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In the deep ocean, hydrothermal vents sustain remarkable animal–microbial 
symbioses, in which bacteria colonizing animal external or internal tissues 
use reduced chemicals from venting fluids to perform chemosynthesis and 

nourish their host. Hydrothermal vents also occasionally occur within the 
photic zone, but the prevalence of photosynthesis within these settings is 
considered to override the development of chemosymbiotic interactions; 
animal–microbial associations such as those observed at deep-sea vents 
have rarely been recorded at shallow vents. During 2019 sampling of the 
Strýtan hydrothermal vent site, Eyjafjörður, Iceland (16–70 m depth), am- 
phipods in the genus Ischyrocerus were opportunistically collected from near 
the top of the tallest vent chimney. A subset of these were found to have 
microbial mats specifically colonizing their antennae, with prevalent bacte- 
ria in these mats demonstrating genetic similarity to deep-sea hydrothermal 
vent bacteria, including ectosymbionts of vent-endemic crustaceans. These 
findings demonstrate the importance of vent productivity to the develop- 
ment of unique associations between animals and putatively chemosyn- 
thetic bacteria even in environments where photosynthesis dominates, high- 
lighting a pathway through which more intimate vent symbioses may arise, 
as well as the influence of vent environments in animal evolution through- 
out ocean depths. 
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. Introduction 

ymbioses with microbes are essential to the nutrition of animals within deep-
cean hydrothermal vents, where specialized invertebrates from tubeworms to 
rabs feed on bacteria capable of chemosynthesis that colonize their external
urfaces or tissues [1 ]. In the absence of light, chemosynthetic productivity at
ents represents a crucial food source in an otherwise food-limited deep ocean.
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waters, and represent dynamic energy-rich envi- 
r o the simultaneous presence of light and reduced 

c eir deep-sea counterparts is a general lack of spe- 
c absence of such interactions is considered to be a 
c  develop such associations [3 ]. However, examples 
o shallow vent sites ( < 200 m water depth), includ- 
i , Taiwan [6 ], a nematode from the Bay of Plenty, 
N  Where vent-specialist taxa have been discovered 

a photosynthetic productivity [9 ,10 ]. Nevertheless, 
t  additional benefits to the host and could thus be 
p  oceans [11 ]. 

) occurs at 16 to 70 m depth within the Eyjafjörður 
f cones or chimneys located within the photic zone 
[  ago) [13 ]. Comprised mainly of the clay mineral 
s levated concentrations of hydrogen and methane 
[ enting usual hard substrate fauna in the region 
[ more abundant in their upper sections. Microbial 
c concentrations of hydrogen sulfide in Strýtan vent 
fl ate the presence of active sulfur cycling [12 ]. The 
b s not known how fauna interact with vent fluids 
e

ached to their exoskeletons following faunal sam- 
p mphipods using fluorescence in situ hybridization 
(  comparison tools. Our findings show that ante- 
r cleimonas (Gammaproteobacteria) and Sulfurovum 

(  chimneys, such as hydroids, and exhibit genetic 
s staceans. 

2
(
A r, Iceland (65.82883 N, 18.1115 W; supplementary 
m search permit reference UST201812-041/Þ.V.B. of 
t 3-0 of the Icelandic Institute of Natural History). 
A ys and take still images of Strýtan and its fauna. 
A clumps and a vent chimney fragment, placed by 
d ved using RNAlater or 80% ethanol (supplemen- 
t  using a Canon 500D DSLR camera attached to a 
L ticed that a subset of collected amphipods (4 out 
o  second gnathopods, had microbial mat coatings 
a e selected for further analysis, and their morphol- 
o at from Strýtan and nearby sites (supplementary 
m e analysis (see §2c ). 

(
A as extracted from the above as well as from bry- 
o e body tissue (supplementary material, table S1) 
u ions but using 100 μl elution volumes. To aid tax- 
o ent of the cytochrome c oxidase I (COI) gene was 
a [18 ]. Our amphipod sequences were aligned with 
N  species as an outgroup [19 ], using MUSCLE [20 ] 
i ment (GTR + I + G) was detected using jModelTest 
v 3.2.6 [24 ]. 

(
P ing the V4 variable region of the 16S SSU rRNA 

g licon sequence lengths of approximately 298 bp, 
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Although rarer, hydrothermal vents also occur within shallow, photic zone 
onments in which both photosynthesis and chemosynthesis co-occur owing t
ompounds [2 –4 ]. An obvious difference between shallow-vent habitats and th
ialized invertebrates exhibiting symbioses with chemosynthetic bacteria. The 
onsequence of a lack of energetic advantage, and thus evolutionary pressure, to
f metazoans with chemosynthetic symbioses are reported from a number of 
ng a vestimentiferan in Kagoshima Bay, Japan [5 ], a crab from Kuishan Island
ew Zealand [7 ], and a platyhelminthes from Deception Island, Antarctica [8 ].
t shallow-water vents, their diet appears to include considerable input from 

he occurrence of chemosynthetic symbioses at shallow vents is likely to confer
otentially widespread, given the ubiquity of chemosynthetic symbioses in the
The Strýtan hydrothermal vent site (also known as Big Strýtan; Strýtan herein

jord of northern Iceland, and represents a cluster of active, basalt-hosted vent 
12 ] that probably started forming at the end of the last Ice Age (11 000 years
aponite, these chimneys emit warm ( < 70◦C) alkaline fluids (pH < 10.2) with e
13 –16 ]. Strýtan macrofauna consist of algae and benthic invertebrates repres
13 ], which cover much of the chimneys aside from vent fluid outlets that are 
ommunities exhibit high similarity to terrestrial hot springs, whereas elevated 

uids as well as abundant dissimilatory sulfate-reducing microorganisms indic
iological communities of these chimneys are, however, little studied, and it i
mitted at this unique site. 
Unexpectedly, we found amphipods with abundant filamentous bacteria att

ling at Strýtan. We characterized these bacteria and their association with the a
FISH), 16S rRNA amplicon sequencing, phylogenetics, and bacterial sequence
ior appendages of these Ischyrocerus sp. amphipods are covered mainly by Co
Campylobacteria) bacteria that are also present on other marine fauna on the
imilarity to chemosynthetic ectosymbionts of deep-sea hydrothermal vent cru

. Material and methods 
a) Sample collection 
mphipod sampling of the main Strýtan hydrothermal vent chimney, Eyjafjörðu
aterial, figure S1), took place through SCUBA diving on 16–17 June 2019 (re

he Environment Agency of Iceland; export permit reference 2-019-010-015/4
 VideoRay Pro 4 remotely operated vehicle was used to perform video surve
mphipods were captured opportunistically during the collection of hydroid 

ivers into sealed plastic pots. Samples were kept cold until processing, preser
ary material, table S1), and were photographed before and after preservation
eica MZ9.5 stereomicroscope. During post-preservation microscopy, it was no
f 33 amphipods collected in total), in particular males recognized by enlarged
ssociated primarily with their second antenna. These four male specimens wer
gy was examined. Bryozoans, hydroids, sponges, a bivalve and a microbial m
aterial, table S1 and figure S1) were also selected for comparative microbiom

b) DNA ex trac tion, PCR amplification, and sequencing 
 single second antenna was removed from amphipod specimens, and DNA w
zoan and hydroid branches, bivalve gill, a microbial mat clump, and spong
sing a Qiagen DNEasy Blood and Tissue Kit, following manufacturer instruct
nomic identification of amphipod specimens, an approximately 650 bp fragm
mplified and sequenced using the primers LCO1490 and HCO2198 [17 ] as in 
CBI GenBank sequences from across the Ischyroceridae family, with Photidae

n Geneious v.10.2.5 [21 ]. The best-fitting substitution model for the DNA align
.2.1.10 [22 ,23 ], and the phylogenetic analysis was performed using MrBayes v.

c) Microbiome sequencing and data processing 
rocessing of sample DNA for microbiome analysis was performed by target
ene. Libraries were sequenced on an Illumina MiSeq platform to obtain amp
m royalsocietypublishing.​org/​rsbl/​article-pdf/​doi/​10.​1098/​rsbl.​2026.​0111/​6167027/​rsbl.​2026.​0111.​pdf
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a alysis tool v. 2026.1 [25 ] and packages within to 
d eras, denoise reads to infer prokaryote amplicon 
s late Bray–Curtis and UniFrac distances following 
r amples that had filtered reads below 100 000 were 
n , Hydrozoa_100, and Mytilus_146). In R [26 ], the 
p d to analyse and visualize the amplicon dataset. 
P cted on Bray–Curtis and UniFrac distances using 
9 y composition varied between four groups of host 
t ition of Microbiomes (ancombc2) was performed 

u ferences in community composition between the 
a

 SILVA Alignment, Classification and Tree Service 
[ gth sequences, as recommended for short reads. 
T  alongside closest matches from the SILVA refer- 
e ships). These sequences were also used to query 
m ng Logan-Search [32 ]. 

(
T SH. Amphipod tissues were post-fixed in 3% for- 
m m temperature. They were subsequently rinsed in 
1  within cavity slides. Samples were hybridized for 
3 lexa488 [33 ], Gam42a-Cy3 [34 ], Epsy914-Cy5 [35 ], 
m  were washed in tubes using washing buffer (also 
a d, placed on slides, covered with Slow Fade Gold 

a ), and sealed with a cover slip. Visualization was 
p odule and Colibri.7 LED system light technology, 
a o reveal and quantify fluorescence as a spectrum. 
A

3
(
M aterial, figure S2) indicate that individuals with 
m Strýtan vent chimney belong to the genus Ischyro- 
c tan sampling, both male and female, did not have 
o ntic, Arctic and subarctic, although the taxonomy 
o orphological match to the species Ischyrocerus sp. 
T hospecies is characterized (in male specimens) by 
t s minutus Liljeborg, 1851 and Ischyrocerus anguipes 
K stally. The basis of pereopods 5–7 is slender with 
n  with the outer spine of each pair longer than the 
i  S2) suggest our specimens are closely related to 
I tably, species of the genera Jassa and Microjassa are 
n is using more markers would be needed to assess 
t

(
O the total raw reads (supplementary material, table 
S fied taxonomically, the majority of ASVs belonged 

t microbiae, and Campylobacteria (supplementary 
m  were notably abundant in some amphipods and 

a  Sulfurovaceae were present in high proportions 
i mpled taxa (supplementary material, figure S3). 
F um ASVs contributed the greatest proportions of 
r rospiraceae, Pseudoalteromonas, and Neorickettsia 
A um ASVs were also prominent in several hydroids, 
w droid samples ( figure 1 ). A Francisella ASV was 
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nd resulting reads were handled using the qiime2 microbiome amplicon an
emultiplex samples, remove primers, perform quality filtering, remove chim
equence variants (ASV), assign taxonomic classification to the ASVs, and calcu
arefaction of the reads to 100 000 (see supplementary material, code.txt). Five s
ot included in distance calculations (Bryozoa_125, Bryozoa_139, Bryozoa_140
ackages tidyverse [27 ], phyloseq [28 ], vegan [29 ], and ANCOMBC [30 ] were use
ermutational multivariate analyses of variance (PERMANOVA) were condu
99 permutations and the R package vegan to test whether microbial communit
axa (amphipods, bryozoans, hydroids and sponges). An Analysis of Compos
sing ANCOMBC to determine which prokaryote ASVs and genera drove dif
bove four groups, with amphipods used as the reference. 
Amplicon sequences of the 10 most abundant ASVs were queried using the

31 ], using the option to add them to a tree computed on neighbours’ full-len
his analysis outputs an unrooted tree in which query sequences are placed
nce database (and is not intended to represent deeper evolutionary relation
etagenome projects deposited in the NCBI Sequence Read Archive (SRA) usi

d) Fluorescence in situ hybridization 
he remaining second antenna of the four selected amphipods was used for FI
alin solution prepared with 1 × phosphate-buffered saline (PBS) for 2 h at roo

 × PBS, dehydrated using a graded ethanol series from 70% to 100%, and placed
 h at 46◦C with the following probe and fluorophore combinations: Eub338-A
ixed within hybridization buffer prepared as in [36 ]. Following this, samples
s in [36 ]) for 15 min at 48◦C, rinsed with autoclaved distilled water, then drie
ntifade reagent containing 4 ′ ,6-diamidino-2-phenylindole (DAPI, Invitrogen
erformed using a Zeiss AxioImager.Z2 equipped with an Apotome.2 sliding m
nd a Zeiss LSM 780 confocal microscope using the photon counting method t
ll micrographs were acquired with Zeiss Zen software. 

. Results 
a) Amphipod identification 
orphological investigation and COI phylogenetic analysis (supplementary m
icrobial-coated second antennae collected from near the summit of the main 
erus Krøyer, 1838. Additional Ischyrocerus sp. amphipods collected during Strý
bvious microbial coatings. This genus is widely reported from the North Atla
f the clade is unresolved and in need of revision [37 ]. Our specimens are a m
-2, collected from Greenland and described and illustrated in [38 ]. This morp
he propodus of gnathopod 2 being more slender than those seen in Ischyroceru
røyer, 1838, with a straight posterior margin and a rounded protuberance di
early parallel anterior and posterior margins; spines on the telson are slender
nner spine. COI genetic distances of 0.9–2.2% (supplementary material, table
schyrocerus sp. from Hudson Bay and the Northwestern Passages, Canada. No
ested among Ischyrocerus species; a more comprehensive phylogenetic analys
he monophyly of Ischyrocerus . 

b) Prokaryotic community characterization 
ur amplicon dataset consisted of 6 208 259 filtered reads, representing 87% of 
3). The 10 ASVs with the most reads comprised 26% of the dataset. When classi
o the classes Gammaproteobacteria, Bacteroidia, Alphaproteobacteria, Verruco
aterial, figure S3). At the family level, Thiotrichaceae Gammaproteobacteria
lso some hydroids. Flavobacteriaceae, Rhodobacteraceae, Saprospiraceae, and
n one or more amphipods, as well as in varying proportions in the other sa
rancisellaceae was abundant in some hydroids only. Cocleimonas and Sulfurov
eads to amphipod samples ( figure 1 ). Additionally, Aliivibrio , unclassified Sap
SVs contributed highly to one or more Ischyrocerus sp. T-2 individuals. Sulfurov
hile on the whole different Cocleimonas ASVs dominated amphipod and hy
m royalsocietypublishing.​org/​rsbl/​article-pdf/​doi/​10.​1098/​rsbl.​2026.​0111/​6167027/​rsbl.​2026.​0111.​pdf
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Figure 1. Relative abundances of the most common ASVs for a 16S amplicon dataset, including Ischyrocerus sp. T-2 amphipods as well as bryozoans, hydroids, sponges, 
a microbial mat and a mussel from Strýtan and two additional Eyjafjörður sites. Bubbles are coloured by bacterial class, whereas family and genus (or lowest possible 
taxonomic identification) are provided as labels. ASVs with counts lower than 20 000 across the dataset were pooled into the category ‘Other’. Blue labels indicate the 
10 most abundant ASVs in the dataset, with their rank given in parentheses. 

n ed Flavobacteriaceae ASV in two of the hydroid 

s s (Nitrosopumilaceae) ASVs were also prominent 
i

ficant difference in microbial community between 
t ses based on weighted and unweighted UniFrac 
d  0.24, p = 0.001, respectively), with sample group- 
i entary material, figure S4). Unweighted UniFrac 
d wing greatest similarity to a vent fluid-influenced 

h y a single ASV that differed significantly between 
a aterial, table S4). With ASVs grouped by genus, 
A ods and other groups, with the genera Roseibacil- 
l mphipods and all other groups (supplementary 
m eimonas varied significantly between amphipods 
a ea and unclassified Cyclobacteriaceae varied sig- 
n

e 16S reference sequences from bacteria sampled 

a g many symbionts of deep-sea hydrothermal vent 
c nclassified Rhodobacteraceae ASVs were mainly 
p  exhibited similarities to fish gut microbiome se- 
q th a fish intestine and environmental sequences. 
L SVs in the dataset (kmer coverage equal to 1; sup- 
p  16S rRNA sequences contained in hydrothermal 
v –g), with the majority of matches overall reflect- 
i 1_ Francisella , 3_ Cocleimonas , 5_Flavobacteriaceae, 
6  from a previous study of microbial communities 
f

(
M ore apparent and distinguishable from setae fol- 
l s (Gam42a and EPSY-914, respectively). Filamen- 
t ae, but varied in coverage between individuals 
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otably abundant in hydroids but not in other phyla, as well as an unclassifi
amples. A Moritella , an unclassified Rhodobacteraceae, and two Nitrosopumilu
n sponges. 

The PERMANOVA analysis based on Bray–Curtis distances indicated a signi
he sample groups ( F = 2.81, R2 = 0.27, p = 0.001, n = 36). PERMANOVA analy
istances were also significant ( F = 2.75, R2 = 0.26, p = 0.001, and F = 2.50, R2 =
ng being more apparent according to unweighted UniFrac distance (supplem
istance grouped all four Ischyrocerus sp. T-2 specimens together, with these sho
ydroid specimen from a separate sample. ANCOMBC2 analysis identified onl
mphipods and any of the other groups, a Roseibacillus ASV (supplementary m
NCOMBC2 results identified 23 genera to vary significantly between amphip
us , DEV007 , Ulvibacter and Yoonia-Loktanella differing significantly between a
aterial, table S5). The genera OM190 , Blastopirellula , Nitrosopumilus and Cocl
nd bryozoans and amphipods and sponges, whereas Sphingorhabdus , Rubrital
ificantly between amphipods and bryozoans and amphipods and hydroids. 
Silva ACT placed Cocleimonas , Sulfurovum and Thioglobaceae ASVs alongsid

t hydrothermal vent, submarine volcano, and cold seep environments, includin
rustaceans and molluscs (supplementary material, figure S5). Francisella and u
laced alongside environmental (seawater, sediment) sequences; Moritella ASV
uences; and the unclassified Flavobacteriaceae ASV showed similarity to bo
ogan-search results that exactly matched kmers from the 10 most abundant A
lementary material, table S6) notably showed a high proportion of matches to
ent metagenomes for four of the ASVs (supplementary material, figure S6b,e
ng marine metagenomes, including seawater and sediment. Six of the ASVs (
_ Sulfurovum , 9_Rhodobacteraceae, 10_ Cocleimonas ) matched to SRA sequences
rom Strýtan vent fluid and chimney samples [12 ]. 

c) Fluorescence in situ hybridization 
icrobial mats on Ischyrocerus sp. T-2 second antennae ( figure 2 a , b ) were m

owing FISH with general Gammaproteobacteria and Campylobacteria probe
ous bacterial mats were densest on the middle joint of the second antenn
m royalsocietypublishing.​org/​rsbl/​article-pdf/​doi/​10.​1098/​rsbl.​2026.​0111/​6167027/​rsbl.​2026.​0111.​pdf
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Figure 2. Bacteria colonizing the second antennae of Ischyrocerus sp. T-2 amphipods from the Strýtan hydrothermal vent chimney, Iceland. ( a , b ) Light microscopy im- 
ages. ( a ) Complete view of an amphipod specimen 120A; scale bar is 1 mm. Abbreviations: a1, antenna-1; a2, antenna-2; gn, gnathopod. ( b ) Light microscopy detail of 
amphipod antenna-2 (specimen 120A) with a filamentous microbial coating. Scale bar, 400 μm. ( c –h ) FISH microscopy images, whereby samples are hybridized with the 
probes Gam42a-Cy3 to visualize Gammaproteobacteria (in yellow) and Epsi914-Cy5 to visualize Campylobacteria (in red); sample tissues are stained with DAPI (blue). 
( c ) Antenna-2 of amphipod specimen 120A. Scale bar, 400 μm. ( d ) Antenna-2 of amphipod specimen 120C. Scale bar, 100 μm. Box shows location of ( f ). ( e ) Detail of 
antenna-2 surface of amphipod specimen 120A. Scale bar, 10 μm. ( f ) Detail of microbes in ( d ) (probes as above). Scale bar, 20 μm. ( g ) Detail of three main filamentous 
microbial morph types (specimen 120C). Scale bar, 10 μm. ( h ) Detail of rod-shaped Gammaproteobacteria (specimen 120C). Scale bar, 10 μm. 

( ppearance, were hybridized with the Gammapro- 
t od setae. This morphotype was occasionally not 
h nge appearance ( figure 2 f , g ). Two additional bac- 
t  rods approximately 0.6 μm in diameter ( figure 2 e 
, e Campylobacteria probe primarily hybridized a 
s r magnification appeared segmented ( figure 2 e –h , 
i r bacterial morphotypes. 

4
D iscovery presented here, our analyses nevertheless 
d monas and Sulfurovum bacteria that demonstrate 
g
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 figure 2 c , d ). The thickest filaments (up to 2.5 μm in diameter) had a stacked a
eobacteria probe ( figure 2 e , in yellow) and occurred tangled among amphip
ybridized with either probe, possibly owing to low vigour, giving it a pale ora
erial morphotypes hybridized with the Gammaproteobacteria probe: chains of
 g ), and individual rods, with an approximately 1 μm long axis ( figure 2 f , h ). Th
ingle filamentous morphotype up to 0.8 μm in diameter, which under greate
n red) and occurred as clusters attached to, or tangled among, setae with othe

. Discussion 

espite a limited amphipod sample size given the opportunistic nature of the d
emonstrate colonization of Ischyrocerus sp. T-2 antennae primarily by Coclei
enetic similarity to types found at deep-sea hydrothermal vents. 
m royalsocietypublishing.​org/​rsbl/​article-pdf/​doi/​10.​1098/​rsbl.​2026.​0111/​6167027/​rsbl.​2026.​0111.​pdf
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se mats was apparent in both 16S amplicon and 

F e general gammaproteobacterial probe ( figure 2 e ) 
c a Leucothrix and Thiothrix [39 –41 ]. Rods and rod- 
c  the other hand, represent the Cocleimonas ASVs 
p  main type of Campylobacteria present in our 16S 
a ts hybridized with the EPSY-914 probe observed 

u
 closest matches to Cocleimonas , Sulfurovum , and 

T nd sponges are bacteria commonly found within 
m ccur as ectosymbionts on deep-sea hydrothermal 
v osymbionts of deep-sea vent crustaceans such as 
K 3 ] and chemolithoheterotrophs [44 ] reliant on re- 
d ogen, methane or sulfide available in Strýtan vent 
fl tan ( Francisella, Moritella , unclassified Flavobacte- 
r e microbial community. 

een Strýtan Ischyrocerus sp. T-2 and the bacteria 
c though the microbial community colonizing Strý- 
t ns, hydroids, and sponges from Strýtan and two 
a re largely not the bacteria dominating the dataset 
( vum found in high proportions in Strýtan Ischyro- 
c mongst ( figure 1 ; supplementary material, figure 
S l coatings. It is, however, surprising that bacteria 
a nd on the same body part of the amphipods, the 
s hic Thiothrix bacterial symbionts were observed 

m ons. These bacteria were interpreted to be ‘hitch- 
h  anoxic microenvironments to access both sulfide 
a aproteobacteria and Campylobacteria have also 
b ecies [46 ], with their presence noted as unusual 
g d that these bacteria are not fouling the antennae 
b d Sulfurovum bacteria adapted to exploiting vent 
c ransferred to a subset of Ischyrocerus sp. T-2 am- 
p rowth of these bacteria on their appendages, with 
a re 1 ). A distinct microbial community in terms of 
c ity of dominant bacteria between host individuals 
(

ther the bacteria observed on Strýtan Ischyrocerus 
s ýtan hydrothermal vent site, along with a much 
w s from a range of aquatic settings [40 ,41 ,45 ], in- 
c  symbiotic interactions may arise at hydrothermal 
v ucing fluids provide an additional niche that can 
b le conditions for bacterial growth on invertebrate 
t  symbioses. 

rýtan vent site, highlighting novel aspects of the 
p uids and chimney surfaces [12 ]. These ‘cobionts’ 
e ored to understand the ecology of unique marine 
s ally [47 ]. 

E  committee. 
D gh the NCBI SRA under BioProject accession number 
P rocerus sp. T-2 COI sequences used in the phylogenetic 
a 0036. Code used to analyse amplicon data and generate 
fi 48 ]. 
D th setting up and running qiime2 using singularity on a 
c
A uisition, investigation, visualization, writing—original 
d ting—review and editing; M.-A.C.: funding acquisition, 
p ation, data curation, funding acquisition, investigation, 
w diting; J.T.C.: conceptualization, data curation, funding 
a —original draft, writing—review and editing; P.E.: visu- 
a .B.: investigation, writing—review and editing; A.G.G.: 
c n, writing—review and editing. 

the work performed therein. 
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The prevalence of gammaproteobacterial and campylobacterial taxa in the
ISH results ( figures 1 and 2 ). The largest filaments that were hybridized by th
orrespond to reported morphotypes of Thiotrichaceae, such as for the gener
hains hybridized with the Gammaproteobacteria probe ( figure 2 e , f , h ) may, on
resent in high proportions in 16S amplicon results [42 ]. As Sulfurovum was the
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5. Marteinsson VT, Kristjańsson JK, Kristmannsdot́tir H, Dahlkvist M, Sæmundsson K, Hannington M, Pet́ursd

submarine smectite cones on the seafloor in Eyjafjordur, northern Iceland, and a novel thermal microbial 
827-833.2001 ) 

6. Geptner A, Kristmannsdóttir H, Kristjansson J, Marteinsson V. 2002 Biogenic saponite from an active subm
000986002760832775 ) 

7. Folmer O, Black M, Hoeh W, Lutz R, Vrijenhoek R. 1994 DNA primers for amplification of mitochondrial cytoch
Biol. Biotech. 3 , 294–299. 

8. Georgieva MN et al. 2020 Evidence of vent-adaptation in sponges living at the periphery of hydrothermal vent
11 , 1636. ( doi:10.3389/fmicb.2020.01636 ) 

9. Lowry JK, Myers AA. 2017 A phylogeny and classification of the Amphipoda with the establishment of th
( doi:10.11646/zootaxa.4265.1.1 ) 

0. Edgar RC. 2004 MUSCLE: multiple sequence alignment with high accuracy and high throughput. Nucleic Acids
1. Kearse M et al. 2012 Geneious Basic: an integrated and extendable desktop software platform for the orga

( doi:10.1093/bioinformatics/bts199 ) 
2. Guindon S, Gascuel O. 2003 A simple, fast, and accurate method to estimate large phylogenies by maximum l
3. Darriba D, Taboada GL, Doallo R, Posada D. 2012 jModelTest 2: more models, new heuristics, and parallel com
4. Ronquist F et al. 2012 MrBayes 3.2: efficient Bayesian phylogenetic inference and model choice across a large
5. Bolyen E et al. 2019 Reproducible, interactive, scalable, and extensible microbiome data science using QIIME 2
6. R Core Team. 2013 R: a language and environment for statistical computing . Vienna, Austria: R Foundation for S
7. Wickham H et al. 2019 Welcome to the Tidyverse. J. Open Source Softw. 4 , 1686. ( doi:10.21105/joss.01686 ) 
8. McMurdie PJ, Holmes S. 2013 Phyloseq: an R package for reproducible interactive analysis and graphics of m

0061217 ) 
m royalsocietypublishing.​org/​rsbl/​article-pdf/​doi/​10.​1098/​rsbl.​2026.​0111/​6167027/​rsbl.​2026.​0111.​pdf

026

https://doi.org/doi:10.1146/annurev-micro-051021-123130
https://doi.org/doi:10.1016/B978-0-12-409548-9.09523-3
https://doi.org/doi:10.1016/j.chemgeo.2005.07.021
https://doi.org/doi:10.1016/S0079-6611(99)00032-4
https://www.biodiversitylibrary.org/page/35458477
https://doi.org/doi:10.1371/journal.pone.0150597
https://doi.org/doi:10.1080/00288330.1993.9516582
https://doi.org/doi:10.1016/S0967-0645(03)00095-X
https://doi.org/doi:10.21411/CBM.A.2478590D
https://doi.org/doi:10.3354/meps11229
https://doi.org/doi:10.1016/j.cub.2020.07.050
https://doi.org/doi:10.3389/fmicb.2022.960335
https://doi.org/doi:10.1007/s11101-012-9243-7
https://doi.org/doi:10.1130/G39474.1
https://doi.org/doi:10.1128/AEM.67.2.827-833.2001
https://doi.org/doi:10.1346/000986002760832775
https://doi.org/doi:10.3389/fmicb.2020.01636
https://doi.org/doi:10.11646/zootaxa.4265.1.1
https://doi.org/doi:10.1093/nar/gkh340
https://doi.org/doi:10.1093/bioinformatics/bts199
https://doi.org/doi:10.1080/10635150390235520
https://doi.org/doi:10.1038/nmeth.2109
https://doi.org/doi:10.1093/sysbio/sys029
https://doi.org/doi:10.1038/s41587-019-0209-9
http://www.r-project.org/
https://doi.org/doi:10.21105/joss.01686
https://doi.org/doi:10.1371/journal.pone.0061217


8

royalsocietypublishing.org/rsbl
Biol.Lett.

22:
20260111

........................................................................

2 age.vegan ) 
3 nts and repeated measures. Nat. Methods 21 , 83–91. ( doi:10.1038/ 

3  ribosomal RNA genes. Bioinformatics 28 , 1823–1829. ( doi:10.1093/ 

3 24.07.30.605881 ) 
3 igonucleotide probes with flow cytometry for analyzing mixed microbial 

3 e major subclasses of proteobacteria: problems and solutions. Syst. Appl. 

3 eotide probes: new features 2007. Nucleic Acids Res. 35 , D800–D804. 

3 ial diversity associated with the hydrothermal shrimp Rimicaris exoculata 
4-6941.2009.00806.x ) 

3  of Ischyrocerus anguipes and Ischyrocerus minutus from the North-East 

3 enhagen, Denmark: Museum Tusculanum Press. 
3 pulations in limestone-corroding stream biofilms, Frasassi cave system, 

4 l. 70 , 3772–3775. ( doi:10.1128/AEM.70.6.3772-3775.2004 ) 
4 orm are related to deep-sea hydrothermal vent ectosymbionts. Environ. 

4 maproteobacterium isolated from sand snail ( Umbonium costatum ). Int. 

4 t shrimp Rimicaris exoculata with filamentous gamma- and epsilonpro- 
11/j.1462-2920.2009.02129.x ) 

4 new species of Kiwaidae (Decapoda, Anomura) from East Scotia Ridge 

4  between chemoautotrophic bacteria and a freshwater cave amphipod. 

4  unexpectedly dense bacterial communities occur on the antennae and 

4 - 022- 01145- 5 ) 
4 teria at a shallow-water hydrothermal vent. Figshare. ( doi:10.6084/m9. 

Downloaded fro
by guest
on 08 October 2
9. Oksanen J et al. 2026 vegan: community ecology package. R package version 2.7-3. ( doi:10.32614/CRAN.pack
0. Lin H, Peddada SD. 2024 Multigroup analysis of compositions of microbiomes with covariate adjustme

s41592- 023- 02092- 7 ) 
1. Pruesse E, Peplies J, Glöckner FO. 2012 SINA: accurate high-throughput multiple sequence alignment of

bioinformatics/bts252 ) 
2. Chikhi R et al. 2025 Logan: planetary-scale genome assembly surveys life’s diversity. bioRxiv . ( doi:10.1101/20
3. Amann RI, Binder BJ, Olson RJ, Chisholm SW, Devereux R, Stahl DA. 1990 Combination of 16S rRNA-targeted ol

populations. Appl. Environ. Microbiol. 56 , 1919–1925. ( doi:10.1128/aem.56.6.1919-1925.1990 ) 
4. Manz W, Amann R, Ludwig W, Wagner M, Schleifer K-H. 1992 Phylogenetic oligodeoxynucleotide probes for th

Microbiol. 15 , 593–600. ( doi:10.1016/S0723- 2020(11)80121- 9 ) 
5. Loy A, Maixner F, Wagner M, Horn M. 2007 probeBase—an online resource for rRNA-targeted oligonucl

( doi:10.1093/nar/gkl856 ) 
6. Durand L, Zbinden M, Cueff-Gauchard V, Duperron S, Roussel EG, Shillito B, Cambon-Bonavita M-A. 2010 Microb

gut and occurrence of a resident microbial community. FEMS Microbiol. Ecol. 71 , 291–303. ( doi:10.1111/j.157
7. King R, Holmes JMC. 2004 A new species of ischyrocerus (Crustacea: Amphipoda) from Ireland, with a review

Atlantic. J. Nat. Hist. 38 , 1757–1772. ( doi:10.1080/0022293031000156358 ) 
8. Just J. 1980 Amphipoda (Crustacea) of the Thule area, northwest Greenland: faunistics and taxonomy , p. 61. Cop
9. Macalady JL, Lyon EH, Koffman B, Albertson LK, Meyer K, Galdenzi S, Mariani S. 2006 Dominant microbial po

Italy. Appl. Environ. Microbiol. 72 , 5596–5609. ( doi:10.1128/AEM.00715-06 ) 
0. Gillan DC, Dubilier N. 2004 Novel epibiotic Thiothrix bacterium on a marine amphipod. Appl. Environ. Microbio
1. Ruehland C, Dubilier N. 2010 Gamma- and epsilonproteobacterial ectosymbionts of a shallow-water marine w

Microbiol. 12 , 2312–2326. ( doi:10.1111/j.1462-2920.2010.02256.x ) 
2. Tanaka N, Romanenko LA, Iino T, Frolova GM, Mikhailov VV. 2011 Cocleimonas flava gen. nov., sp. nov., a gam

J. Syst. Evol. Microbiol. 61 , 412–416. ( doi:10.1099/ijs.0.020263-0 ) 
3. Petersen JM, Ramette A, Lott C, Cambon-Bonavita M-A, Zbinden M, Dubilier N. 2010 Dual symbiosis of the ven

teobacteria at four Mid-Atlantic Ridge hydrothermal vent fields. Environ. Microbiol. 12 , 2204–2218. ( doi:10.11
4. Zwirglmaier K et al. 2015 Linking regional variation of epibiotic bacterial diversity and trophic ecology in a 

(Antarctica) hydrothermal vents. Microbiol. Open 4 , 136–150. ( doi:10.1002/mbo3.227 ) 
5. Dattagupta S, Schaperdoth I, Montanari A, Mariani S, Kita N, Valley JW, Macalady JL. 2009 A novel symbiosis

ISME J. 3 , 935–943. ( doi:10.1038/ismej.2009.34 ) 
6. Zbinden M, Gallet A, Szafranski KM, Machon J, Ravaux J, Léger N, Duperron S. 2018 Blow your nose, shrimp!

antennules of hydrothermal vent shrimp. Front. Mar. Sci. 5 , 357. ( doi:10.3389/fmars.2018.00357 ) 
7. Abreu A et al. 2022 Priorities for ocean microbiome research. Nat. Microbiol. 7 , 937–947. ( doi:10.1038/s41564
8. Georgieva MN et al. 2026 Supplementary material from: Amphipods associate with epibiotic filamentous bac

figshare.c.8641558 ) 
m royalsocietypublishing.​org/​rsbl/​article-pdf/​doi/​10.​1098/​rsbl.​2026.​0111/​6167027/​rsbl.​2026.​0111.​pdf

026

https://doi.org/doi:10.32614/CRAN.package.vegan
https://doi.org/doi:10.1038/s41592-023-02092-7
https://doi.org/doi:10.1093/bioinformatics/bts252
https://doi.org/doi:10.1101/2024.07.30.605881
https://doi.org/doi:10.1128/aem.56.6.1919-1925.1990
https://doi.org/doi:10.1016/S0723-2020(11)80121-9
https://doi.org/doi:10.1093/nar/gkl856
https://doi.org/doi:10.1111/j.1574-6941.2009.00806.x
https://doi.org/doi:10.1080/0022293031000156358
https://doi.org/doi:10.1128/AEM.00715-06
https://doi.org/doi:10.1128/AEM.70.6.3772-3775.2004
https://doi.org/doi:10.1111/j.1462-2920.2010.02256.x
https://doi.org/doi:10.1099/ijs.0.020263-0
https://doi.org/doi:10.1111/j.1462-2920.2009.02129.x
https://doi.org/doi:10.1002/mbo3.227
https://doi.org/doi:10.1038/ismej.2009.34
https://doi.org/doi:10.3389/fmars.2018.00357
https://doi.org/doi:10.1038/s41564-022-01145-5
https://doi.org/10.6084/m9.figshare.c.8641558

	Amphipods associate with epibiotic filamentous bacteria at a shallow-water hydrothermal vent 
	1. Introduction 
	2. Material and methods 
	(a) Sample collection 
	(b) DNA ex trac tion, PCR amplification, and sequencing 
	(c) Microbiome sequencing and data processing 
	(d) Fluorescence in situ hybridization 

	3. Results 
	(a) Amphipod identification 
	(b) Prokaryotic community characterization 
	(c) Fluorescence in situ hybridization 

	4. Discussion 
	References 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice




