum Bay, Papua New Guinea). Chem. Geol. 348, 37–47. doi: 
10.1016/j.chemgeo.2012.02.024

Mikheenko, A., Saveliev, V., and Gurevich, A. (2016). MetaQUAST: evaluation of 
metagenome assemblies. Bioinformatics 32, 1088–1090. doi: 10.1093/bioinformatics/
btv697

Mori, J. F., Scott, J. J., Hager, K. W., Moyer, C. L., Küsel, K., and Emerson, D. (2017). 
Physiological and ecological implications of an iron- or hydrogen-oxidizing member of 
the Zetaproteobacteria, Ghiorsea bivora, gen. Nov., sp. nov. ISME J. 11, 2624–2636. doi: 
10.1038/ismej.2017.132

Müller, A. L., Kjeldsen, K. U., Rattei, T., Pester, M., and Loy, A. (2015). Phylogenetic 
and environmental diversity of DsrAB-type dissimilatory (bi)sulfite reductases. ISME J. 
9, 1152–1165. doi: 10.1038/ismej.2014.208

O’Brien, C. E., Giovannelli, D., Govenar, B., Luther, G. W., Lutz, R. A., Shank, T. M., 
et al. (2015). Microbial biofilms associated with fluid chemistry and megafaunal 
colonization at post-eruptive deep-sea hydrothermal vents. Deep-Sea Res. II Top. Stud. 
Oceanogr. 121, 31–40. doi: 10.1016/j.dsr2.2015.07.020

Oksanen, J., Simpson, G., Blanchet, F. G., Kindt, R., Legendre, P., Minchin, P. R., et al. 
(2008). Vegan: Community ecology package.

Opatkiewicz, A. D., Butterfield, D. A., and Baross, J. A. (2009). Individual 
hydrothermal vents at axial seamount harbor distinct subseafloor microbial 
communities. FEMS Microbiol. Ecol. 70, 413–424. doi: 10.1111/j.1574-6941.2009.00747.x

Orcutt, B. N., Bradley, J. A., Brazelton, W. J., Estes, E. R., Goordial, J. M., Huber, J. A., 
et al. (2020). Impacts of deep-sea mining on microbial ecosystem services. Limnol. 
Oceanogr. 65, 1489–1510. doi: 10.1002/lno.11403

Oulas, A., Polymenakou, P. N., Seshadri, R., Tripp, H. J., Mandalakis, M., 
Paez-Espino, A. D., et al. (2016). Metagenomic investigation of the geologically unique 
H ellenic V olcanic A rc reveals a distinctive ecosystem with unexpected physiology. 
Environ. Microbiol. 18, 1122–1136. doi: 10.1111/1462-2920.13095

Pan, J., Xu, W., Zhou, Z., Shao, Z., Dong, C., Liu, L., et al. (2022). Genome-resolved 
evidence for functionally redundant communities and novel nitrogen fixers in the 
deyin-1 hydrothermal field, mid-Atlantic ridge. Microbiome 10:8. doi: 10.1186/
s40168-021-01202-x

Parks, D. H., Imelfort, M., Skennerton, C. T., Hugenholtz, P., and Tyson, G. W. (2015). 
CheckM: assessing the quality of microbial genomes recovered from isolates, single cells, 
and metagenomes. Genome Res. 25, 1043–1055. doi: 10.1101/gr.186072.114

Parks, D. H., Tyson, G. W., Hugenholtz, P., and Beiko, R. G. (2014). STAMP: statistical 
analysis of taxonomic and functional profiles. Bioinformatics 30, 3123–3124. doi: 
10.1093/bioinformatics/btu494

Pillot, G., Amin Ali, O., Davidson, S., Shintu, L., Godfroy, A., Combet-Blanc, Y., et al. 
(2021). Identification of enriched hyperthermophilic microbial communities from a 
deep-sea hydrothermal vent chimney under electrolithoautotrophic culture conditions. 
Sci. Rep. 11:14782. doi: 10.1038/s41598-021-94135-2

Puente-Sánchez, F., García-García, N., and Tamames, J. (2020). SQMtools: automated 
processing and visual analysis of ‘omics data with R and anvi’o. BMC Bioinformatics 
21:358. doi: 10.1186/s12859-020-03703-2

Ragsdale, S. W., and Pierce, E. (2008). Acetogenesis and the wood–Ljungdahl pathway 
of CO2 fixation. Biochim. Biophys. Acta 1784, 1873–1898. doi: 10.1016/j.
bbapap.2008.08.012

Reznikoff, W. S. (2003). Tn5 as a model for understanding DNA transposition: Tn5 
transposition. Mol. Microbiol. 47, 1199–1206. doi: 10.1046/j.1365-2958.2003.03382.x

Rickaby, R. E. M., and Eason Hubbard, M. R. (2019). Upper Ocean oxygenation, 
evolution of RuBisCO and the Phanerozoic succession of phytoplankton. Free Radic. 
Biol. Med. 140, 295–304. doi: 10.1016/j.freeradbiomed.2019.05.006

Seemann, T. (2014). Prokka: rapid prokaryotic genome annotation. Bioinformatics 30, 
2068–2069. doi: 10.1093/bioinformatics/btu153

https://doi.org/10.3389/fmicb.2024.1399422
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1111/j.1365-2958.1996.tb02644.x
https://doi.org/10.3389/fmicb.2017.01578
https://doi.org/10.1038/s41598-018-28613-5
https://doi.org/10.3389/fmicb.2015.01236
https://doi.org/10.3389/fmicb.2015.01236
https://doi.org/10.3389/fmicb.2013.00148
https://doi.org/10.1139/cjm-2013-0083
https://doi.org/10.1186/s40168-020-00851-8
https://doi.org/10.1186/s40168-020-00851-8
https://doi.org/10.1146/annurev-marine-120709-142712
https://doi.org/10.1146/annurev-marine-120709-142712
https://doi.org/10.1186/1471-2105-11-119
https://doi.org/10.7717/peerj.1165
https://doi.org/10.1111/1462-2920.14032
https://doi.org/10.1073/pnas.1601212113
https://doi.org/10.1093/nar/gks808
https://doi.org/10.1093/nar/gks808
https://doi.org/10.3389/fmicb.2021.679409
http://microbiome.github.com/microbiome
http://microbiome.github.com/microbiome
https://doi.org/10.1038/nmeth.1923
https://doi.org/10.3389/fmicb.2015.01470
https://doi.org/10.21775/cimb.002.125
https://doi.org/10.1016/j.soilbio.2014.03.021
https://doi.org/10.1093/bioinformatics/btv033
https://doi.org/10.1128/AEM.02654-14
https://doi.org/10.1126/science.aao2410
https://doi.org/10.1038/ismej.2012.78
https://doi.org/10.14806/ej.17.1.200
https://doi.org/10.1128/mSystems.00553-19
https://doi.org/10.1038/s41396-020-00849-y
https://doi.org/10.1038/s41396-020-00849-y
https://doi.org/10.1371/journal.pone.0061217
https://doi.org/10.1038/ismej.2017.37
https://doi.org/10.1111/1462-2920.14514
https://doi.org/10.1016/j.chemgeo.2012.02.024
https://doi.org/10.1093/bioinformatics/btv697
https://doi.org/10.1093/bioinformatics/btv697
https://doi.org/10.1038/ismej.2017.132
https://doi.org/10.1038/ismej.2014.208
https://doi.org/10.1016/j.dsr2.2015.07.020
https://doi.org/10.1111/j.1574-6941.2009.00747.x
https://doi.org/10.1002/lno.11403
https://doi.org/10.1111/1462-2920.13095
https://doi.org/10.1186/s40168-021-01202-x
https://doi.org/10.1186/s40168-021-01202-x
https://doi.org/10.1101/gr.186072.114
https://doi.org/10.1093/bioinformatics/btu494
https://doi.org/10.1038/s41598-021-94135-2
https://doi.org/10.1186/s12859-020-03703-2
https://doi.org/10.1016/j.bbapap.2008.08.012
https://doi.org/10.1016/j.bbapap.2008.08.012
https://doi.org/10.1046/j.1365-2958.2003.03382.x
https://doi.org/10.1016/j.freeradbiomed.2019.05.006
https://doi.org/10.1093/bioinformatics/btu153


Murray et al.� 10.3389/fmicb.2024.1399422

Frontiers in Microbiology 15 frontiersin.org

Shah, V., Zhao, X., Lundeen, R. A., Ingalls, A. E., Nicastro, D., and Morris, R. M. 
(2019). Morphological plasticity in a sulfur-oxidizing marine bacterium from the SUP05 
clade enhances dark carbon fixation. MBio 10, e00216–e00219. doi: 10.1128/
mBio.00216-19

Sieber, C. M. K., Probst, A. J., Sharrar, A., Thomas, B. C., Hess, M., Tringe, S. G., et al. 
(2018). Recovery of genomes from metagenomes via a dereplication, aggregation and 
scoring strategy. Nat. Microbiol. 3, 836–843. doi: 10.1038/s41564-018-0171-1

Sourjik, V., and Wingreen, N. S. (2012). Responding to chemical gradients: bacterial 
chemotaxis. Curr. Opin. Cell Biol. 24, 262–268. doi: 10.1016/j.ceb.2011.11.008

Sylvan, J. B., Toner, B. M., and Edwards, K. J. (2012). Life and death of Deep-Sea vents: 
bacterial diversity and ecosystem succession on inactive hydrothermal sulfides. MBio 3, 
e00279–e00211. doi: 10.1128/mBio.00279-11

Sylvan, J. B., Wankel, S. D., LaRowe, D. E., Charoenpong, C. N., Huber, J. A., 
Moyer, C. L., et al. (2017). Evidence for microbial mediation of subseafloor nitrogen 
redox processes at Loihi seamount, Hawaii. Geochim. Cosmochim. Acta 198, 131–150. 
doi: 10.1016/j.gca.2016.10.029

Tabita, F. R., Hanson, T. E., Satagopan, S., Witte, B. H., and Kreel, N. E. (2008). 
Phylogenetic and evolutionary relationships of RubisCO and the RubisCO-like proteins 
and the functional lessons provided by diverse molecular forms. Philos. Trans. R. Soc. B 
363, 2629–2640. doi: 10.1098/rstb.2008.0023

Tamames, J., and Puente-Sánchez, F. (2019). SqueezeMeta, a highly portable, fully 
automatic metagenomic analysis pipeline. Front. Microbiol. 9:3349. doi: 10.3389/
fmicb.2018.03349

Teske, A., De Beer, D., McKay, L. J., Tivey, M. K., Biddle, J. F., Hoer, D., et al. (2016). 
The Guaymas Basin hiking guide to hydrothermal mounds, chimneys, and microbial 
Mats: complex seafloor expressions of subsurface hydrothermal circulation. Front. 
Microbiol. 7:75. doi: 10.3389/fmicb.2016.00075

Teske, A., Hinrichs, K.-U., Edgcomb, V., De Vera Gomez, A., Kysela, D., Sylva, S. P., 
et al. (2002). Microbial diversity of hydrothermal sediments in the Guaymas Basin: 
evidence for anaerobic Methanotrophic communities. Appl. Environ. Microbiol. 68, 
1994–2007. doi: 10.1128/AEM.68.4.1994-2007.2002

Toki, T., Ishibashi, J., Noguchi, T., Tawata, M., Tsunogai, U., Yamanaka, T., et al. (2015). 
“Chemical and isotopic compositions of hydrothermal fluids at snail, Archaean, Pika, 
and Urashima sites in the southern Mariana trough” in Subseafloor biosphere linked to 
hydrothermal systems. eds. J. Ishibashi, K. Okino and M. Sunamura (Tokyo: Springer 
Japan), 587–602.

Topçuoğlu, B. D., Stewart, L. C., Morrison, H. G., Butterfield, D. A., Huber, J. A., and 
Holden, J. F. (2016). Hydrogen limitation and syntrophic growth among natural 
assemblages of thermophilic methanogens at deep-sea hydrothermal vents. Front. 
Microbiol. 7:240. doi: 10.3389/fmicb.2016.01240

Trembath-Reichert, E., Butterfield, D. A., and Huber, J. A. (2019). Active subseafloor 
microbial communities from Mariana back-arc venting fluids share metabolic strategies 
across different thermal niches and taxa. ISME J. 13, 2264–2279. doi: 10.1038/
s41396-019-0431-y

Tunnicliffe, V., Botros, M., De Burgh, M. E., Dinet, A., Johnson, H. P., Juniper, S. K., 
et al. (1986). Hydrothermal vents of explorer ridge, Northeast Pacific. Deep Sea research 
part a. Oceanogr. Res. Papers 33, 401–412. doi: 10.1016/0198-0149(86)90100-7

Von Damm, K. L., Edmond, J. M., Measures, C. I., and Grant, B. (1985). Chemistry of 
submarine hydrothermal solutions at Guaymas Basin, gulf of California. Geochim. 
Cosmochim. Acta 49, 2221–2237. doi: 10.1016/0016-7037(85)90223-6

Waite, D. W., Vanwonterghem, I., Rinke, C., Parks, D. H., Zhang, Y., Takai, K., et al. 
(2017). Comparative genomic analysis of the class Epsilonproteobacteria and proposed 
reclassification to Epsilonbacteraeota (phyl. Nov.). Front. Microbiol. 8:682. doi: 10.3389/
fmicb.2017.00682

Wang, Q., Garrity, G. M., Tiedje, J. M., and Cole, J. R. (2007). Naïve Bayesian classifier 
for rapid assignment of rRNA sequences into the new bacterial taxonomy. Appl. Environ. 
Microbiol. 73, 5261–5267. doi: 10.1128/AEM.00062-07

Wickham, H. (2016). ggplot2: Elegant graphics for data analysis. 2nd Edn. Cham: 
Springer International Publishing.

Wright, J. P., Jones, C. G., and Flecker, A. S. (2002). An ecosystem engineer, the beaver, 
increases species richness at the landscape scale. Oecologia 132, 96–101. doi: 10.1007/
s00442-002-0929-1

Wrighton, K. C., Castelle, C. J., Varaljay, V. A., Satagopan, S., Brown, C. T., 
Wilkins, M. J., et al. (2016). RubisCO of a nucleoside pathway known from Archaea is 
found in diverse uncultivated phyla in bacteria. ISME J. 10, 2702–2714. doi: 10.1038/
ismej.2016.53

Wu, Y.-W., Simmons, B. A., and Singer, S. W. (2016). MaxBin 2.0: an automated 
binning algorithm to recover genomes from multiple metagenomic datasets. 
Bioinformatics 32, 605–607. doi: 10.1093/bioinformatics/btv638

Xie, W., Wang, F., Guo, L., Chen, Z., Sievert, S. M., Meng, J., et al. (2011). 
Comparative metagenomics of microbial communities inhabiting deep-sea 
hydrothermal vent chimneys with contrasting chemistries. ISME J. 5, 414–426. doi: 
10.1038/ismej.2010.144

Zhou, Z., St John, E., Anantharaman, K., and Reysenbach, A. L. (2022). Global 
patterns of diversity and metabolism of microbial communities in deep-sea 
hydrothermal vent deposits. Microbiome 10:241. doi: 10.1186/s40168-022-01424-7

Zhou, G., Yin, J., Chen, H., Hua, Y., Sun, L., and Gao, H. (2013). Combined effect of 
loss of the caa3 oxidase and Crp regulation drives Shewanella to thrive in redox-
stratified environments. ISME J. 7, 1752–1763. doi: 10.1038/ismej.2013.62

https://doi.org/10.3389/fmicb.2024.1399422
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1128/mBio.00216-19
https://doi.org/10.1128/mBio.00216-19
https://doi.org/10.1038/s41564-018-0171-1
https://doi.org/10.1016/j.ceb.2011.11.008
https://doi.org/10.1128/mBio.00279-11
https://doi.org/10.1016/j.gca.2016.10.029
https://doi.org/10.1098/rstb.2008.0023
https://doi.org/10.3389/fmicb.2018.03349
https://doi.org/10.3389/fmicb.2018.03349
https://doi.org/10.3389/fmicb.2016.00075
https://doi.org/10.1128/AEM.68.4.1994-2007.2002
https://doi.org/10.3389/fmicb.2016.01240
https://doi.org/10.1038/s41396-019-0431-y
https://doi.org/10.1038/s41396-019-0431-y
https://doi.org/10.1016/0198-0149(86)90100-7
https://doi.org/10.1016/0016-7037(85)90223-6
https://doi.org/10.3389/fmicb.2017.00682
https://doi.org/10.3389/fmicb.2017.00682
https://doi.org/10.1128/AEM.00062-07
https://doi.org/10.1007/s00442-002-0929-1
https://doi.org/10.1007/s00442-002-0929-1
https://doi.org/10.1038/ismej.2016.53
https://doi.org/10.1038/ismej.2016.53
https://doi.org/10.1093/bioinformatics/btv638
https://doi.org/10.1038/ismej.2010.144
https://doi.org/10.1186/s40168-022-01424-7
https://doi.org/10.1038/ismej.2013.62

	Microbial metabolic potential of hydrothermal vent chimneys along the submarine ring of fire
	1 Introduction
	2 Methods
	2.1 Study sites and sampling
	2.2 Amplicon DNA extractions, sequencing, and sequence processing
	2.3 Metagenomic sequencing
	2.4 Metagenomic sequence analysis

	3 Results
	3.1 Assembly
	3.2 Alpha and beta diversity
	3.3 Gene abundances
	3.4 Metabolic potential
	3.4.1 Carbon cycling
	3.4.2 Nitrogen cycling
	3.4.3 Sulfur cycling
	3.4.4 Iron cycling
	3.4.5 Arsenic metabolism
	3.4.6 Oxygen metabolism

	4 Discussion
	4.1 Ochre Chimney
	4.2 Castle Chimney
	4.3 Pagoda Chimney
	4.4 Snap-Snap Chimney
	4.5 Ultra-No-Chi-Chi Chimney

	5 Conclusion
	Data availability statement
	Author contributions

	References

