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ABSTRACT 

The primary production by Zetaproteobacteria at iron-rich vents of the Mariana Arc and 

back-arc supports high microbial diversity. In microaerophilic circumneutral pH, 

Zetaproteobacteria are able to produce energy by oxidizing ferrous iron (Fe2+) from the vent 

effluent with the presence of a key gene involved in their iron-oxidation, Cyc2, a fused 

cytochrome-porin. These genes are found in all Zetaproteobacteria known to date. This study 

combines molecular quantitative techniques with metagenomic analyses to enhance our 

confidence in gene quantification from environmental samples. The occurrence of cyc2 was 

quantified from microbial mat communities at NW Eifuku, NW Rota-1, Snail and Urashima Vents 

using primers designed from a composite metagenome to better understand the potential impact of 

Zetaproteobacteria metabolism on these iron-rich microbial communities. Based on a multiple 

sequence alignment and phylogenetic analysis, two distinct groups of the Zetaproteobacteria cyc2 

were identified and termed Cluster 1 cyc2 and Cluster 3 cyc2 based on the nomenclature provided 

by Chan et al. (2018). Multidimensional scaling of Zetaproteobacteria SSU rRNA and cyc2 gene 

abundances showed that the presence of the two cyc2 sequence variants are strongly driven by an 

array of different vent fluid chemicals. We also report on the phylogenetic relationship between 

the two cyc2 variants and other representative FeOB, as well as the distribution of cyc2 gene 

abundances across the Mariana hydrothermal vent sites along the Arc and back-arc. Overall, this 

provides insight on the ecological and evolutionary implications of Zetaproteobacteria iron-

oxidation represented at the community-level across a wide-range of geochemical parameters. 
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INTRODUCTION 

There are many different types of iron-oxidizing bacteria (FeOB) that contribute to an 

abundant and diverse pool of cytochromes involved in iron-oxidation (He et al., 2017; Hedrich et 

al., 2011). Cytochromes confirmed to play a role in microbial iron-oxidation have been found in 

the genomes of acidophilic FeOB (Acidithiobacillus ferrooxidans) (Yarzábal et al., 2002), 

phototrophic FeOB (Chlorobium phaeoferrooxidans) (Crowe et al., 2017), marine neutrophilic 

FeOB (Emerson and Moyer, 2002; Emerson et al., 2007) and fresh water neutrophilic FeOB 

(Ferriphaselus amnicola) (Kato et al., 2015). The abundance of confirmed iron-oxidizing 

cytochromes from metabolically diverse FeOB supports the possibility that there are more 

cytochromes involved in iron-oxidation that have yet to be discovered.  

Zetaproteobacteria are marine neutrophilic FeOB that are widespread and more 

metabolically diverse than previously thought, with an iron-oxidation mechanism that is still not 

fully understood (Chiu et al., 2017; McAllister et al., 2019). The byproduct of their Fe2+oxidation, 

which are insoluble Fe-(oxy)hydroxide biopolymers, form external twisted-stalk, tubular-sheath, 

or dread-like structures which compose the flocculent orange microbial mats (Chan et al., 2011; 

Kato et al., 2015; Laufer et al., 2017). Zetaproteobacteria not only provide other vent organisms 

(macrobes and microbes) with a food source and niche, but they also promote an efficient 

metabolism by producing a physicochemical gradient of oxygen and Fe2+ (Chan et al., 2016), 

making them the ecosystem engineers of microbial mats at iron-rich hydrothermal vents (Hager et 

al., 2017). Zetaproteobacteria have been found in marine, subsurface, coastal, and terrestrial 

habitats, including CO2-rich terrestrial springs (Emerson et al., 2016; Probst et al., 2016; Probst 
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et al., 2018), estuaries (Chiu et al., 2017; Field et al., 2016), oceanic crustal fluids (Kato et al., 

2009), crustal spreading centers (Scott et al., 2015), seamounts (Fleming et al., 2013), and worm 

burrows (Beam et al., 2018). Their cosmopolitan distribution and iron-oxidation metabolism 

suggests that the genes involved in this mechanism may also allow Zetaproteobacteria taxa to adapt 

to a diverse range of habitats (McAllister et al., 2019). 

A key gene involved in Zetaproteobacteria iron-oxidation, Cyc2 has been identified (Kato 

et al., 2015; Chan et al., 2018); the abundance of this gene within a microbial community is still 

unknown. Zetaproteobacteria-specific cyc2 is an outer-membrane, fused cytochrome-porin that 

transfers an electron from extracellular Fe2+ across the cellular membrane and into the electron 

transport chain to produce ATP (Barco et al., 2015, Singer et al., 2013). All sequenced 

Zetaproteobacterial genomes have at least one copy of cyc2 (McAllister et al., 2019) and the gene 

was identified in the proteome of the Zetaproteobacteria strain PV-1 (Cyc2PV-1) (Barco et al., 2015). 

More recently, heterologous expression of cyc2 showed Fe oxidase activity, confirming its crucial 

role in the oxidation of Fe2+ by Zetaproteobacteria (Chan et al., 2018). The highly conserved N-

terminal region encodes the cytochrome, which contains a single heme-binding motif, and the 

remaining variable sequence of the gene encodes for a porin (Barco et al., 2015; He et al., 2017; 

Chan et al., 2018). The primary goal of this study is to quantify the presence of cyc2 from microbial 

communities along the Mariana Arc and back-arc vents to understand the potential functional 

versatility of cyc2. 

The Mariana hydrothermal system has geochemically complex vent habitats that are 

distributed with varying proximity along the Arc and back-arc volcanoes (Resing et al., 2009) and 
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harbors diverse microbial communities that are often fueled by the primary production of 

Zetaproteobacteria (Davis and Moyer, 2008; Hager et al., 2017). The volcanic activity along the 

Arc and back-arc is due to the convergence and subduction of the Pacific plate under the Philippine 

plate (Stern et al., 2002). The differential magma sources that feed the vents result in vent fluid 

with heterogeneous chemical composition, which provides the habitat with an abundant and 

diverse lithotrophic energy source (Nakagawa and Takai, 2008). 

Although Zetaproteobacteria have been found in the microbial communities of both 

Mariana and Hawaiian hydrothermal systems, the geochemistry and ecology of Lō’ihi Seamount 

and the Mariana vents are fundamentally different (Davis and Moyer, 2008; McAllister et al., 2011; 

Yoshikawa et al., 2012). The chemical composition of the vent effluent at Lō’ihi is homogeneous 

across the system, making the geochemical constraints on the vent communities consistent (Glazer 

and Rouxel, 2009). Opposingly, the composition of the vent effluent along the Arc and back-arc 

of the Mariana is highly variable between vent sites, which results in vent communities that are 

under different geochemical pressures. This difference translates into enhanced geochemical 

complexity between the two systems and is mainly due to the underlying geology. The microbial 

communities of Lō’ihi have also been shown to be less diverse than that of the Mariana 

communities (Moyer et al., 1995; Davis and Moyer, 2008; Hager et al., 2017). Fullerton et al. 

(2017) identified cyc2PV-1 from metagenome-assembled genomes of Zetaproteobacteria taxa of 

Lō’ihi microbial communities, but no functional gene abundance estimates were conducted. By 

comparing cyc2 genomic sequences from ecologically and geochemically different hydrothermal 

systems, we hope to gain an understanding of cyc2 distribution to better elucidate ecological 
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connections among microbial communities at iron-rich vent sites at Lō’ihi Seamount (Central 

Pacific) and along the Mariana Arc and back-arc (Western Pacific). 

This study uses quantitative polymerase chain reaction (qPCR) vetted by metagenomic 

data to determine the abundance and distribution of the cyc2 gene, which is indicative of 

Zetaproteobacteria iron-oxidation. To get the most accurate representation of iron-oxidation by 

Zetaproteobacteria in the community, primers to amplify cyc2 were designed using a composite 

metagenome of Mariana microbial mats from hydrothermal habitats. Sequence analysis of Mariana 

mat genomic cyc2 shows two variants of cyc2 that are evolutionarily distinct, and our analysis will 

examine if these variants associate to different Mariana vent sites based on local geochemistry 

parameters. We will also examine if certain vent-derived hydrothermal fluid chemicals potentially 

have a role in regulating Zetaproteobacteria iron-oxidation at Mariana iron-rich vents, as well as a 

potentially similar and simpler relationship between vent geochemistry and iron-oxidation 

occurring at Lō’ihi. Quantifying the abundance of small subunit ribosomal RNA (SSU rRNA) 

genes across iron-rich Mariana vents will provide further insights regarding the distribution of 

Zetaproteobacteria. Combined with the abundance of the two cyc2 genetic variants, the 

hydrothermal vent conditions that potentially support Zetaproteobacterial growth is suggested. 

Overall, the ecological implications of Zetaproteobacteria iron-oxidation is characterized at the 

community level across Mariana Arc and back-arc microbial mats for iron-rich vents. 
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METHODS 

Sample collection and site description 

Samples were collected with a remotely operated vehicle (ROV) Jason II on board the 

R/V Roger Revelle during cruise 1413 from hydrothermal vents along the Mariana Island Arc and 

back-arc from the following locations: NW Eifuku, NW Rota-1, Snail and Urashima Vents (Figure 

1). Microbial mats were sampled with either a BioMat sampler, a fine-scale syringe sampler 

(Breier et al., 2012), a scoop, or by using a suction sampling device (Table 1). RNAlater 

(ThermoFisher Scientific, Waltham, MA) was either added to the sample remotely at depth or 

immediately once aboard ship. After initial contact with RNAlater at 4°C for at least 8 hrs, samples 

were kept at -80°C until DNA was extracted. Details of samples, sampling sites and geochemistry 

are shown in Table 1. Geochemistry data at vent locations were collected and analyzed by Hager 

et al. (2017); however, fluid samples were not collected from Old Iron Slides and Tip Ice so fluids 

collected from nearby vents were used as a proxy. Two additional samples from Snail Vent, J42-1W 

and J42-2W, were used in this study that were previously collected (Davis and Moyer, 2008). 

Metagenomic sequencing, assembly and binning 

DNA was extracted from the microbial mat samples using the manufacturer’s protocol 

for FastDNA SPIN Kit for Soil (MP Biomedicals, Santa Ana, CA) with minor modifications. In 

the first step, 250 µl of 0.5 M sodium citrate pH 5.8 was added to 728 µl of the supplied sodium 

phosphate buffer. FastPrep instrument (MP Biomedicals) was used for lysis with two rounds of 

bead beating for 45 sec at a speed setting of 5.5 for each. Extracts were placed on ice between runs 

for 30 sec. For the final step, DNA was eluted with 100 µl 1.0 mM Tris pH 8.0. A Qubit 2.0 
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fluorometer (ThermoFisher Scientific) was used to quantify DNA yields. 

Four samples (799B156, 800B12456, 797D234, 801X126) were then purified and 

concentrated with an Aurora Nucleic Acid Extraction System (Boreal Genomics Inc., Vancouver, 

BC, Canada) and DNA libraries were prepared with a Nextera DNA Library Kit (Illumina, San 

Diego, CA). Library size and concentration were quantified with a 2100 Bioanalyzer (Agilent 

Technologies, Santa Clara, CA) before sequencing with an Illumina MiSeq reaction kit v3 

(2x300bp) (Illumina Inc., San Diego, CA). Reads were trimmed and filtered for quality control 

using Trimmomatic version 0.33 with MAXINFO 40:0.3 (Bolger et al., 2014). All trimmed reads 

were then combined and assembled using IDBA-UD (Peng et al., 2012) into a composite assembly, 

which was then annotated by IMG/MER (Chen et al., 2019). The annotated composite assembly 

is available through the IMG database (IMG Genome ID 3300013233). 

Assembled contigs were then binned using MaxBin2.0 (Wu et al., 2014). CheckM was 

used to assign taxonomy and assess completeness of the genome bins (Parks et al., 2015). Reads 

were mapped back to the bins using Bowtie2 (Langmead and Salzberg, 2013) to determine the 

abundance of taxonomically placed reads for each of the four samples. ZetaHunter (McAllister et 

al., 2018) was used to assign Zetaproteobacteria operational taxonomic units (OTU) to binned 

contigs based on the small subunit ribosomal RNA (SSU rRNA) sequence represented by each bin. 

SSU rRNA qPCR analysis 

Quantitative polymerase chain reaction (qPCR) was performed for 28 Mariana microbial 

mat samples using previously described Bacterial and Zetaproteobacterial primers (Jesser et al., 

2015) (Table 3). qPCR amplifications were performed in triplicate with a StepOnePlus Real-Time 
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PCR system (ThermoFisher Scientific). A reaction mixture with a total volume of 20 µl included 

10 µl 2X Power SYBR Green Master mix (ThermoFisher Scientific), forward and reverse primers 

(0.3 µM each) and 1 ng of template gDNA. Cycling conditions were 95°C for 10 min and 40 cycles 

of 95°C for 15 sec and 50 to 60°C for 1 min. Thermocycling was followed by melting curve 

analysis from 60 to 95°C. A dilution series of known cloned SSU gene plasmid standards were 

used as controls after being linearized using the restriction enzyme NotI. Gene copy numbers were 

calculated using estimated CT values relative to plasmid-control derived standard curves. Relative 

abundance of Zetaproteobacteria was determined by calculating the ratio between 

Zetaproteobacteria SSU abundance and Bacteria SSU abundance. QPCR data were used only if 

primers exhibited better than 90% efficiency and yielded single-peak amplicons during post-PCR 

melt curve analysis. 

Primer design for Zetaproteobacterial cyc2 

Cyc2 sequences from sequenced Zetaproteobacteria isolate genomes and single amplified 

genomes (SAG’s) were obtained from IMG/MER or GenBank using the gene ID numbers (Supp. 

Table 1). These cyc2 sequences were used as reference to search for cyc2 from the Mariana 

composite metagenome. The blastp tool was used with each reference sequence to search the 

composite metagenome for putative cyc2 genes using an E-value cutoff of 1.00e-5 or greater. 

Putative cyc2 genes that did not contain the N-terminal conserved region were removed from 

further analysis. A total of 4824 genes were identified. Duplicate genes and sequences less than 

600 bp were removed. Remaining 509 potential Zetaproteobacteria cyc2 genes were further filtered 

by removing genes that did not correspond to a Zetaproteobacteria OTU-designated bin as a 
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conservative measure to only identify Zetaproteobacterial sequences. Twenty-one confirmed 

Zetaproteobacterial cyc2 genes were identified in the Mariana composite metagenome. 

Nucleotide sequences of the cyc2 genes were aligned using Geneious Alignment (Geneious 

v.10.2.6, global alignment with free end gaps, cost matrix: 70% similarity, gap open penalty: 25, 

gap extension penalty: 15, refinement iterations: 6). When aligned, the cyc2 sequences grouped 

into two distinct clusters, referred as Cluster 1 and Cluster 3 cyc2 for this study (Chan et al., 2018). 

Separate primer sets were designed for Cluster 1 and Cluster 3 cyc2 sequences for both cloning 

and qPCR assays. Primers for the qPCR assays are nested within the cloning primers and do not 

overlap (Supp. Fig.1). 

Cloning for qPCR standards  

Primers designed on the composite metagenome were used to amplify Cluster 1 and Cluster 

3 cyc2 from Mariana microbial mat samples using the respective cloning primers shown in Table 

3. PCR amplifications were done in duplicate using a reaction mixture of 10X PCR buffer, 2.5 mM 

MgCl2, 200 µM each deoxynucleoside triphosphate (dNTP), 1 µM each forward and reverse 

primer, 10 µg of bovine serum albumin (BSA), 1 µM Taq DNA polymerase, 5 ng of DNA template. 

Cycling conditions were 95°C for 10 min and 30 cycles of 95°C for 1 min, 60°C for 1.5 min., 72°C 

for 1 min, and a final elongation step of 72°C for 7 min. PCR products for Cluster 1 and Cluster 3 

cyc2 were visualized on a 1.5% agarose gel. Amplicon sizes are shown in Table 3. Amplicons were 

purified using AMPure XP beads (Beckman Coulter, Indianapolis, IN). Cleaned PCR products 

were transformed into pCR8 using pCR™8/GW/TOPO™ TA Cloning Kit with One Shot™ 

TOP10 E. coli (ThermoFisher Scientific). Colonies were screened by PCR amplification with 2x 
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BlueStarTM PCR Master mix (MCLAB, San Francisco, CA) using M13F and M13R primers. 

Positive clones were then grown in LB spectinomycin broth overnight at 37℃ while shaken. 

Plasmids were purified using QIAprep® Spin Miniprep Kit (Qiagen, Valencia, CA). Correct insert 

size was checked for with a restriction enzyme digest using EcoR1. A final step to confirm 

successful cyc2 insertion was done by amplifying a nested region of the insert from the Cluster 1 

and Cluster 3 cyc2 plasmids with their respective qPCR primers shown in Table 3. Plasmid digests 

and PCR products were visualized on a 2% agarose gel and clones with the correct size and type 

of insert were sequenced using M13F and M13R primers. Two putative positive cyc2 clones were 

selected that shared sequence similarity (E-value > 1.00e-05) with Zetaproteobacterial genes from 

the NCBI database, one from Cluster 1 and one from Cluster 3. These were then used as our 

Zetaproteobacteria cyc2 standards after plasmids were linearized with EcoR1, for all of our cyc2 

qPCR assays. 

Cyc2 qPCR analysis  

qPCR amplifications were performed in triplicate with a StepOnePlus Real-Time PCR 

system (ThermoFisher Scientific). Primer pairs specific for Cluster 1 cyc2 and Cluster 3 cyc2 were 

used (Table 3). A reaction mixture with a total volume of 20 µl included 10 µl 2X Power SYBR 

Green Master mix (ThermoFisher Scientific), forward and reverse primers (0.3 µM each) and 1 ng 

of template DNA. Cycling conditions were 95°C for 10 min and 40 cycles of 95°C for 30 s and 

55°C for 30 s, followed by melting curve analysis from 60 to 95°C. qPCR results were used only 

if primers exhibited >72% efficiency and yielded single-peak amplicons with consistent melting 

temperatures during the post-PCR melt curve analysis. 
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Statistical analyses 

 Non-parametric statistical analyses were done to assess ecological relationships based on 

differences in gene abundance and environmental variables across microbial communities. 

Kendall’s Tau correlation coefficients were determined between cyc2 and SSU gene copy numbers 

(Supp. Table 2). Univariate Shapiro-Wilk’s normality tests were run for SSU rRNA and cyc2 gene 

copy numbers. Gene copy numbers were log10 transformed to better fit a normal distribution. Five 

one-way non-parametric multivariate analyses of variance (MANOVA) were run for cyc2 gene 

copy numbers and independent variables of Zetaproteobacteria percent abundance, vent field, site 

location, sample location, and geochemistry (Supp. Table 3). Samples that had non-detectable 

qPCR gene copy numbers were considered to be below the limit of detection and removed from 

any statistical analyses. MANOVA was chosen based on the non-normal distribution of the gene 

copy numbers and to analyze two continuous response variables against different single factors. 

Resulting p-values from the multivariate analysis of variance was adjusted for multiple 

comparisons using a False Discovery Rate (FDR) of 0.05 with the Benjamini-Hochberg method. 

This method was chosen over the Bonferroni method due to the relatively small pool of variables 

tested. The abundance of Cluster 1 cyc2, Cluster 3 cyc2 and relative abundance of 

Zetaproteobacteria were ordinated using non-parametric multidimensional scaling (NMDS) 

analysis with the function metaMDS using the Bray-Curtis dissimilarity matrices in the R package 

Vegan v2.5-4 (Bray and Curtis, 1957; Oksanen et al., 2019). Only the independent variables with 

a p-value of less than 0.05 from the MANOVA analyses were plotted. Geochemical variables that 

showed significance from the MANOVA tests were ordinated using the function env_fit in Vegan 
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v2.5-4 and plotted onto the gene abundance ordination. The function env_fit combines 

environmental variables as a vector to an ordination, which statistically tests the correlation of the 

geochemical variables with the sample sites that are ordinated based on gene abundance. The 

significance of the variables was assessed using 10,000 permutations and p-values were corrected 

using an FDR of 0.05 with the Benjamini-Hochberg method. NMDS plots were made using the R 

package ggplot2 v3.1.1. Correlation among environmental variables (temperature, pH, 

geochemistry) was calculated using the cor() function in R v1.0.143. 

Phylogenetic analysis 

An alignment of 87 amino acid cyc2 sequences from our Mariana composite metagenome, 

Lō’ihi composite metagenome (Fullerton et al., 2017), Zetaproteobacteria SAGs (Field et al., 

2015), Zetaproteobacteria isolates (Singer et al., 2011; Field et al., 2015; Fullerton et al., 2015; 

Makita et al., 2016; Chiu et al., 2017; Mori et al., 2017), and a few representative Proteobacteria 

(Chan et al., 2018) was made with MAFFT v7.388 (algorithm used: FFT-NS-I x1000, scoring 

matrix: BLOSUM62, Gap open penalty: 1.53, Offset value: 0.123; Katoh and Standley, 2013) 

(Supp. Table 5). Sequences missing the N-terminal conserved region or with less than 100 amino 

acids were not used. The resulting alignment was used to create a maximum likelihood 

bootstrapped phylogenetic tree with RAxML 8.2.11 (Protein model used: GAMMA BLOSUM62, 

algorithm: rapid bootstrapping, number of starting trees or bootstrap replicates: 100, parsimony 

random seed: 1) (Stamatakis, 2014). A consensus tree was made from 100 bootstrapped trees with 

a support threshold of 70%. 
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RESULTS AND DISCUSSION 

Sample information 

NW Eifuku is farthest from the other three vent fields and is at the northern tip of the 

island arc approximately 750 km north of NW Rota-1. NW Rota-1 is also located on the Arc 

approximately 125 km north of Guam and approximately 200 km NE from Urashima and Snail. 

Snail is on the back-arc spreading center and Urashima is off-axis of the spreading center 

approximately 5 km SE of Snail. Within the NW Eifuku Vent field, Yellow Cone Marker 124 and 

Marker 146 are approximately 12.5 m apart. At NW Rota-1, Tip Ice and Old Iron Slides are 

approximately 150 m apart. Golden Horn was approximately 10 m from the adjoining Saipanda 

Horn and SnapSnap Vent sites within the Urashima Vent field. 

Urashima Vent field has chimney structures with layers of flocculent orange microbial 

mat, one of the largest of these structures is Golden Horn chimney at 13 m high (Nakamura et al., 

2013; Toki et al., 2015). Golden Horn sample sites were located at the top, middle and base of this 

chimney structure. Although there are no large chimney structures, NW Eifuku Yellow Cone sites 

have small chimneys composed of yellow to orange microbial mats. Tip Ice at NW Rota-1 was 

primarily dominated by microbial mats that are thin and white. Old Iron Slides at NW Rota-1 had 

yellow-orange thin tufts of microbial mat. The Snail vent field has thick orange mats with a black 

surface that is most likely characteristic of the presence of manganese (Hager et al., 2017). 

Geochemistry of vent sites 

Geochemistry was analyzed from vent fluid collected either at or very near where the 

microbial mat samples were collected (Table 2). The pH of the vent fluids ranged from 5.41 to 
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6.66 and the pH of two mid-water background samples were 7.51 and 7.55, respectively. The 

concentration of total hydrogen sulfide (H2S) was abundant at Tip Ice (816 µM) and Old Iron 

Slides (190 µM), both located within the NW-Rota-1 Vent field. The remaining vent sites ranged 

from <0.2 to 4.0 µM total H2S. Molecular hydrogen (H2) was detected at Champagne Vent at NW 

Efuku and was not detected at NW Rota-1 nor Snail Vents. At Urashima, the vent fluids with the 

highest concentration of H2 was found at Golden Horn base and it decreased towards the top of the 

chimney. The concentration of H2 at the middle of Golden Horn (16 nM) is only 1 nM above that 

of the mid-water background H2 concentration (15 nM). 

NW Eifuku had the greatest concentration of iron (Fe), with 96.7 µM at Yellow Cone 

146 and 221 µM at Yellow Cone 124, respectively. Snail Marker 108 had the lowest concentration 

of molybdenum (Mo) and all the Urashima sites had high Mo concentrations. Arsenic (As) was 

most concentrated at Golden Horn top. Uranium (U) concentrations were lowest at Yellow Cone 

Marker 124 and highest at the base of Golden Horn. Marker 108 at Snail had vent fluid with the 

highest temperature at 36°C, while Golden Horn base has the lowest temperature that was sampled 

at 10°C. Based on Pearson’s correlation values (Supp. Fig. 2), temperature is negatively correlated 

with the concentration of Mo and positively correlated with silicon (Si). No other chemicals show 

a strong correlation with temperature that were measured. 

Cyc2 sequences 

The Zetaproteobacteria specific cytochrome-porin fused outer-membrane protein, Cyc2, 

that contained a conserved motif from positions 28 to 44 in the amino acid sequence were 

considered unique and used to distinguish among Cyc2 homologs from other outer-membrane 
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cytochromes (Supp. Fig. 1). Full length Cyc2 sequences range from approximately 350 to 580 

amino acids (Chan et al., 2018). Zetaproteobacteria SAG and isolate Cyc2 range from 88 to 475 

amino acids (Supp. Table 1) and Mariana composite metagenome Cyc2 range from 175 to 492 

amino acids in length (Supp. Table 5). The putative Cyc2 identified from the Mariana composite 

metagenome were either “hypothetical proteins” or “cytochromes” in IMG/MER annotation. 

In both the phylogenetic tree (Fig. 2) and the multiple sequence alignment (Supp. Fig. 1), 

our cyc2 data grouped into two distinct clusters. Both Cluster 1 and Cluster 3 Cyc2 (using the 

nomenclature from Chan et al., 2018) from the Mariana composite metagenome contain a single-

heme binding motif in the N-terminal region (Supp. Fig. 1). The two cyc2 gene clusters can be 

distinguished based on the third residue of this N-terminal single heme-binding motif; Cluster 1 

Cyc2 has a CLXCH sequence and Cluster 3 Cyc2 is either CNXCH or CSXCH in sequence (Supp. 

Fig. 1). Our Cluster 1 cyc2 clone contains a 721 bp insert and the closest BLAST was to a 

hypothetical protein AUJ58_02665 from a Zetaproteobacteria bacterium (CG1_02_55_237) and 

our Cluster 3 cyc2 clone contains a 968 bp insert with its closest similar sequence to a probable 

cytochrome c1 precursor protein from Mariprofundus ferrooxydans PV-1 (Supp. Table 6). Based 

on these BLAST results with an E-value cutoff of greater than 1.00e-5, our two cloned cyc2 genes 

are confirmed to be of Zetaproteobacteria origin. 

The highly conserved residues in the Mariana composite metagenome Cyc2 amino acid 

sequences (shown in Supp. Fig. 1) are also found in the Cyc2 sequences from Zetaproteobacteria 

isolates and SAGs (description of isolates and SAGs shown in Supp. Table 1). Previous studies 

have confirmed that the N-terminal conserved region (residues 28-39), the heme-binding motif 
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(residues 40-44), and the C-terminal variable region (from about residue 73 and onward) encodes 

an outer-membrane cytochrome-porin fused protein (Barco et al., 2015; Kato et al., 2015; Chan et 

al., 2018). Based on the shared pattern in sequence conservation and variability, there is strong 

evidence that the Cyc2 found in the Mariana microbial mat communities also encodes for a 

cytochrome-porin fused outer-membrane protein. 

SSU rRNA and cyc2 gene abundance 

Zetaproteobacteria relative abundance of the Mariana Arc and back-arc microbial mats 

varied from 0.6 % to 72.4 % (Table 1). The microbial community sampled from Tip Ice had the 

lowest relative abundance of Zetaproteobacteria (0.6 %), which can be explained by the high 

concentration of H2S in the vent effluent (Table 2; Supp. Table 7). This finding corresponds with 

a previous study of Mariana region microbial communities occasionally being dominated by 

sulfur-oxidizers resulting in relatively low community complexity (Hager et al., 2017). Also, the 

microbial community at Tip Ice does not associate with either Cluster 1 or Cluster 3 cyc2 

abundance, supported by the statistically insignificant p-value (p-value > 0.05) and by the lack of 

clustering in ordination space shown in Fig. 3 (Supp. Table 4). Combined, these findings suggest 

that sulfur-oxidizer abundant microbial communities are negatively associated with 

Zetaproteobacteria cyc2 abundance.  

QPCR assays of Zetaproteobacteria SSU, Bacteria SSU, Cluster 1 cyc2 and Cluster 3 cyc2 

gene abundance shows a greater number of cyc2 genes than SSU genes in all the Mariana microbial 

mat samples examined (Supp. Table 7). Furthermore, Cluster 1 cyc2 abundance is consistently 

greater than Cluster 3 cyc2 abundance in all mat samples analyzed. In addition, non-parametric 
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Kendall’s tau correlation analyses on cyc2 and SSU gene copy numbers shows that there are 

significant correlations (p-value < 0.05) between Cluster 1 cyc2, Cluster 3 cyc2, Zetaproteobacteria 

SSU, and Bacterial SSU abundances with tau correlation coefficients ranging between 0.34 and 

0.54 (Supp. Table 2). This indicates a positive correlation between SSU rRNA and Cluster 1 and 

Cluster 3 cyc2 gene abundances. These findings indicate that Cluster 1 cyc2 is most abundant in 

the communities, and that there is potentially greater diversity of cyc2 variants in the iron-rich 

communities that have not yet been identified and are being represented by the Cluster 1 and 

Cluster 3 cyc2 qPCR primers. 

Confirmation of Zetaproteobacteria specificity of all the cyc2 cloning and qPCR primers 

were done by testing the primers in silico on cyc2 sequences from Zetaproteobacteria isolates and 

SAGs, and on cytochromes of non-Zetaproteobacteria FeOBs. An additional confirmation step 

was done by testing the cyc2 cloning and qPCR primers on the cyc2 sequences from the Mariana 

composite metagenome. From the Zetaproteobacteria-specific cyc2 primers designed, only the 

primer pairs that amplified at least 75% of the total cyc2 sequences occurring in the composite 

metagenome were used. Linearized plasmids were used to generate a standard curve in both the 

cyc2 qPCR assays. Each of these cyc2 gene inserts were cloned and sequenced from Mariana mat 

samples. This allows for our estimates of Cluster 1 and Cluster 3 cyc2 gene copy numbers to most 

accurately estimate Zetaproteobacteria metabolisms in Mariana microbial communities at iron-

rich vents. 

Phylogenetic analysis of cyc2 

Cluster 1 and Cluster 3 cyc2 sequences from Lō’ihi genomic bins, Mariana genomic bins, 
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Zetaproteobacteria SAGs and selected isolates, grouped into two distinct clades on a phylogenetic 

tree (Fig. 2). One clade consists of Cluster 1 cyc2 sequences, which diverges from cytochromes of 

non-Zetaproteobacteria FeOB including acidophilic (Acidithiobacillus ferrooxidans, Thiomonas 

sp.), freshwater (Gallionella spp., Sideroxydans lithotrophicus, Ferriphaselus amnicola) and 

phototrophic (Chlorobium ferrooxidans) FeOB. The other clade consists of Cluster 3 cyc2 

sequences and diverges independently of Cluster 1 cyc2 and non-Zetaproteobacteria FeOB 

cytochromes. Similar findings confirm that cyc2 homologs from marine FeOB grouped separately 

from freshwater FeOB (Kato et al., 2015), and that Cluster 1 cyc2 was distinctly different from 

Cluster 3 cyc2 (Chan et al., 2018). The divergence of Cluster 1 cyc2 from a metabolically diverse 

group of FeOB compared to the independent Cluster 3 cyc2 clade suggests that Cluster 1 cyc2 

could be more functionally diverse than Cluster 3 cyc2. Phylogenetic placement also indicates that 

Cluster 1 cyc2 has diverged more recently than Cluster 3 cyc2 (Fig. 2). The microbial samples 

from Golden Horn top, Golden Horn middle and Saipanda Horn/SnapSnap have a strong 

association with Cluster 3 cyc2 gene abundance (Fig. 3). Considering the ancestral phylogenetic 

placement of Cluster 3 cyc2, Zetaproteobacteria iron-oxidation at the Golden Horn top, Golden 

Horn middle and Saipanda Horn/SnapSnap sites potentially use a more ancestral mode of iron-

oxidation that involves the use of predominantly more Cluster 3 cyc2 genes. 

Phylogenetic placement of the Zetaproteobacteria OTU-designated cyc2 sequences shows 

no dominant or specific OTU distribution across the two different cyc2 clusters (Fig. 2), indicating 

that there is no discernible relationship among Zetaproteobacteria OTU taxonomy and the potential 

iron-oxidation physiology in Mariana Vent communities. In addition, cyc2 sequences from the 
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Lō’ihi and Mariana composite metagenomes share the same phylogenetic relationship and show 

no distinct groupings (Fig. 2). This suggests that both cyc2 Cluster 1 and Cluster 3, in iron-rich 

microbial communities at Lō’ihi and Mariana hydrothermal sites, originated from a shared gene 

pool.  

Environmental drivers of cyc2 gene abundance 

Nonparametric one-way MANOVA analysis between Cluster 1 and Cluster 3 cyc2 gene 

abundance with Fe concentration had a p-value greater than 0.05, indicating that Fe does not 

explain any differences between Cluster 1 cyc2 and Cluster 3 cyc2 abundance across these vent 

sites. Both sites at NW Eifuku sites had the greatest concentration of Fe (Table 2). MANOVA 

analyses also showed that the difference between Cluster 1 and Cluster 3 cyc2 gene abundance is 

significantly correlated with other independent variables: Zetaproteobacteria relative abundance, 

vent field, sample site, H2S, NH4+, H2, Mg2+, As, Mo and U (Supp. Table 3). Figure 3 shows that 

Zetaproteobacteria and Cluster 1 cyc2 gene abundance is most closely associated with NH4+, H2, 

and Mg2+ and that Cluster 3 cyc2 gene abundance is most closely associated with Mo, U and As. 

This indicates that NH4+, H2 and Mg2+ may play a role in driving Cluster 1 cyc2 gene presence, 

and that Mo, U and As may play a role in driving Cluster 3 cyc2 gene presence in a given microbial 

mat community. 

Although our vent sites do not cluster into ordination space, there is a slight separation 

of Urashima sites (Golden Horn top, middle, and Saipanda Horn/SnapSnap) from all others. These 

Urashima sites are trending towards Cluster 3 cyc2 gene abundance rather than to Cluster 1 cyc2, 

indicating a close association between these vent sites and Cluster 3 cyc2 gene presence. 
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Furthermore, Cluster 3 cyc2 genes also showed a close association with the communities at 

Saipanda Horn/SnapSnap sites, which are influenced by greater concentrations of Mo, U and As 

(Fig. 3). The vent chemistry analyzed from Golden Horn chimney shows that As concentrations 

are lowest at the base of the chimney and highest at the top, while H2 concentrations are highest at 

the bottom and lowest at the top, i.e., inversely proportional (Table 2). Pearson’s correlation 

analysis shows that As and H2 are negatively associated with a correlation value of approximately 

-0.5 (Supp. Fig. 2). This suggests that the concentration of H2 and As are geochemical indicators 

of Cluster 3 cyc2 gene abundance and there is, potentially, a relationship between Cluster 3 cyc2 

and Cluster 1 cyc2 gene presence that can be explained by decreased H2 and increased As 

concentration.  

The sites that ordinate towards Cluster 1 cyc2 gene abundance (NW Eifuku, Snail, and 

NW Rota-1 Vents) do not show distinct differences among each other, indicated by their random 

distribution in the NMDS plot (Fig. 3). However, these vent sites are significantly associated with 

Zetaproteobacteria and Cluster 1 cyc2 gene abundance and H2 concentration, represented by the 

sample sites trending along these vectors, as well as by p-values of less than 0.05 (Supp. Table 4). 

Compared to the sites that ordinate towards Cluster 1 cyc2 gene abundance, only three of the vent 

sites (all from Urashima) ordinate towards Cluster 3 cyc2 gene abundance. These findings suggest 

that Cluster 1 cyc2 is found in a wider range of iron-rich vent habitats compared to Cluster 3 cyc2. 

Combined with gene abundance data, the NMDS distribution of the vent sites also suggest that 

Cluster 1 cyc2 genes are potentially more prominent in the Zetaproteobacteria iron-oxidation 

metabolism compared to Cluster 3 cyc2 genes. 
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Cluster 1 cyc2 gene abundance is strongly associated with H2 concentration while 

Cluster 3 cyc2 genes are associated with Mo, U and As. These findings indicate that 

Zetaproteobacteria iron-oxidation could be using different molecular mechanisms based on the 

vent site and the geochemical constraints, such as H2, As, Mo and U concentrations. Ammonium 

(NH4+) concentration is highest at Yellow Cone Marker 146 and Mg2+ concentration is highest at 

Yellow Cone Marker 124. Both Yellow Cone Marker sites ordinate towards Zetaproteobacteria 

and Cluster 1 cyc2 gene presence, indicating a strong association between NW Eifuku samples 

with Zetaproteobacteria and Cluster 1 cyc2 gene abundance (Table 2; Fig. 3). Out of the 

geochemical constraints that ordinate towards Zetaproteobacteria and Cluster 1 cyc2 gene 

abundance, H2 is most closely associated followed by NH4+ then Mg2+. These findings suggest that 

H2, NH4+ and Mg2+ may be potential drivers for iron-oxidation, but specifically for 

Zetaproteobacteria iron-oxidation that involves Cluster 1 cyc2 and not Cluster 3 cyc2 genes. 

Zetaproteobacteria relative abundance and Cluster 1 cyc2 gene abundance are closely 

associated to each other based on the ordination of cyc2 and SSU rRNA copy numbers in the 

microbial communities we examined (Fig. 3). In addition, qPCR analysis of Cluster 1 and Cluster 

3 cyc2 genes showed that Cluster 1 cyc2 is more abundant than Cluster 3 cyc2 in all our microbial 

communities (Supp. Table 7). This indicates that Cluster 1 cyc2 gene abundance is associated with 

microbial communities that are relatively abundant in Zetaproteobacteria, suggesting that Cluster 

1 cyc2 might be playing a larger role in Zetaproteobacteria metabolism compared to Cluster 3 cyc2. 
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CONCLUSION 

Ecological implications of Zetaproteobacteria iron-oxidation are represented at the 

community-level across iron-rich vents along the Mariana Arc and back-arc. Here, we quantified 

the cyc2 gene from environmental samples using qPCR primers designed from a composite 

metagenome to most accurately represent the Zetaproteobacteria iron-oxidation in these microbial 

mat communities. We found two distinct types, or sequence variants, of the cyc2 gene detected 

from Zetaproteobacteria bins that were identified from our Mariana metagenomic analysis. Further, 

both types of Mariana genomic cyc2 genes are likely cytochrome-porin fused outer-membrane 

proteins based on shared sequence similarities with findings from previous studies. We confirmed 

that our Zetaproteobacteria cyc2 genes were present in Mariana microbial mat communities as well 

as in the genomes of cultured isolates. 

Zetaproteobacteria cyc2 gene abundance is more closely associated with microbial 

communities that are dominated by iron-oxidizers rather than sulfur-oxidizers. Between the two 

types of cyc2 detected, Cluster 1 cyc2 is more abundant than Cluster 3 cyc2 across all Mariana 

microbial mat communities we investigated. Based on the greater abundance of cyc2 genes 

compared to SSU rRNA gene copies, there is the possibility that the cyc2 genes are as yet more 

diverse than our current estimates and there may be more cyc2 sequence variants that have yet to 

be detected. On the other hand, based on our detailed composite metagenomic analysis, we feel 

that we have detected the majority of the cyc2 genes that exist in these hydrothermal habitats. 

Therefore, our Cluster 1 and Cluster 3 cyc2 specific qPCR primers can provide a robust initial 

approximation of cyc2 gene abundance and thereby provide insights into the iron oxidation 
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potential of both iron- and sulfur-dominated microbial mat communities.  

Environmental parameters play a role in the type and abundance of Zetaproteobacteria cyc2 

present in an iron-rich community. Cluster 1 and Cluster 3 cyc2 gene abundance are driven by 

different geochemical constraints across the vent sites we examined with Cluster 1 cyc2 gene 

abundance being driven by NH4+, H2, and Mg+2 and Cluster 3 cyc2 gene abundance driven by the 

presence of Mo, U and As. Cluster 3 cyc2 gene abundance seems to have a relationship with 

decreased H2 concentration and increased As concentration. Cluster 1 cyc2 genes were found in a 

wider range of iron-rich vent habitats compared to Cluster 3 cyc2, therefore Cluster 1 cyc2 is more 

prominent within Zetaproteobacteria iron-oxidation metabolism across all the hydrothermal 

habitats we studied. 

The evolutionary history between Cluster 1 and Cluster 3 Cyc2 suggests a greater 

functional diversity of Cluster 1 cyc2 genes and that Cluster 3 cyc2 genes were ancestral to Cluster 

1 cyc2 genes, as well as to the representative FeOB cytochromes used in our phylogenetic analysis. 

Hydrothermal vent habitats that potentially have a greater impact from the more ancestral type of 

iron-oxidation metabolism includes Golden Horn (Top and Middle), Saipanda Horn and SnapSnap, 

all from the Urashima Vents area. Comparing Mariana Arc and back-arc microbial communities 

with those from Lō’ihi Seamount showed that both Cluster 1 and Cluster 3 cyc2 genes are 

phylogenetically similar at both locations. 

This study provides insight regarding the impact of Zetaproteobacterial Cyc2-based iron-

oxidation metabolism across hydrothermal vents from two regions in the Pacific. We also have 

enhanced our understanding regarding the molecular adaptations that have enabled some 
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Zetaproteobacteria taxa to be widely distributed and others to be niche-specialized. In the future, 

we hope to expand our approach of using functional gene qPCR assays designed based on 

metagenomes to examine additional hydrothermal vent microbial communities in more detail with 

respect to their ecological and evolutionary relationships. 
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FIGURE LEGENDS 
 

Figure 1. Map of sample sites 

Bathymetric map of the Mariana region. Vent fields are circled in black. Sites that samples were 

collected are from the following respective vent fields. NW Eifuku: Yellow Cone Marker 124, 

Yellow Cone Marker 146. Urashima: Golden Horn, Saipanda Horn, and Snap Snap. NW Rota-1: 

Tip ice, Iceberg, and Old Iron Slides. Snail Vent: Marker 108. Modified from Hager et al., 2017. 

  

Figure 2. Zetaproteobacteria cyc2 protein phylogenetic tree 
Maximum likelihood phylogenetic tree of FeOB cytochromes. IMG gene ID numbers shown in 

parentheses. Bootstrap values out of 100 shown.   

 
Figure 3. NMDS of gene abundance and geochemistry 
Nonparametric multidimensional scale plot of Cluster 1 cyc2 (C1), Cluster 3 cyc2 (C3) and relative 

Zetaproteobacteria abundance (Zeta) gene abundances, represented by black vectors.  

Geochemical data were ordinated based on association using environmental correlation analysis 

(grey arrows). Only environmental variables with MANOVA P-values <0.05 were plotted (Supp. 

Table 6). 

  
Supplemental Figure 1. cyc2 multiple sequence alignment 

Multiple sequence alignment of 38 cyc2 sequences from Zetaproteobacteria isolates, SAGs and 

confirmed cyc2 sequences from the composite Mariana metagenome. Arrows represent the 

approximate annealing locations of the primers.  Colored residues share 50% similarity across all 

sequences. * represents all residues in that column share 100% similarity. IMG gene ID numbers 

are shown in parentheses. 

 

Supplemental Figure 2. Correlation of environmental variables. Correlation analysis between 

environmental variables of geochemistry, pH and temp. 
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Vent location Sample site Sample name
Percent 

Zetaproteobacteria*
Depth (m) Latitude Longitude

NW Eifuku Yellow Cone Mkr 124 798LSc3 39.6% 1584 21°29.274' N 144°2.519' E
NW Eifuku Yellow Cone Mkr 146 798C346 49.4% 1579 21°29.265' N 144°2.519' E
NW Eifuku Yellow Cone Mkr 124 798D12346 62.4% 1580 21°29.275' N 144°2.520' E
NW Eifuku Yellow Cone Mkr 146 798C12 29.8% 1579 21°29.265' N 144°2.519' E
NW Eifuku Yellow Cone Mkr 146 798LSc1 24.4% 1579 21°29.265' N 144°2.519' E
NW Eifuku Yellow Cone Mkr 146 799B156 12.2% 1581 21°29.264' N 144°2.524' E
NW Eifuku Yellow Cone Mkr 146 799D124 20.5% 1580 21°29.264' N 144°2.524' E
NW Eifuku Yellow Cone Mkr 146 799D56 26.4% 1581 21°29.264' N 144°2.524' E
NW Eifuku Yellow Cone Mkr 146 799LSc1 23.1% 1580 21°29.264' N 144°2.524' E
NW Eifuku Yellow Cone Mkr 124 799LSc4 40.4% 1583 21°29.275' N 144°2.519' E
NW Rota-1 Old Iron Slides 800B12456 15.2% 567 14°36.056' N 144°46.656' E
NW Rota-1 Old Iron Slides 800LSc8 24.2% 567 14°36.056' N 144°46.656' E
NW Rota-1 Tip ice/Ice berg 800LSc2 0.6% 527 14°36.061' N 144°46.577' E

Snail Mkr 108 J42-1W** 24.2% 2850 12°57.190' N 143°37.125' E
Snail Mkr 108 J42-2W** 12.3% 2850 12°57.190' N 143°37.125' E
Snail Mkr 108 797D156 26.9% 2850 12°57.166' N 143°37.142' E
Snail Mkr 108 797D234 21.4% 2850 12°57.166' N 143°37.142' E

Urashima Saipanda horn 797LSc2 39.4% 2928 12°55.333' N 143°38.950' E
Urashima Saipanda horn 797C12 40.5% 2928 12°55.333' N 143°38.950' E
Urashima Snap snap 797B12 11.7% 2928 12°55.333' N 143°38.950' E
Urashima Snap snap 797B56 28.1% 2928 12°55.333' N 143°38.950' E
Urashima Snap snap 797LSc1 33.7% 2928 12°55.333' N 143°38.950' E
Urashima Golden horn (base) 801LSc8 60.2% 2928 12°55.340' N 143°38.957' E
Urashima Golden horn (base) 801LSc1 72.4% 2928 12°55.340' N 143°38.957' E
Urashima Golden horn (middle) 801X345 25.5% 2928 12°55.343' N 143°38.953' E
Urashima Golden horn (top) 801SS 59.5% 2923 12°55.343' N 143°38.953' E
Urashima Golden horn (top) 801LSc4 57.6% 2922 12°55.343' N 143°38.953' E
Urashima Golden horn (base) 801X126 31.7% 2931 12°55.343' N 143°38.953' E

*Out of total bacteria
**Davis & Moyer, 2008
Mkr = marker

Table 1. Sample information.
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Cluster 1 cyc2 Cluster 3 cyc2 Zeta SSU
Cluster 3 cyc2 3.43E-01

Zeta SSU 5.50E-01 4.80E-01
Bact SSU 4.22E-01 4.59E-01 5.45E-01

Supplemental Table 2. Kendall's tau coefficient 
values for cyc2 and SSU gene copy number. 

*all P-values were < 0.05

Independent 
variable

No. of 
degrees of 
freedom

P-value*                         

% Zeta 1 5.64E-02
Vent field 3 3.08E-02

Sample Site 8 1.20E-03
Tmax 1 1.37E-01
pH 1 2.65E-01
Alk 1 1.36E-01
H2S 1 5.09E-02
NH4 1 5.67E-02
Si 1 2.91E-01
H2 1 4.07E-02

CH4 1 2.91E-01
Cl 1 2.34E-01

SO4 1 1.29E-01
Mg 1 7.49E-02
Fe 1 2.65E-01
Mn 1 2.65E-01
As 1 5.09E-02
Mo 1 3.14E-02
Cs 1 3.71E-01
U 1 7.49E-02

Supplemental Table 3. P-values for 
nonparametric one-way MANOVA for Cluster 1 
and Cluster 3 cyc2  gene abundance as the 
dependent variable.

Significant p-values (< 0.05) are in bold
*Adjusted p-values
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Independent 
variable R2 value P-value*                         

% Zeta 4.42E-01 1.27E-02
Vent field 4.00E-01 1.27E-02

Sample site 1.00E+00 1.00E+00
Tmax 1.94E-01 1.93E-01
pH 1.06E-01 3.69E-01
H2S 4.32E-01 2.83E-02
Alk 2.34E-01 1.52E-01
NH4 2.12E-01 1.94E-01
Si 1.41E-01 3.07E-01
H2 6.31E-01 2.83E-02

CH4 1.07E-01 3.69E-01
Cl 1.31E-01 3.25E-01

SO4 2.18E-01 1.65E-01
Mg 2.20E-01 1.52E-01
Fe 1.84E-01 1.99E-01
Mn 1.04E-01 3.69E-01
As 3.52E-01 5.31E-02
Mo 4.24E-01 2.29E-02
Cs 6.23E-02 5.87E-01
U 2.93E-01 1.10E-01

Cluster 1 cyc2 9.13E-01 1.10E-03
Cluster 3 cyc2 9.91E-01 1.10E-03

Supplemental Table 4. P-values from the 
correlation of environmental variables with 
ordinated gene abundance.

Significant p-values (< 0.05) are in bold
*Adjusted p-values
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Source Cluster
Gene size 

(amino acids)
IMG gene ID

Zetaproteo-
bacteria 

OTU 
Mariana 1 422 Ga0172420_1000345111 51
Mariana 1 466 Ga0172420_100269104 28
Mariana 1 441 Ga0172420_100254073 51
Mariana 1 470 Ga0172420_100405341 28
Mariana 1 459 Ga0172420_100102282 51
Mariana 1 242 Ga0172420_103940201 9
Mariana 1 208 Ga0172420_100763623 9
Mariana 1 387 Ga0172420_100266452 9
Mariana 1 175 Ga0172420_103629151 59
Mariana 1 217 Ga0172420_101237162 20
Mariana 3 492 Ga0172420_100266983 1
Mariana 3 468 Ga0172420_100202054 51
Mariana 3 462 Ga0172420_100103285 1
Mariana 3 479 Ga0172420_100283925 14
Mariana 3 471 Ga0172420_101103971 9
Mariana 3 425 Ga0172420_102293781 13
Mariana 3 465 Ga0172420_100014541 13
Mariana 3 336 Ga0172420_100618021 14
Mariana 3 448 Ga0172420_100127913 2

Loihi 1 429 Ga0117756_10303861 1
Loihi 1 473 Ga0117756_10311861 1
Loihi 1 428 Ga0117756_100214710 1
Loihi 1 230 Ga0117756_10287482 1
Loihi 1 285 Ga0117756_100051734 1
Loihi 1 429 Ga0117756_10136104 10
Loihi 1 430 Ga0117756_10052816 4
Loihi 1 384 Ga0117756_10076751 11
Loihi 1 421 Ga0117756_10138912 10
Loihi 1 432 Ga0117756_10042008 4
Loihi 1 236 Ga0117756_10011974 1
Loihi 1 444 Ga0117756_10010279 1
Loihi 1 413 Ga0117756_100028141 6
Loihi 1 418 Ga0117756_10038085 9
Loihi 1 398 Ga0117756_100192618 11
Loihi 1 271 Ga0117756_10298741 11
Loihi 1 181 Ga0117756_10330242 2
Loihi 1 205 Ga0117756_10411071 2
Loihi 1 192 Ga0117756_10169454 2
Loihi 1 406 Ga0117756_10482441 2
Loihi 1 433 Ga0117756_100008262 1
Loihi 3 494 Ga0117756_100088810 1
Loihi 3 464 Ga0117756_100031817 1
Loihi 3 463 Ga0117756_10415551 1
Loihi 3 164 Ga0117756_10240873 1
Loihi 3 470 Ga0117756_10002462 1
Loihi 3 471 Ga0117756_10128111 4
Loihi 3 519 Ga0117756_100194611 1
Loihi 3 477 Ga0117756_10010483 1
Loihi 3 466 Ga0117756_10062301 1
Loihi 3 476 Ga0117756_10307361 1
Loihi 3 455 Ga0117756_100347211 2
Loihi 3 468 Ga0117756_100144317 2

Supplemental Table 5. Metagenomic cyc2 gene information.
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