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Abstract 

The discharge of hydrothermal vents on the seafloor provides energy sources for dynamic and pr oducti v e ecosystems, which are 
supported by chemosynthetic microbial populations. These populations use the energy gained by oxidizing the reduced chemicals 
contained within the vent fluids to fix carbon and support multiple trophic levels. Hydrothermal discharge is ephemeral and chemical 
composition of such fluids varies over space and time , whic h can result in geographically distinct micr obial comm unities. To inv es- 
tigate the foundational members of the comm unity, micr obial gr owth c hambers w er e placed within the hydr othermal discharge at 
Axial Seamount (Juan de Fuca Ridg e), Mag ic Mountain Seamount (Explorer Ridge), and Kama‘ehuakanaloa Seamount (Hawai’i hotspot). 
Campylobacteria were identified within the nascent communities, but different amplicon sequence variants were present at Axial 
and Kama‘ehuakanaloa Seamounts, indicating that geography in addition to the composition of the vent effluent influences microbial 
comm unity dev elopment. Acr oss these v ent locations, dissolv ed ir on concentration w as the str ongest dri v er of comm unity structur e. 
These results provide insights into nascent microbial community structure and shed light on the development of diverse lithotrophic 
communities at hydrothermal vents. 

Ke yw ords: Axial Seamount; Campylobacterota; community structure; hydrothermal vents; Kama‘ehuakanaloa Seamount; Magic 
Mountain Seamount; Zetaproteobacteria 
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Introduction
Deep-sea hydrothermal vents are dynamic and extremely produc- 
tive biological ecosystems supported by chemosynthetic micro- 
bial populations (Jannasch and Mottl 1985 ). These ecosystems of- 
fer multiple unique circumstances for micr obial gr owth, including 
substr ate surr ounding and near v ent disc har ge, within the subsur- 
face , plume emissions , and through the formation of symbiotic 
relationships with vent invertebrates (Karl et al. 1980 , Jannasch 

1983 , Murdock et al. 2021 ). The hydrothermal vents themselves 
pr ovide ener gy to the micr oor ganisms via the oxidation of r educed 

solutes that disc har ge fr om these habitats (Dic k 2019 ). Ov er all,
the metabolic capacity of the system depends on the chemical 
composition of the hydrothermal vent effluent (Karl 1995 , Nak- 
agawa and Takai 2008 ). The concentrations of reduced solutes 
can v ary ov er space and time, and r a pid c hanges in v ent c hem- 
istry and temper atur e impact micr obial comm unity composition,
structure, and function (Butterfield et al. 1997 , Danov ar o et al.
2017 ). Microbial species are often found at hydrothermal vents 
that ar e geogr a phicall y separ ated; ther efor e, they ar e ideal sys- 
tems for addressing questions of micr obial biogeogr a phy and spe- 
ciation (Price et al. 2015 , Duchinski et al. 2019 ). In these habi- 
tats, there is evidence of dispersal as well as allopatric spe- 
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iation in both bacteria and archaea (Price et al. 2015 , Mino
t al. 2017 ). 

Bacteria within the Campylobacterota and Proteobacteria 
hyla are often found near hydrothermal vents. Campylobacte- 
ia and Zeta pr oteobacteria ar e two of the major phylogenetic
lasses of Bacteria distributed below the subsurface, within the 
ent effluent, and near the vent orifice. Such bacteria form mi-
robial biofilms, also referred to as microbial mats (Waite et al.
017 , 2018 , Parks et al. 2018 ). Many of the dominant organisms at
ydr ogen- and sulfur-ric h hydr othermal v ents ar e gr ouped within
he phylum Campylobacterota and class Campylobacteria (for- 

erl y Epsilonpr oteobacteria) with Sulfurimonas , Sulfurovum , Ni-
ritruptor , Thioreductor , and Arcobacter as the most common gen-
ra (Orcutt et al. 2011b ). In contrast, at hydrothermal vent sys-
ems with high concentrations of reduced iron, the class Zetapro-
eobacteria is the dominant community member (Hager et al.
017 , Duchinski et al. 2019 ). They ar e the ne west described class of
roteobacteria with one described genus, Mariprofundus (Emerson 

t al. 2007 , Makita et al. 2017 ). Since their original identification at
ydr othermal v ents, Zeta pr oteobacteria hav e been shown to re-
ide in specific ecological niches dispersed worldwide (McAllister 
t al. 2019 ). 
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Campylobacter ota ar e found in div erse envir onments, hav e di-
 erse metabolic str ategies (Campbell et al. 2006 ), and in many
ydr othermal v ent ecosystems, members of the phylum Campy-

obacter ota hav e been classified as the primary producers (Han
nd Perner 2015 ). Within this phylum, Sulfurimonas and Sulfurovum
ave been identified in active and inactive hydrothermal sulfides
t the East Pacific Rise (Sylvan et al. 2012a ), microbial mats of
he Mariana Arc and bac k-arc (Ha ger et al. 2017 ), vent effluent
f the Mariana Arc and Axial Seamount (Huber et al. 2010 , Aker-
an et al. 2013 ), and hydrothermal sediments of the Mid-Atlantic

idge (Cerqueira et al. 2018 ). Sulfurimonas spp. are able to grow
ith reduced sulfur compounds and hydrogen as their electron
onor and aer obicall y with oxygen or anaer obicall y with nitr ate
r nitrite as their electron acceptors (Vetriani et al. 2014 , Han and
erner 2015 ). Sulfurimonas autotrophica was isolated from the Mid-
kinawa Tr ough hydr othermal field and gr ows autotr ophicall y
ith sulfide, elemental sulfur, and thiosulfate as electron donors

Inagaki et al. 2003 ). Genomic analysis of the globally distributed
ulfurimonas shows evidence of allopatric speciation and suggests
hat geogr a phic distance is the primary driv er of genetic v ariation
Mino et al. 2017 ). 

At ir on-dominated v enting locations, Zeta pr oteobacteria ar e
onsider ed micr obial ecosystem engineers (Hager et al. 2017 ). This
eans they have the potential to modulate the flow of organic

arbon to other microbes and can shape their habitat by produc-
ng iron o xyhydro xide minerals and exopolysaccharides, increas-
ng richness and diversity within the microbial landscape, affect-
ng the health and stability of the environment (Chan et al. 2011 ,
016a , Jesser et al. 2015 , Hager et al. 2017 ). Even at low abun-
ances, Zeta pr oteobacteria can impact their local environment
nd can also be considered k e ystone taxa, because the y are nec-
ssary for the survival of other microbes and are drivers of ecosys-
em biodiversity (Beam et al. 2018 ). There are currently 59 OTUs
f Zeta pr oteobacteria (zOTUs), four of whic h ar e consider ed cos-
opolitan and another 12–15 of which have high endemic abun-

ances . T he remaining zO TUs ha ve rarely been observed (McAl-
ister et al. 2019 ). A few isolates have been grown in pure cul-
ure including Mariprofundus ferrooxydans (strains PV-1 and JV-1)
rom Kama‘ehuakanaloa Seamount and isolates from the estuar-
ne water column of Chesapeake Bay, among others (Chiu et al.
017 ). Ho w e v er, the cosmopolitan zO TUs , whic h ar e ubiquitous at
r on-driv en v ent comm unities thr oughout the P acific and Atlantic
ceans , ha ve not yet been cultured (McAllister et al. 2011 , Scott et
l. 2015 ). Ther efor e, the physiology of these cosmopolitan zOTUs
as been inferred from the distantly related isolates and metage-
omics (Field et al. 2015 , Fullerton et al. 2017 , He et al. 2017 ). 

With the exception of an earlier pilot-study using T-RFLP anal-
sis that focused on the de v elopment of microbial mats (Enge-
r etson 2002 ), micr obiological studies at Axial and Magic Moun-
ain have been conducted on fluid samples to assess microbial
 ent-associated comm unity structur e (Huber et al. 2003 , Meyer
t al. 2013a , Anderson et al. 2017 , Fortunato et al. 2018 , Moulana
t al. 2020 ). A pr e vious study using micr obial gr owth c hambers
MGC) at Kama‘ehuakanaloa Seamount (formerly known as L ̄o‘ihi
eamount) identified Zeta pr oteobacteria as the dominant col-
nizers (Rassa et al. 2009 ). MGCs provide an inert surface to
xamine nascent communities of lithotrophs to better under-
tand how micr obial comm unities r ebuild and inter act. To fur-
her investigate how microbial communities develop across ge-
gr a phicall y div erse hydr othermal v ents, MGCs wer e deplo y ed
ithin the hydrothermal discharge at Axial Seamount (Juan de
uca Ridge), Magic Mountain Seamount (Explorer Ridge), and
ama‘ehuakanaloa Seamount (Hawai’i hotspot). The analysis of
he nascent communities and comparisons across distinct hy-
r othermal v ents addr esses how micr obial comm unities de v elop
nd how diversity is established within these complex ecosys-
ems. 

aterials and methods
onstruction of MGCs
GCs were constructed with three 3 ′′ sections of plexiglass cylin-

ers that were enclosed on top and bottom with 202 μm Nytex
esh to restrict grazing by macrofauna (Rassa et al. 2009 ). Each

f the three chambers contained a total of ∼300 g of hand-woven
 μm silica wool (yielding ∼33 m 

2 of surface area) as a fresh
urface to facilitate micr obial attac hment and gr owth. Negativ e
uo y anc y w as ac hie v ed by the addition of a stainless-steel eye-
olt in the center of the three chambers, which also served as an
ttachment point for a polyurethane line for ease of deployment
nd collection. 

ample collection
he MGCs were incubated from 2 to 19 days at venting locations
t thr ee differ ent hydr othermal v ent sites (1) Axial Seamount, (2)
agic Mountain, and (3) Kama‘ehuakanaloa Seamounts. Vent lo-

ations, deployment and in situ incubation times are summarized
n Table 1 . MGC names consist of location and chamber number,
ith Ax denoting Axial Seamount, Ex for Magic Mountain, and
 for Kama‘ehuakanaloa. At Kama‘ehuakanaloa, MGCs were de-
lo y ed using the submersible PISCES V and the r emotel y oper ated
ehicle (ROV) JASON in 1998, 2004, and 2009. At Magic Mountain,
GCs w ere deplo y ed and collected with the ROV ROPOS in 2002.
t Axial, MGCs w ere deplo y ed using the ROV ROPOS in 1998, 1999,
000, and 2002. In all cases, temper atur es wer e monitor ed by ei-
her HOBO miniature temperature recorders placed at the same
ocation as the MGC or by a temper atur e pr obe attac hed to the

anipulator of the ROV at the time of MGC deployment and re-
ov ery. Upon r ecov ery, eac h MGC was placed in a sealed box at
he seafloor to minimize disturbance and flushing of the cham-
ers during assent and r ecov ery of the v ehicle. Immediatel y upon
 ecov ery, MGCs wer e asepticall y penetr ated and silica wool re-
o ved, placed into hea vyweight Ziploc-style sample bags , and im-
ediatel y fr ozen. The fr ozen samples wer e shipped and stored at
80ºC until further processing in the laboratory.
For the Axial and Magic Mountain locations, hydrothermal

isc har ge was collected with the hydrothermal fluid and parti-
le sampler. An aliquot was analyzed on board for total hydro-
en sulfide and pH using standard colorimetric and electrode
echniques (Butterfield et al. 2004 ). An aliquot was acidified and
nal yzed ashor e for dissolv ed ir on and manganese by atomic
bsor ption. Similarl y, hydr othermal fluids that disc har ged fr om
he Kama‘ehuakanaloa Seamount were collected using Walden-

eiss titanium syringe (“Major”) samplers (Von Damm et al. 1985 ).
liquots were measured at sea for total hydrogen sulfide and pH
sing the same methods as described pr e viousl y (Butterfield et al.
004 ). Dissolved Mn and Fe were measured ashore using standard
nductiv el y coupled plasma optical emission spectrometry tech-
ique (Wheat et al. 2017 ). 

solation of microbial biomass
ilica w ool w as thaw ed on ice and then washed with sterile 1X
BS at 4 ◦C for 30 min in sterile mason jars on a rotating platform.
his wash solution was then decanted into 50 ml conical tubes
or centrifugation at 6000 × g for 15 min at 4 ◦C. The supernatant
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Table 1. In situ incubation times, location, cruise year , marker , and temper atur e of incubation for eac h MGC. 

MGC Dur a tion (days) Location Cruise Year Marker Temper a ture ( ◦C) Observed Simpson 

AxMGC-01 2 Axial Caldera 1998 N4 23 .1 117 0 .66 
AxMGC-03 4 Axial Caldera 1998 113 22 .3 1278 0 .95 
AxMGC-05 16 Axial Caldera 1998 33 28 .2 102 0 .91 
AxMGC-08 2 Axial Caldera 1998 33 28 .2 840 0 .81 
AxMGC-10 14 Axial Caldera 1998 33 28 .2 186 0 .95 
AxMGC-18 12 Axial Caldera 1998 N2 8 .0 861 0 .86 
AxMGC-36 5 Axial Caldera 1999 N4 17 .0 983 0 .71 
AxMGC-38 5 Axial Caldera 1999 N4 17 .0 626 0 .68 
AxMGC-43 5 Axial Caldera 1999 33 63 .8 449 0 .91 
AxMGC-44 7 Axial Caldera 2000 33 26 .0 617 0 .95 
AxMGC-47 7 Axial Caldera 2000 N4 15 .0 843 0 .96 
AxMGC-66 19 Axial Caldera 2002 N6 8 .5 1144 0 .97 

ExMGC-03 4 Magic Mountain 2002 73 21 .0 544 0 .94 
ExMGC-04 4 Magic Mountain 2002 81 11 .5 140 0 .95 

LMGC-L7 4 Kama‘ehuakanaloa 1998 20 24 .0 796 0 .94 
LMGC-L9A 4 Kama‘ehuakanaloa 1998 11 77 .0 207 0 .90 
LMGC-L10 4 Kama‘ehuakanaloa 1998 11 64 .0 339 0 .87 
LMGC-03 4 Kama‘ehuakanaloa 2004 29 18 .0 1791 0 .94 
LMGC-04 4 Kama‘ehuakanaloa 2004 30 60 .0 1012 0 .93 
LMGC-05 4 Kama‘ehuakanaloa 2004 38 44 .0 947 0 .92 
LMGC-07 4 Kama‘ehuakanaloa 2004 38 44 .0 1534 0 .93 
LMGC-08 4 Kama‘ehuakanaloa 2004 39 46 .0 1022 0 .94 
LMGC-09 4 Kama‘ehuakanaloa 2004 36 54 .0 1728 0 .95 
LMGC-10 4 Kama‘ehuakanaloa 2004 36 54 .0 996 0 .89 
LMGC-89 5 Kama‘ehuakanaloa 2009 39 47 .5 202 0 .84 
LMGC-90 8 Kama‘ehuakanaloa 2009 57 12 .5 1382 0 .82 
LMGC-91 5 Kama‘ehuakanaloa 2009 39 46 .0 107 0 .93 
LMGC-92 9 Kama‘ehuakanaloa 2009 57 24 .3 1074 0 .77 
LMGC-93 8 Kama‘ehuakanaloa 2009 36 35 .6 242 0 .95 
LMGC-94 8 Kama‘ehuakanaloa 2009 57 25 .1 931 0 .82 
LMGC-96 8 Kama‘ehuakanaloa 2009 38 50 .2 129 0 .94 
LMGC-97 9 Kama‘ehuakanaloa 2009 57 25 .1 756 0 .84 
LMGC-98 9 Kama‘ehuakanaloa 2009 34 50 .6 281 0 .96 
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was returned to the mason jar for another 1X PBS wash and the 
cell pellet was stored at 4 ◦C. This process was completed until the 
1X PBS was clear. Cell pellets were combined, and then aliquoted 

into ∼0.5 g wet weight for DNA extraction. 

DN A extr actions, sequencing, and sequence
processing
Genomic DN A w as extr acted fr om cell pellets using the Fast DNA 

SPIN Kit for Soil (MP Biomedicals, Santa Ana, CA) according to 
the manufacturer’s protocol with a minor modification in which 

the gDN A w as eluted in 1.0 mM Tris with 0.01 mM EDTA at pH 

8. Cell lysis was optimized using two rounds of bead beating for
45 s at a po w er setting of 5.5 using the FastPrep instrument (MP
Biomedicals) with samples being placed on ice between runs. Ex- 
tracted DN A w as quantified b y a Qubit 2.0 fluorometer using high- 
sensitivity r ea gents (T hermoFisher Scientific , Waltham, MA).

The V3–V4 regions of the SSU rRNA gene were amplified via 
pol ymer ase c hain r eaction fr om all MGC samples 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 . T he resulting reads were trimmed of 
primers using CutAdapt (Martin 2011 ). The trimmed reads were 
then processed using the Di visi ve Amplicon Denoising Algorithm 
 (D AD A2) v1.26.0 with pseudopooling following the pr e viousl y de-
cribed protocols (Lee et al. 2015 , Callahan et al. 2016 , 2017 ) with
 version 4.01 and using the Silva v138 database for assigning tax-
nomy. Samples were normalized using a center log-ratio trans- 
ormation as implemented with microbiome version 1.10.0 in R 

Lahti and Shetty 2017 ). Further analysis was completed using
hyloseq version 1.32 (McMurdie and Holmes 2013 ). Differ entiall y
bundant ASVs were determined using DESeq2 (Love et al. 2014 ).
nalysis of Zeta OTUs was completed on SILVA-aligned Zeta pr o-

eobacteria identified sequences with ZetaHunter (McAllister et 
l. 2018 ). The netw ork w as de v eloped using the top 0.5% amplicon
equence variants (ASVs) by mean relative abundance, a total of
1 ASVs. Network construction and anal ysis wer e performed us-
ng the NetCoMi pac ka ge for R (Pesc hel et al. 2021 ), employing the
pr opr” measur e for estimating associations (Lovell et al. 2015 , Erb
nd Notredame 2016 , Erb et al. 2017 , Quinn et al. 2017 , 2018 , 2019 )
nd the “SPRING” method for visualizing associations (Yoon et al.
019 ) and an eigenvector centrality cutoff of 0.95. 

esults
ite descriptions
GCs at the time of placement and r ecov ery of r epr esentativ e

hort-term incubations are shown in Fig. 1 . At Kama‘ehuakanaloa,
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Figure 1. Pictures of re presentati ve MGCs before and after incubation show microbial biomass development as indicated in changes in opacity and 
color. (A) AxMGC.44 and AxMGC.46 at the time of placement. (B) AxMGC.44 and AxMGC.46 at r ecov ery after 7 days. (C) LMGC.77 and LMGC.79 at the 
time of placement. (D) LMGC.77 and LMGC.79 at the time of r ecov ery after 13 days. 
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iolo North is r epr esented by Markers 31, 36, and 39, Hiolo South
s r epr esented by Markers 34 and 38, and Pohaku is r epr esented
y Marker 57 ( Figur e S1 , Supporting Information ). MGCs fr om Ex-
lorer Ridge were incubated at two vent sites at the Magic Moun-
ain field on Explorer Ridge ( Figure S2 , Supporting Information ).
GCs were incubated at four vent sites in the SE caldera of Axial

eamount, over a distance of 3 km from north to south: Milky vent
mark er N2), Mark er 33 vent, Cloud Vent (mark ers N4 and N6), and

arker 113 vent ( Figure S3 , Supporting Information ). The location
or these markers has been fully described (Glazer and Rouxel
009 , Opatkie wicz et al. 2009 , Desc hamps et al. 2013 , Fullerton et
l. 2017 ). 

In total, 33 MGCs were deployed and collected from the three
ocations, with two from Magic Mountain, 12 from Axial, and 19
rom Kama‘ehuakanaloa (Table 1 ). Each MGC was placed within
he fluid flow at each venting location and all vent sites had either
n abundance of iron- or sulfur-dominated mats. During the in
itu incubations, temper atur es at Axial r anged fr om 8.0 to 63.8 ◦C,
nd at Magic Mountain temperatures ranged from 11.5 to 21 ◦C. At
ama‘ehuakanaloa, temper atur es r anged fr om 12.5 to 77 ◦C (Ta-
le 1 ). 

Although these sites have been relatively well sampled, the
imeframes for chemistry sampling do not align with the MGC
ncubation timeframes for all the samples. In general, though,
ama‘ehuakanaloa is c har acterized b y lo w er-temper atur e v ents

hat have high concentrations of dissolved iron. Of the sampling
ocations at Kama‘ehuakanaloa, Pohaku (Marker 57) has been rou-
inel y observ ed to hav e the highest abundance of Zeta pr oteobac-
eria. In 1996, an eruptive event at Kama‘ehuakanaloa formed
ele’s Pit, and high-temper atur e v enting fluids wer e observ ed
hortly after. Two sampling events shortly after the eruptive event
 ecorded a decr ease in thermal and fluid flux ov er 11 months
Wheat et al. 2000 ). Ho w e v er, the MGCs that were deployed
n 1998 were incubated at the warmest of the observed tem-
er atur es at Kama‘ehuakanaloa Seamount. Geochemistry sam-
ling e v ents in 2006, 2007, and 2008, sho w ed Kama‘ehuakanaloa
ad returned to a pre-eruption hydrothermal fluid composition

Glazer and Rouxel 2009 ). Ho w e v er, during the 2009 collections at
ama‘ehuakanaloa, no fluid compositions were determined. 

For Axial and Magic Mountain MGC incubation periods, pH
nd concentrations of hydrogen sulfide, total dissolved iron, and
anganese were determined, and temperatures were measured.
t Kama‘ehuakanaloa, these measurements were only made for

he 1998 and 2004 incubation periods (Table 2 ). The pH at Ax-
al ranged from 4.86 to 6.89, which overlaps in the ranges for
oth Magic Mountain and Kama‘ehuakanaloa. The concentra-
ions of hydrogen sulfide were lo w est at Kama‘ehuakanaloa, and
ighest at Axial Seamount. Axial Seamount vent fluids were spa-
iall y and tempor all y v ariable ov er the period of MGC incubations
e v en though ther e was an eruptiv e e v ent at Axial Seamount in
998 a few months prior to our initial sampling). Axial vent flu-
ds are generally sulfide-dominated with H 2 S/Fe molar ratios from
 to > 1000. In contrast, Kama‘ehuakanaloa vent fluids are iron-
ominated, with H 2 S/Fe molar r atios fr om 0.01 to < 0.0001. Within
he Kama‘ehuakanaloa Seamount MGCs, the highest concentra-
ion of hydrogen sulfide was observed for the MGCs that were in-
ubated shortly after the eruptive event. Concentrations of dis-
olv ed manganese wer e ov er all highest at Ma gic Mountain and
wo of the posteruption MGCs from Kama‘ehuakanaloa. Dissolved
r on was ov er all highest for the Kama‘ehuakanaloa MGCs com-
ared to the two highest concentr ations measur ed in disc har ge
here the Axial MGCs were deplo y ed, even posteruption. 

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae001#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae001#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae001#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae001#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae001#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae001#supplementary-data
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Table 2. Geoc hemical pr ofiles associated with the MGCs. 

MGC pH H 2 S μmol/kg dFe μmol/kg Mn μmol/kg 

AxMGC-01 5 .55 762 76 .50 2 .50 
AxMGC-03 5 .73 446 10 .30 3 .50 
AxMGC-05 5 .04 1790 1 .78 24 .30 
AxMGC-08 5 .04 1790 1 .78 24 .30 
AxMGC-10 5 .04 1790 1 .78 24 .30 
AxMGC-18 6 .22 70 51 .00 26 .00 
AxMGC-36 5 .99 10 .5 4 .50 1 .90 
AxMGC-38 5 .99 10 .5 4 .50 1 .90 
AxMGC-43 4 .86 2320 1 .28 34 .20 
AxMGC-44 5 .80 123 1 .97 19 .70 
AxMGC-47 5 .95 123 15 .50 8 .09 
AxMGC-66 6 .89 5 .03 6 .77 4 .60 

ExMGC-03 5 .48 315 11 .80 104 .30 
ExMGC-04 5 .29 559 20 .10 89 .30 

LMGC-03 6 .36 0 .02 428 .20 9 .66 
LMGC-04 5 .92 0 .00 59 .60 1 .15 
LMGC-05 5 .82 0 .00 110 .00 2 .52 
LMGC-07 5 .82 0 .00 110 .00 2 .52 
LMGC-08 5 .90 1 .77 414 .93 15 .57 
LMGC-09 6 .32 0 .01 75 .10 3 .47 
LMGC-10 6 .32 0 .01 75 .10 3 .47 
LMGC-L10 5 .37 3 .85 46 .75 40 .76 
LMGC-L7 5 .96 0 .00 27 .92 5 .84 
LMGC-L9A 5 .37 3 .85 46 .75 40 .76 
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Sequencing and community structure
A total of 11 451 454 paired-end sequences were used as the input 
into D AD A2 for quality filtering and r emov al of c himer as whic h 

resulted in a total of 7 611 025 contigs remaining representing 
9598 ASVs . T her e was no pattern of α-div ersity detected as r e- 
lated to each Seamount, and increasing duration did not corre- 
spond to increased diversity ( Figure S4 , Supporting Information ).
For example, the observed ASVs were lo w est in MGCs AxMGC- 
05, which was incubated for 16 days at Axial Seamount, and in 

LMGC-91, which was incubated for 5 days at Kama‘ehuakanaloa 
Seamount. In these two MGCs, there were 102 and 107 ASVs, re- 
spectiv el y (Table 1 ). The Chao1 and ACE species richness estima- 
tors show similar patterns to ov er all observ ed ASVs ( Table S1 ,
Supporting Information ). Both alpha diversity estimators show 

LMGC-03, which was incubated Kama‘ehuakanaloa for 4 da ys , to 
hav e the gr eatest count. The two MGCs fr om Ma gic Mountain,
ExMGC-03 and ExMGC-04, were incubated for 4 days and were on 

the lo w er end with 544 and 140 observed ASVs . T he MGCs with the 
lo w est number of ASVs were not the most even as calculated by 
Simpson’s index. MGC AxMGC-66 had the highest Simpson’s value 
but also had 1158 ASVs by the Chao1 estimator. Conv ersel y, MGC 

AxMGC-01 had the lo w est Simpson’s value, and the thir d-few est 
ASVs by the Chao1 estimator. 

Camp ylobacteria w as the ov erwhelmingl y dominant class 
identified in MGCs incubated at Axial and Magic Mountain 

wher eas Zeta pr oteobacteria was the dominant class in the ma- 
jority of the MGCs from Kama‘ehuakanaloa, which hosted sev- 
eral other cooccurring classes as abundant community mem- 
bers . T he class Campylobacteria was identified throughout all 
Axial and Magic Mountain MGCs but only found in 11 of 
the 19 MGCs fr om Kama‘ehuakanaloa. Alpha pr oteobacteria and 

Gamma pr oteobacteria wer e abundant at Kama‘ehuakanaloa and 

lar gel y absent within the Axial and Magic Mountain MGCs 

c  
Fig. 2 ). Alpha pr oteobacteria and Bacteroidia, while found in
any Kama‘ehuakanaloa MGCs, made up less than 0.01% of 

he total comm unities fr om MGCs incubated at Axial Seamount
r Ma gic Mountain. Inter estingl y, the thr ee Kama‘ehuakanaloa
GCs, LMGC-L9A, LMGC-L7, and LMGC-L10 incubated shortly af- 

er the eruptive event have a community composition that is
istinct fr om an y other MGCs, with a low abundance of Ze-
a pr oteobacteria and high abundance of Aquificae, Deinococci,
nd Campylobacteria (Fig. 2 ). In total, 606 ASVs were dif-
er entiall y abundant between Axial Seamount, Magic Moun- 
ain, and Kama‘ehuakanaloa Seamount ( Figure S5 , Supporting 
nformation ). These ASVs ranged in abundance from over 50% to
ompletely absent in a single MGC. 

The bacterial communities were loosely grouped by marker lo- 
ation and seamount and did not group in the dendr ogr am by
n situ temper atur e. In total, the bacterial communities of Ax-
al and Magic Mountain were more similar to each other than
o the communities of Kama‘ehuakanaloa (Fig. 3 ). Three of the
our Axial MGCs incubated at Marker N4 clustered together with
xMGC-47 separated from AxMGC-38 and AxMGC-36. The other 
GC from Axial Marker N4, AxMGC-01, clustered with Axial MGCs

rom Marker 33 and one of the MGCs from Magic Mountain. 
The clustering of MGCs incubated at Kama‘ehuakanaloa 

ho w ed a stronger influence of temporal variation than did those
ncubated at Axial and Magic Mountain: all Kama‘ehuakanaloa 

GCs collected in 2004 grouped together, inclusive of three 
ncubation locations (Fig. 3 ). The four Marker 57 (Pohaku)

GCs formed a distinct cluster from the other MGCs at
ama‘ehuakanaloa (e.g. LMGC-90, -92, -94, and -97). Inter estingl y,

wo of the Marker 38 MGCs, LMGC-05 and LMGC-07 from 2004,
luster ed separ atel y fr om the other Marker 38 MGC, LMGC-96
rom 2009. This same pattern was observed for MGCs incubated at
arker 36. The three MGCs from Hiolo North (Markers 36 and 39)

lustered together for in situ incubations in 2009 but not in 2004.

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae001#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae001#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae001#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae001#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae001#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae001#supplementary-data
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Figure 2. MGC community taxonomic distribution of top 1% abundant bacterial classes. 

F igure 3. Hierar chical clustering of MGCs communities colored by in situ incubation location. 

Aitchison Distance
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Figure 4. RDA of the top 10 most abundant bacterial classes within 24 MGCs at the three venting locations with selected environmental parameters 
that were shown to be significant by permanova. 
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The three samples from Kama‘ehuakanaloa incubated shortly 
after the eruptive event in 1996 formed a unique cluster e v en 

though LMGC-L7 was incubated at a cooler temper atur e than 

LMGC-L10 and LMGC-L9A. 
Duration and temperature were not able to be tested by per- 

manov a anal ysis for the complete set of MGCs because the as- 
sumption of homogenous within-group dispersions was not met. 
Ho w e v er, this criterion was met for seamount location and unsur- 
prisingly is significant ( P = .001). Further analysis was completed 

on Axial separate from Magic Mountain and Kama‘ehuakanaloa. 
Temper atur e, dur ation, marker, and y ear w er e not significantl y 
correlated with the MGC communities at Axial. Ho w ever, when 

performing permanova on the Kama‘ehuakanaloa MGCs to the 
exclusion of Axial and Magic Mountain, duration ( P = .011) and 

year ( P = .044) were significant factors in community composition.
Magic Mountain microbial communities were represented by only 
two MGCs, ther efor e permanov a anal ysis could not be performed.

Of the 33 MGCs, 24 had associated measurements of pH, hydro- 
gen sulfide, dissolved iron, and manganese concentrations. To in- 
v estigate geoc hemical par ameters as driv ers of the MGC comm u- 
nity structure , permano va analysis was performed on that sub- 
set of 24 MGCs ( Table S2 , Supporting Information ). Both duration 

and marker were unable to be tested since the within-group dis- 
persions were significant. By permanova, pH ( P = .07), and man- 
ganese ( P = .144) were all nonsignificant factors in driving com- 
m unity composition. Wher eas seamount ( P = .001), year ( P = .001),
temper atur e ( P = .01), hydrogen sulfide ( P = .034), and dissolved 
ron ( P = .001) were significant ( Table S2 , Supporting Information ).
her efor e, r edundancy anal ysis was completed on the top 10
axa by class and the chemistry parameters. From this, 57.7%
f the variance was captured by RDA1 and RDA2 (Fig. 4 ). Dis-
olv ed ir on and year were the most important factors in RDA1
nd the abundance of Zeta pr oteobacteria corr elated with the dis-
olv ed ir on concentr ation. H 2 S corr elated with the Campylobac-
eria and inv ersel y to the Zeta pr oteobacteria. By RDA anal ysis,
n had inverse impacts on community structure than Fe and pH
hereas H 2 S was inversely correlated with temperature (Fig. 4 ).
ll locations with iron-dominated fluids from Kama‘ehuakanaloa 
rouped with the Zetaproteobacteria, whereas the hot tempera- 
ure MGCs from Kama‘ehuakanaloa were ordinated more with 

emper atur e, along with Aquificae and Deinococci (Fig. 4 ). 
Within the Campylobacteria, the genera Sulfurovum and Sulfu- 

imonas were present in all MGCs from Axial and Magic Moun-
ain (Fig. 5 A). In total, nine of the 12 MGCs from Axial were domi-
ated by Sulfurovum and the other thr ee wer e dominated by Thiore-
uctor and Sulfurimonas . On av er a ge, Campylobacteria accounted
or 77.4% ± 16.6% of the ASVs across the MGCs from Axial and
agic Mountain. AxMGC-05 was 95.6% Campylobacteria, which 

as mostly Sulfurovum and Sulfurimonas . Only one sample from
xial or Magic Mountain had less than 50% Campylobacteria: 
xMGC-66 with 36.6%, which was primarily Sulfurovum . That MGC
lso had the longest in situ incubation time and had a lo w er tem-
er atur e with high concentration sulfide. Based on previous re-
earch at Axial, the dominance of these known sulfur-oxidizers 

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae001#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae001#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae001#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae001#supplementary-data
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Figure 5. Stac ked bar gr a phs sho wing (A) abundance of Camp ylobacteria gener a at Axial and Ma gic Mountain Seamounts and (B) abundance of zOTUs 
at Kama‘ehuakanaloa Seamount. 
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as expected. Zeta pr oteobacteria composed less than 0.05% of
he total reads in the MGCs incubated Axial and Magic Moun-
ain and were completely absent in four Axial MGCs (AxMGC-
5, AxMGC-10, AxMGC-43, and AxMGC-44) and one Magic Moun-
ain MGC (ExMGC-04). Those Zeta pr oteobacteria that were iden-
ified were predominately, the cosmopolitan taxa, zOTU-01 and
OTU-02. 

In contrast, the MGCs from Kama‘ehuakanaloa had a more
ariable Campylobacteria composition with three MGCs having
bundant Nitratiruptor and six where Sulfurimonas was most dom-

nant. Across all the MGCs from Kama‘ehuakanaloa, Campy-
obacteria accounted for 13.8% of the total community and eight
ad less than 0.5% Campylobacteria. Zeta pr oteobacteria r anged

n total population of the Kama‘ehuakanaloa MGCs from 99%
n LMGC-90 to only 2.8% in LMGC-L9A. zOTU-01 and zOTU-02
er e pr esent in all the Kama‘ehuakanaloa MGCs and in 11 of

hese MGCs , zO TU-01 and zO TU-02 composed ≥ 50% of the to-
al Zeta pr oteobacteria amplicons (Fig. 5 B). One MGC, LMGC-L7,
ad a high abundance of “New zO TUs ,” which represent Zetapro-
eobacteria sequences that have not been classified into a pre-
iously identified zOTU (McAllister et al. 2018 ). Members of zO-
Us 3, 9, 11, 14, 18, 23, 36, and 37 hav e cultur ed r epr esenta-

iv es, and onl y zOTUs 23 and 36 wer e not identified within the
ama‘ehuakanaloa MGCs. Due to the high le v els of reduced iron
resent at Kama‘ehuakanaloa, it is unsurprising that Zetapro-
eobacteria were the most abundant class. 

ine-scale community analysis
 subset of the most dominant ASVs was further analyzed to bet-

er understand persistence among incubation timefr ames. Fr om
he heatmap shown in Fig. 6 , there is a clear distinction between
he Kama‘ehuakanaloa MGCs and the MGCs from Axial and Magic
ountain. Furthermore, the Kama‘ehuakanaloa MGCs incubated

fter the eruptiv e e v ent ar e also distinct fr om all other MGCs.
bundant ASVs in the Magic Mountain and Axial Seamount MGCs
ad very low abundances at Kama‘ehuakanaloa and conv ersel y,
he abundant ASVs from Kama‘ehuakanaloa had low abundances
n the Magic Mountain and Axial MGCs. Only ASV-6, a Sulfuri-
onas spp., sho w ed similar abundances across all MGC locations.
SV-56, also a Sulfurimonas spp., also sho w ed high abundance at
ama‘ehuakanaloa but was lar gel y absent fr om Axial and Magic
ountain MGCs . zO TUs 1, 2, 6, 7, 11, 37, and 59 wer e r epr esented in

he most abundant ASVs ( Table S3 , Supporting Information ). Cul-
ur ed r epr esentativ es of the Zeta pr oteobacteria wer e found in the
GC community, but none of them were identified in the topmost

bundant ASVs. 
An association network was constructed to visualize interac-

ions among the most abundant ASVs. Two discrete clusters were
ormed within the network joined by strong mutual positive cor-
 elations and separ ated b y w eakl y negativ e corr elations between
ultiple ASVs within each cluster (Fig. 6 B). One cluster was com-

osed almost entir el y of members of class Campylobacteria that
er e highl y pr esent in both Axial and Magic Mountain commu-
ities while having a low presence in Kama‘ehuakanaloa MGC
ommunities . T he other cluster was largely composed of mem-
ers of class Zeta pr oteobacteria with str ong within-class positiv e
orrelations, but also included Campylobacteria, Aquificae, and
amma pr oteobacteria, all of which were highly represented at
ama‘ehuakanaloa. Regardless of cluster, the str ongest corr ela-

ions wer e positiv e, but se v er al ASVs in the Kama‘ehuakanaloa-
ominated cluster correlated negatively to multiple ASVs in the
xial-Ma gic Mountain cluster. Inter estingl y, ASV-56, a Sulfuri-
onas spp. in the Kama‘ehuakanaloa cluster (and found only in
ama‘ehuakanaloa MGCs), exhibited the most abundant nega-

iv e corr elations, all to the Campylobacteria pr esent in the Axial-
agic Mountain Campylobacteria cluster. 
Of the Zeta pr oteobacteria pr esent in the network anal ysis,

OTU-01 is r epr esented by two distinct ASVs (ASV-5 and ASV-12)
nd zOTU-02 is r epr esented by fiv e differ ent ASVs (ASV -1, ASV -4,
SV -22, ASV -27, and ASV -28). These ASVs sho w ed a str ong positiv e
 elationship to eac h other and to ASV-14, a Roseobacter within the
lass Alpha pr oteobacteria ( Table S3 , Supporting Information ). The
emainder of the zOTUs in this analysis are represented by a single
SV and were identified as zO TU-06, zO TU-07, zO TU-11, zO TU-37,
nd zOTU-59. Two cultured Zetaproteobacteria are present within

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae001#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae001#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae001#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae001#supplementary-data
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Figure 6. (A) Heatmap displaying abundance of the top 0.5% ASV within the MGCs from Axial, Magic Mountain, and Kama‘ehuakanaloa Seamounts 
and (B) their interaction network. The color of nodes corresponds to bacterial class; edge colors correspond to positive (green) or negative (red) 
estimated correlation. Bold text indicates that the node acts as a hub. 
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this analysis , zO TU-11 and zO TU-37, whic h ar e r epr esented by 
ASV -13 and ASV -40, r espectiv el y. Inter estingl y, the type str ain of 
Zeta pr oteobacteria, zOTU-11, does not form strong relationships 
with any other ASVs. Ho w ever, zOTU-37 forms a strong relation- 
ship with other Zeta pr oteobacteria and a Thermodesulfovibrio . 

ASV-6, the onl y highl y abundant Campylobacteria found in all 
thr ee v ent locations (Fig. 6 A) cluster ed with Kama‘ehuakanaloa 
Seamount but failed to show any strong correlations with other 
taxa (Fig. 6 B). ASV-6 is identified as a Sulfurimonas spp. and is 
most similar to clones from Kama‘ehuakanaloa Seamount and 

S. autotrophica OK10 by BLAST (data not sho wn). Three netw ork
hubs, r epr esentativ e of the most influential taxa in the network,
were identified. All were Campylobacteria that were only found
in the Axial-Magic Mountain cluster. Unsurprisingly, there were
no positiv e corr elations between the Zeta pr oteobacteria of the
Kama‘ehuakanaloa Seamount cluster and any of the Axial-Magic
Mountain cluster ASVs, e v en though some Zeta pr oteobacteria
were identified as minor community members of the MGCs from
Axial and Magic Mountain.

Discussion
MGCs were placed within hydrothermal vent effluent to better 
understand the dynamics of microbial colonization at three Pa- 
cific Ocean hydrothermal vent sites . T hese incubations sho w ed 

distinct microbial communities based on vent location, which re- 
late to the pr edominant c hemical composition of the disc har g- 
ing hydrothermal fluid. It is unclear if the nascent communities 
ar e de v eloped fr om the dominant members of the existing micro- 
bial communities at these vents or if they are stochastically colo- 
nized. Alternativ el y, these nascent communities within the MGCs 
could r epr esent ASVs that ar e ada pted to gr owing on uncolonized 

surfaces. Shortly after the Kama‘ehuakanaloa eruptive event, the 
colonizing community had a greater abundance of Campylobac- 
teria and Aquificae compared to the incubations at cooler tem- 
per atur es that had low sulfide concentr ations, whic h wer e domi- 
nated by Zeta pr oteobacteria. Aquificae use hydr ogen as their elec- 
tron donor (Reysenbach 2001 ), ho w ever, hydrogen concentration 

was not analyzed with these collections . T his shows that both 

the temper atur e and location of the v ents hav e an influence on 
he microbial community composition. Additionally, the concen- 
rations of iron and sulfide impact community composition re- 
ulting in low Campylobacteria abundance at Kama‘ehuakanaloa 
eamount when sulfide is also low in high-temper atur e incuba-
ions. Zeta pr oteobacterial isolates hav e narr ow gr owth temper a-
ur es fr om 20 to 35ºC wher eas Campylobacterial isolates hav e a
ider growth temperature from 20 to 70ºC (Campbell et al. 2006 ,
akagawa and Takai 2008 , McAllister et al. 2019 ). When including

he metadata collected alongside the MGCs, vent location, year,
emper atur e, hydr oten sulfide and dissolv ed ir on wer e significant
y permanova analysis. Given that several Campylobacteria ASVs 
ere identified as k e ystone taxa, it was surprising that sulfide was
etermined to be a more minor driver of community structure.
onv ersel y, it was unsurprising that dissolved iron was a driver
f community structure since the zOTUs identified within the 
GCs are hypothesized to be obligate iron-oxidizers and all tested

ites had measurable amounts of dissolved iron. The function of
issolv ed ir on as a driv er of comm unity structur e was particu-

arly intriguing at Kama‘ehuakanaloa Seamount, where sampling 
 ear w as also significant. Changes in community composition ob-
erved among sampling years could be due to the ephemeral na-
ure of the discharging water (e .g. temperature , composition, and
ow rate), or due to different in situ incubation durations. 

v erall di v ersity and comm unity differences
cross locations
v er all, the MGCs sho w ed no pattern of diversity as related to du-

ation of incubation or incubation temperatures . T he year of MGC
ncubation was a significant factor for community composition 

n the MGCs, which is unsurprising due to the dynamic nature of
hese en vironments . Ho w ever, even with this variation, the same
SVs are present within the MGCs per location, although their
bundance varies among years of incubation and they have dis-
inct ASVs as dominant community members. A previous study at
he East Pacific Rise 13º N sho w ed more phylotypes in short-term
olonization experiments as compared to the longer-term incuba- 
ions at the same site (Alain et al. 2004 ). In comparison to other
eep-sea studies on microbial communities, we do not see pat-
erns of succession as observed at whale and woodfall sites (Gof-
r edi and Or phan 2010 , Kalenitc henk o et al. 2016 ). This could be
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ue to the r elativ el y short incubation times or the constant influx
f reduced substrates in hydrothermal fluids. 

Other deep-sea colonization experiments performed on r oc k
 hips hav e noted e vidence of a c hanging comm unity ov er time
nd micr obiall y driv en c hemical w eathering (Or cutt et al. 2011a ,
ulmann et al. 2015 ). Pr e vious studies have shown a higher di-
 ersity in matur e ir on-dominated micr obial mats than those that
re sulfur-dominated in the Mariana Arc and back-arc (Hager et
l. 2017 ). Ho w e v er, this pattern of higher diversity in high dis-
olv ed ir on sites was not observ ed in the MGC micr obial comm u-
ities. Microbial mat surfaces, whic h ar e hypothesized to contain
he activ e fr action in matur e mats, show a wider range in rich-
ess as measured by Chao1 (Chan et al. 2016b , Duchinski et al.
019 ). This indicates that the MGCs are lo w er in taxonomic diver-
ity than that of established microbial mats. With the decreased
icr obial div ersity of nascent mat comm unities, as r epr esented

y the MGCs, there is likely to be less functional diversity than
hat found in established communities as well (Wagg et al. 2021 ).

Gamma pr oteobacteria that wer e identified fr om
ama‘ehuakanaloa MGCs have also been found in established
icr obial mats fr om Kama‘ehuakanaloa and the Mariana Arc

nd back-arc, though the lack of these taxa within the Axial and
agic Mountain MGCs is in contrast to previous studies of vent
uids at Axial Seamount (Huber et al. 2003 , Opatkiewicz et al.
009 , Rassa et al. 2009 , Hager et al. 2017 , Duchinski et al. 2019 ).
he nascent community composition from Axial Seamount and
agic Mountain was similar to active hydrothermal chimneys

hat are dominated by Sulfurimonas and Sulfurovum as found
ithin vent fluids at Manus Basin (Meier et al. 2017 , 2019 ) and

r om Br other’ s V olcano (Zhou et al. 2022 ). Hydr othermal miner als
rom the Juan de Fuca Ridge have been shown to support the
r on-oxidizing autotr ophic gr owth of both Alpha pr oteobacteria
nd Gamma pr oteobacteria isolates (Edw ar ds et al . 2003 ). These
lasses also tr ac k with dissolv ed ir on concentr ations in our study,
hough less so than the Zeta pr oteobacteria. 

etaproteobacteria di v ersity
oth Campylobacteria and Zeta pr oteobacteria ar e c hemolithoau-
otrophs and can support a diversity of microorganisms and

acr ofauna. Genomic and pr oteomic anal ysis of Zeta pr oteobac-
eria show autotrophy is supported by the Calvin–Benson–
assham cycle (Singer et al. 2011 , Barco et al. 2015 ). Conv ersel y,
utotrophic Campylobacteria and Aquificae primarily use the re-
erse TCA cycle for carbon fixation (Hügler and Sie v ert 2011 ).
eta pr oteobacteria hav e been shown to pr oduce twisted ir on-
 xyhydro xide biominerals, which contribute to the mat architec-
ure (Chan et al. 2016a ). Within the MGCs , zO TU-01 zO TU-02 were
he most dominant, which is expected since they have been found
n high abundance within established mats at iron-dominated
ydr othermal v ent comm unities (McAllister et al. 2019 ). The
etabolism of these dominant zOTUs has been inferred from

ingle cell-genomes and metagenome-assembled genomes (Field
t al. 2015 , Fullerton et al. 2017 ), and both show the capacity
or living in aerobic conditions and fixing carbon. The organisms
 epr esented by these zOTUs also contain a fused cytoc hr ome-
orin that is responsible for the oxidation of dissolved Fe 2 + (Kef-
er et al. 2021 ), which is conserved across the genus Mariprofun-
us (Zhong et al. 2022 ). It is unclear if the Zeta pr oteobacteria
r e gr owing via hydr ogen oxidation since onl y zOTU-09 is known
ith this metabolism (Mori et al. 2017 ) and was present as mi-
or community members within six of the 19 MGCs incubated at
ama‘ehuakanaloa. 
w
ampylobacteria composition
iv erse gener a within the phylum Campylobacter ota hav e been
hown to inhabit hydr othermal v ent plumes , sulfides , and the
ent subsurface (Sylvan et al. 2012b , Dick et al. 2013 , Meyer
t al. 2013b ). Ov er all, Camp ylobacteria w er e nearl y univ ersal
ithin this study, but gener a v aried between locations. Even in

he high-temper atur e Kama‘ehuakanaloa Seamount MGCs, the
ampylobacteria ASVs were distinct from those found within

he Axial Seamount or Magic Mountain MGCs, as was the case
or ASV-24 ( Nitratiruptor spp.), which was found only within the
ama‘ehuakanaloa Seamount MGCs. It was not surprising that
ulfurimonas and Sulfurovum wer e pr esent as dominant r epr esen-
atives of Campylobacteria at Kama‘ehuakanaloa and were also
resent in Axial and Magic Mountain MGCs; due to their diverse
etabolisms, they can live in various conditions by using differ-

nt energy sources (Nakagawa et al. 2005 , Campbell et al. 2006 ).
hese groups of bacteria are not only able to use sulfur but also
ave a pathway for NO 3 

− reduction (Han and Perner 2015 , Pérez-
odríguez et al. 2017 ). Of the identified ASVs, ASV-6, a Sulfuromonas
pp., was found in varying abundances throughout all MGCs, sug-
esting it is a hydrothermal vent cosmopolitan Campylobacteria.
her e ther e w as a dominance of Camp ylobacteria, the Zeta pr o-

eobacteria were minor community members . T he high abun-
ance of Campylobacteria and Aquificae at Kama‘ehuakanaloa
fter the eruption is r epr esentativ e of how the geochemistry of the
ctiv e v ent shifted the micr obial comm unity. This is in contrast to
ther studies from 1998 to 1999 where the diversity of Campy-
obacteria decreased after a pr e vious eruption at Axial Seamount
Huber et al. 2003 ). 

ommunity interactions
v er all, our r esults indicate that the concentr ation of dissolv ed

r on fr om the v ent fluids favors the gr owth of Zeta pr oteobacte-
ia as the dominant primary producer. Based on the permanova
nalysis, the influence of pH and Mn were not significant in these
ommunities . T his is consistent with the RDA analysis and the
omm unity inter action, whic h indicate that the bacterial comm u-
ity is significantly affected by the abundance of Zeta pr oteobac-
eria and with their role as ecosystem engineers (Chan et al. 2011 ,
ager et al. 2017 , Beam et al. 2018 ). 
Although the two classes, Zeta pr oteobacteria and Campylobac-

eria, were foundational members of these nascent communi-
ies, only the Campylobacteria formed hubs in network analy-
is, which indicate k e ystone taxa (Peschel et al. 2021 ). Two ASVs
rom class Aquificae formed positive associations with the Ze-
a pr oteobacteria in the Kama‘ehuakanaloa cluster, despite their
ack of co-occurrence in time, while also forming negative asso-
iations with the Campylobacteria from the Axial-Magic Moun-
ain cluster despite the earlier noted tendency for Aquificae and
ampylobacteria to cooccur. These seemingly contradictory as-
ociations further support the significance of geogr a phic location
s a driver of community structure. Within the Zetaproteobacte-
ia, the most influential community members were identified as
elonging to zOTU-06 (ASV_7) and zOTU-02 (ASV_27, ASV_22, and
SV_28) ( Table S3 , Supporting Information ). Ho w e v er, they did not
eet the cutoff r equir ement for hub classification and so are not

onsidered as k e ystone taxa, whic h is in contr ast to other ir on-
ic h marine envir onments (Beam et al. 2018 ). Additionall y, the
amma pr oteobacteria wer e found thr oughout the nascent com-
unities at Kama‘ehuakanaloa and within only one Axial MGC.
nl y a fe w Gamma pr oteobacteria ASVs formed positiv e r elation-
hips with foundational members of those communities, and only
ith the Zeta pr oteobacteria. 

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae001#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae001#supplementary-data


Fullerton et al. | 11 

F
T  

t  

t
t  

v  

N
m
e
1

D
A  

A  

H

R
A  

 

A  

A  

 

B  

 

 

B  

 

B  

 

B  

 

 

 

C  

C  

C  

 

C  

 

 

Conclusion
This study builds on the knowledge of community diversity and 

composition of lithotrophic bacteria, providing new data from 

thr ee P acific Ocean hydr othermal v ent locations. Our r esults in- 
dicate that diverse microbial communities form quickly within 

hydr othermal v ent effluent and ar e dominated by c hemolithoau- 
totrophs. SSU rRNA amplicon sequencing from 33 MGCs sho w ed 

r elativ el y low alpha div ersity ov er all. Ther e was also no difference 
in diversity across incubation periods and each site sho w ed dis- 
tinct microbial community composition. This supports the influ- 
ence of biogeogr a phy as well as the impact of geochemistry on 

micr obial div ersity acr oss these v ent locations. Although Shan- 
non and Simpson’s diversity indices did not show correlation with 

a ge of MGC, futur e comparisons should be performed between 

the mature and nascent microbial mat to further understand the 
drivers of diversity. 

Also of note was the reduction in the abundance of iron- 
oxidizing Zeta pr oteobacteria after the Kama‘ehuakanaloa erup- 
tion, which instead displayed a higher abundance of Campylobac- 
teria. Observing such shifts is important to understanding how 

the biogeochemistry of the surrounding area affects autotrophic 
micr obial comm unities. Additionall y, further r esearc h should fo- 
cus on determining if the community members present within the 
MGCs are also present in the vent fluids or if they are members of 
the adjacent microbial mats. 

Future studies should include longer incubation periods to fur- 
ther determine whether patterns of succession are different for 
these habitats as opposed to whale and woodfalls. In addition, a 
simultaneous study of vent fluids, established microbial mats, and 

MGC composition should be conducted to understand whether 
the community composition is the same across these substrates 
under the same incubation conditions. 
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