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Abstract 

Conceptual bio geo gr aphic fr amew orks hav e pr oposed that the r elati v e contribution of envir onmental and geographical factors on 

micr obial distribution de pends on sev er al c har acteristics of the habitat (e.g. environmental heterogeneity, species diversity, and pro- 
portion of specialist/generalist taxa), all of them defining the degree of habitat specificity, but few experimental demonstrations exist. 
Here , w e aimed to determine the effect of habitat specificity on bacterial bio geo graphic patterns and assembly processes in benthic 
coastal ecosystems of the Southern Ocean (Pata gonia, Falkland/Malvinas, K erguelen, South Georgia, and King George Islands), us- 
ing 16S rRNA gene metabar coding. The gr adient of habitat specificity r esulted fr om a ‘natural experimental design’ provided by the 
Abatus sea ur c hin model, from the sediment (least specific habitat) to the intestinal tissue (most specific habitat). The phylogenetic 
composition of the bacterial communities showed a clear differentiation by site, dri v en by a similar contribution of geographic and 

en vironmental distances. Howe ver, the strength of this bio geo graphic pattern decreased with increasing habitat specificity: sediment 
communities showed stronger geographic and envir onmental di v ergence compar ed to gut tissue. The pr oportion of stochastic and 

deterministic processes contributing to bacterial assemb l y v aried according to the geographic scale and the habitat specificity level. 
For instance, an increased contribution of dispersal limitation was observed in gut tissue habitat. Our results underscore the impor- 
tance of considering differ ent ha bitats with contrasting levels of specificity to better understand bacterial bio geo graphy and assemb l y 
pr ocesses ov er oceanographic scales. 

Ke yw ords: microbial bio geo graphy; ha bitat selecti vity; ecological pr ocesses; host-associated micr obiota; irr e gular sea ur c hins; 
Antarctic 
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Introduction 

Understanding how bacterial comm unities ar e distributed acr oss 
space and time, and whic h mec hanisms ar e behind their distribu- 
tion, is crucial for gaining deeper insights into marine ecosystem 

biogeogr a ph y. F or a long time, it has been suggested that microor- 
ganisms wer e br oadl y distributed, and that envir onmental selec- 
tion (also known as species sorting) was the onl y pr ocess driv- 
ing bacterial assemblages (Baas-Becking 1934 ). Ho w ever, this hy- 
pothesis has been challenged in the last decades with solid ev- 
idence of bacterial biogeogr a phic patterns driv en by both local 
environmental conditions and historical dispersal-related factors 
(Martiny et al. 2006 , Langenheder and Lindström 2019 ). Four pro- 
cesses (selection, drift, dispersal, and m utation) hav e been pr o- 
posed to create and maintain bacterial biogeogr a phic patterns at 
both ecological and evolutionary levels (Vellend 2010 , Hanson et 
al. 2012 , Nemergut et al. 2013 ). In addition to the description of 
Recei v ed 6 September 2024; accepted 2 October 2024 
© The Author(s) 2024. Published by Oxford Uni v ersity Pr ess on behalf of FEMS. This
Commons Attribution License ( https://cr eati v ecommons.org/licenses/by/4.0/ ), whic
medium, provided the original work is properly cited.
he mec hanisms involv ed in the origin and maintenance of bac-
erial biodiversity patterns, it is important to determine the con-
itions that cause a particular mechanism to dominate the as-
embl y pr ocesses of bacterial comm unities. In their conceptual
v ervie w, Langenheder and Lindstr öm ( 2019 ) established how dif-
er ent factors suc h as the envir onmental heter ogeneity, the dis-
ersal capacity, the spatial scale, and the considered taxonomic 
nd/or functional groups, could influence the relative contribu- 
ion of different community assembly processes. 

The degree of habitat specificity is also likely an important fac-
or modulating bacterial biogeogr a phy, especiall y in determining
he r elativ e contribution of environmental and geogr a phic dis-
ances. Specific habitats are defined as habitats with low envi-
 onmental heter ogeneity (i.e. with homogeneous abiotic proper- 
ies) and are characterized by a low species richness (Wagner and
dw ar ds 2001 , Schw ob et al. 2020 , Liu et al. 2022 ) and a high
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roportion of specialist taxa (Hattermann et al. 2019 , Liu et al.
022 ). Mor eov er, specific habitats can be considered as island-like
abitats, constraining the connectivity and dispersal capacity for
acteria (Loudon et al. 2016 , Itescu 2019 ). All the abovementioned
 har acteristics of habitat specificity might influence the bacte-
ial biogeogr a phic patterns. For instance, habitat specialists taxa
c har acteristic of homogeneous habitats) are less influenced by
pecies sorting than habitat generalists (Székely and Langenheder
014 ). Str onger geogr a phic effects hav e been r eported in habitats,
her e micr oor ganisms ar e less pr one to dispersion compar ed to
ore interconnected habitats (Se ppe y et al. 2023 ). Stoc hastic pr o-

esses (such as drift and dispersal limitation) are more important
hen alpha diversity is low and/or in host-associated environ-
ents (Chase and Myers 2011 , Lankau et al. 2012 , Nemergut et al.

013 ). It is also well recognized that a low habitat heterogeneity
imits the number and diversity of available niches for coloniza-
ion, gener all y leading to a lo w er effect of species selection pro-
esses on bacterial assemblage in comparison to stoc hastic pr o-
esses (Ramette and Tiedje 2007 , Östman et al. 2010 , Lindström
nd Langenheder 2012 , Langenheder and Lindström 2019 ). In ad-
ition, the capacity of an organism to successfully colonize and
stablish in a habitat is related to its niche breadth. The niche
r eadth r epr esents how gener alized or specialized an or ganism is
egarding its habitat requirements. 

Assessing the influence of habitat specificity on microbial com-
 unity assembl y could be ac hie v ed in labor atory experiments by

rtificiall y cr eating habitats with v arying degr ees of heter ogeneity,
pecies richness (e.g. through sterilization), and connectivity. Lab-
ratory experiments enable to isolate the effect of a single factor
hile controlling for all others. Ho w ever, such experiments often

nclude environmental biases and do not r ealisticall y r eflect the
omplexity and variability of natural ecosystems (Diamond 1986 ).
n contr ast, natur al experiments offer a mor e r ealistic a ppr oac h,
re not constrained by temporal and spatial scales, and provide
or e gener alizable insights into natur al ecological pr ocesses (Di-

mond 1986 ). In this context, the habitats offered by hosts to
heir associated micr oor ganisms r epr esent an attr activ e natur al
xperimental design (Diamond 1986 ) to compar e differ ent le v els
f habitat specificity across different biogeographic pro vinces . In-
eed, when comparing different locations across a large spatial
cale, the habitats associated with phylogenetically and ecologi-
all y closel y r elated hosts tend to exbibit mor e homogenous envi-
onmental conditions than the surrounding open en vironments ,
ue to the selective pressures imposed by the hosts . T hus , the

mportance of species sorting across different sites might be less
mportant in host-associated habitats (due to their higher homo-
eneity) compared to nonhost associated habitats (Langenheder
nd Lindström 2019 ). The host filtering conditions tend to select
or e phylogeneticall y r elated taxa, acquir ed either fr om the envi-

onment or through vertical transmission from parent to offspring
Carrier et al. 2024 ). Even if vertical transmission is an important
actor in structuring some host-associated microbiota (Sharp et
l. 2007 , Baldassarre et al. 2021 , Carrier et al. 2021 ), gut microbiota
re dynamics and expected to change throughout the individual’s
ife, in close relation with environmental factors and diet (Carrier
t al. 2021 , Masasa et al. 2021 , Renelies-Hamilton et al. 2021 , Kang
t al. 2022 ), especially in deposit-feeding hosts that are continu-
usly flushed by their feed matrix (e.g. soil or sediment, in a plug-
ow mode) and thus exposed to environmental microbial com-
 unities. Mor eov er, host-r esident bacteria would less easily dis-

erse and establish across large spatial scales compared to free-
i ving bacteria, because the y ar e constr ained by the biotic and abi-
tic conditions imposed by the host habitat. For instance, strictly
naer obic micr obes show high specificity for host envir onments
Mazel et al. 2024 ). This should lead to a greater effect of spatial
istance on community assembly associated to hosts. Recently, in
iffer ent Austr alian estuaries, Suzzi et al. ( 2023 ) compared host-
ssociated and free-living microbiota. They sho w ed that bacterial
omm unities fr om fish hindguts (her e consider ed as a pr esum-
bl y mor e homogeneous habitat) wer e less constr ained by envi-
onmental selection and geographic distance than bacterial com-
 unities fr om seawater and sediments (consider ed her e as mor e

eterogeneous habitats) (Suzzi et al. 2023 ). Ho w ever, the influence
f habitat specificity le v el on ecological assembly processes (selec-
ion, drift and dispersal) remains to be investigated. 

The irregular deposit-feeding sea urchin genus Abatus (Tr osc hel
851 ) r epr esents a suitable host model for bacterial biogeo-
r a phic studies, as it is distributed across different biogeographic
rovinces of the Southern Ocean. While some Abatus species are
epar ated by str ong natur al marine biogeogr a phic barriers (e.g.
he Antarctic Polar Front; APF), others are distributed in distant
egions connected by the Antarctic Circumpolar Current (ACC).
hese sea urchins are infaunal organisms living at shallow depths
uried in medium to very fine mud d y sand sediments (David et al.
005 ), feeding on the organic matter from the ingested sediment,
nd they are considered important bioturbators of the ocean floor
Lohrer et al. 2005 ). Sea urchins from the genus Abatus are gener-
ll y easil y accessible for sampling and are found in high-density
atchy populations (Poulin and Féral 1995 , Gil et al. 2009 ). Thanks
o their feeding behaviour, Abatus sea urchins naturally provide a
radient of habitat specificity, from most to least specific: (i) the
batus gut tissue habitat, (ii) the ingested sediment in gut con-

ent, and (iii) the external sediment habitat, which constitutes the
ea urchins feeding source. Indeed, the micr obial comm unities of
hese three habitats have been previously shown to be drastically
ifferent, with lo w er div ersity and mor e specialist taxa in the gut
issue, whic h is c har acteristic of specific habitats (Schwob et al.
020 , Ziegler et al. 2020 ). T hus , the Abatus sea urc hin pr ovides a
nique ‘natural experiment’ model to test how different levels of
abitat specificity can modulate the bacterial biogeogr a phic pat-
erns across a large oceanographic scale. 

In this study, we aim to determine the influence of habitat
pecificity on the bacterial biogeogr a phic patterns and assembly
rocesses in benthic ecosystems from five localities of the South-
rn Ocean, distributed across three biogeographic regions accord-
ng to the definition of Koubbi et al. ( 2014 ): Magellanic [(i)Patagonia
nd (ii) Falkland/Malvinas Islands], Subantarctic [(iii) K er guelen
slands], and Antarctic [(iv) South Shetland Islands and (v) South
eor gia] pr o vinces . We hypothesize that (i) within each habitat (i.e .
ediment, gut content, and gut tissue), the bacterial communities
tructure will differ across regions due to the interplay between
eogr a phical and envir onmental factors, and (ii) the str ength of
hese biogeogr a phical patterns and their underl ying ecological as-
embl y pr ocesses will be modulated by the le v el of habitat speci-
city, due to the distinct degree of dispersal capacity offered by
ach habitat. In particular, as they are directly exposed to the en-
ironment, the sediment bacteria are expected to be more prone
o dispersal and environmental filtering than sea urchin gut tis-
ue bacteria. This suggests that micr oor ganisms associated to the
ediment w ould sho w str onger biogeogr a phic patterns than the
nes associated to the gut tissue, while those associated to the
ut contents would display an intermediate pattern. 
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Materials and methods 

Na tur al experimental design 

The natural experimental design of this study consists of three 
habitats natur all y pr ovided b y Abatus sea ur chin: (i) gut tissue 
habitat (i.e . the whole intestinal membrane except the caecum),
(ii) the gut content habitat (i.e. the ingested sediment within the 
digestiv e tr act) (Sc hwob et al. 2020 ), and (iii) the external sedi- 
ment habitat, which constitutes the sea urchin feeding source.
Abatus specimens of three different species ( A. agassizii , A. cav- 
ernosus , and A. cordatus ) were collected from five localities of the 
Southern Ocean. These species are the most ecologically and phy- 
logeneticall y closel y r elated among the ele v en existing Abatus 
species (David et al. 2005 , Díaz et al. 2012 ). Thanks to their simi- 
lar ecology and sediment-feeding behaviour, the different species 
provide the same natural gradient of habitats in different bio- 
geogr a phic pr ovinces of the Southern Ocean. The five studied 

localities span over three biogeographic provinces according to 
the definition of Koubbi et al. ( 2014 ): the Magellanic province 
(P ata gonia and Falkland/Malvinas Islands, where A. cavernosus 
lives), Subantarctic islands province of the southern Indian Ocean 

(K er guelen Island, wher e A. cordatus occurs), and the Antarctic 
province (South Shetland Islands and South Georgia, where A.
agassizii is found) (Table 1 ; Fig. 1 A). A single Abatus species is found 

in each site. Two sites accommodate the same Abatus species 
(Table 1 ). 

The five studied localities (Table 1 , Fig. 1 ) exhibit varying en- 
vironmental conditions and are positioned in different biogeo- 
gr a phic pr ovinces of the Southern Ocean as detailed in De Bro y er 
et al. ( 2014 ). In the maritime Antarctic, King George Island, lo- 
cated north of the Shetland Islands, experiences cold tempera- 
tur es r anging fr om below 10 ◦C to 0–2 ◦C, with notable seasonal 
ice changes affecting ecosystem dynamics (Ducklow et al. 2013 ).
South Georgia Island, situated north of the Scotia Arc and south 

of the APF, is part of the Antarctic biogeogr a phic pr ovince (Spald- 
ing et al. 2007 , Koubbi et al. 2014 ), its climate is polar, and the 
weather is highly variable and harsh, with temperature ranging 
from −10 ◦C to 8 ◦C. In Atlantic P ata gonia, the Str ait of Magellan 

is c har acterized by str ong tidal curr ents , winds , and low-salinity 
waters (Medeiros and Kjerfve 1988 , Brun et al. 2020 ). The Falk- 
land Islands have a cool, temperate oceanic climate, character- 
ized by mild summers and cold, windy winters, and are part of the 
Ma gellan biogeogr a phic pr o vince (Spalding et al. 2007 , K oubbi et 
al. 2014 ). Lastl y, the K er guelen Arc hipela go, particularl y Port-aux- 
Fr ançais, featur es a cold oceanic climate typical of subAntarctic 
islands. 

Samples collection and treatment 
Sampling was conducted across the five localities of the South- 
ern Ocean between November 2017 and September 2022, during 
the austral summer (Table 1 ). Sampled individuals were imme- 
diatel y stor ed in a r eserv oir containing in situ seaw ater and sed- 
iment at 4 ◦C until dissection. Superficial coastal sediment from 

the immediate surroundings of the sea urchins was also collected 

and stored at 4 ◦C until laboratory treatment. In the laboratory, be- 
tween 2 and 12 h after sampling, the sea urchins ( n min = 6, n max = 

20; Table 1 ) were dissected under sterile conditions to collect sep- 
ar atel y the gut content and the gut tissue The gut tissue was gen- 
tly rinsed in sterile ultrapure DN Ase-free w ater (Winkler, Chile) 
to r emov e all the ingested sediment. The external sediment was 
homogenized and aliquoted in five to six replicates. All the sam- 
ples wer e stor ed separ atel y in 2 ml cry otubes at −20 ◦C until DN A 

extraction. 
nvironmental and geographic distance data 

or each sampling site, 13 environmental parameters obtained 

hr ough modelling wer e extr acted fr om the Bio-ORACLE 2.2
ataset (Assis et al. 2018 ), including nutrient concentrations (iron,
hosphate , nitrate , and silicate), productivity measures (chloro- 
hyll a concentration, mean net primary productivity of carbon,
nd carbon phytoplankton biomass), and physical–chemical pa- 
ameters of the sea water (temperature , salinity, pH, current ve-
ocity, and light penetration). The mean environmental measures 
ere taken at the mean depth for each location and were centre-

educed (( x i − x ) / σ x ). For highly correlated variables (Pearson cor-
elation coefficient > 0.95), only one re presentati ve was k e pt for
urther analysis. 

T he en vironmental distance matrix was calculated based on
uclidean distance from the normalized uncorrelated environ- 
ental variables ( dist function, stats package 4.3.2) and used to

un a principal component analysis (PCA; prcomp function, stats 
ac ka ge). As a high percentage of variance were explained by the
rst two components (91%; Fig. 1 B), the sample scores on PC1 and
C2 axis were converted in a new PCA-based environmental dis-
ance matrix based on Euclidean distance. 

The geogr a phic distance matrix was calculated from the Global
ositioning System (GPS) coordinates of each site determined on 

n ellipsoid map (function distGeo , package geosphere version 1.5–
8). The spatial structure was represented by the three princi-
al coordinates of a neighbourhood matrix (Borcard and Legen- 
re 2002 ) with a truncation distance threshold equal to the maxi-
 um geogr a phical distance (PCNM1-3, function pcnm , vegan pack-

ge; Oksanen et al. 2007 ). The principal coordinates (PCNM vari-
bles) deriv ed fr om these eigenv alues wer e used as explanatory
eogr a phic v ariables for further anal ysis. 

N A extr action, 16S rRN A gene amplifica tion, 
nd sequencing 

efrosted samples of external sediment, gut content, and gut tis-
ue were homogenized, and DNA was extracted from a maximum
f 350 mg of sample using the DNeasy ® Po w erSoil ® Pro Kit (Qia-
en, Hilden, Germany) following the manufacturer’s indications,
xcept for gut tissue samples where the cell lysis was carried out
n the FastPrep-24 ® homogenizer (3 times 15 s at 4 m s −1 ) (MP
iomedicals , USA). T he extracted genomic DN A w as quantified us-

ng the Qubit ® 3.0. Fluorometer (T hermoFisher Scientific , Lithua-
ia). 

The V4–V5 hyperv ariable r egion of the 16S rRNA gene was
mplified with the primers 515F (5 ′ -GTGYCAGCMGCCGCGGTA- 
 

′ ) and 928R (5 ′ - CCCCGYCAATTCMTTTRAGT-3 ′ ) (Wang and Qian
009 ). T he P ol ymer ase Chain Reaction (PCR) mix contained 2–5
l of undiluted template DNA (10–200 ng μl −1 ), 0.3 μM of each
rimer, 25 μl of Phusion Hot Start II High-Fidelity PCR Master-
ix (ThermoFisher Scientific), and nuclease-free water (q.s. 50 μl) 

T hermoFisher Scientific). T he amplification conditions were an 

nitial denaturation at 98 ◦C for 3 min, 35 two-step cycles of 10 s
t 98 ◦C and 15 s at 72 ◦C for annealing and elongation, and a fi-
al extension step of 5 min at 72 ◦C, as in Schwob et al. ( 2020 ). The
uantity and quality of the PCR products were checked on agarose
lectr ophor esis gels. 

The amplicons were sequenced at the DNA sequencing facil- 
ty of the University of Wisconsin-Madison Biotechnology Centre 
UWBC, USA) using the paired-end sequencing technology (2 ×
00 bp) with the V2 chemistry on Illumina MiSeq. 

The fastq files from Falkland/Malvinas Islands and South 

eor gia (gener ated in this study) ar e av ailable at the National
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Figure 1. Sampling sites localities and environmental characterization across the Southern Ocean. (A) Map showing the sampling sites: Possession Bay 
in Atlantic P ata gonia, Canac he Bay in Falkland/Malvinas Islands, Fildes Bay in King George Island, South Shetland Islands, Stromness Bay in South 
Geor gia, and Port-aux-Fr ançais in K er guelen Islands . T he differ ent Abatus species ar e indicated by the symbol sha pes. Some localities ar e connected by 
the ACC c har acterized her e by its north and south limits (blac k dashed lines): the Subantar ctic F ront (SAF) and the southern boundary of the ACC 

(sbACC). Other localities are separated by the APF (continuous red line). The positions of the fronts were extracted from Orsi et al. ( 1995 ). (B) Principal 
component analysis (PCA) of the seawater physicochemical variables from each sampling site . T he arrows represent the environmental values and are 
coloured according to their contribution to the PCA based on the cos 2 . Variables that were highly correlated (Pearson correlation coefficient > 0.95) 
wer e r epr esented by the same arr ow. Her e, ‘Temper atur e/Chlor ophyl a ∗’ r epr esents four correlated variables (temperature, chlorophyll a 
concentration, mean net primary productivity of carbon, and carbon phytoplankton biomass). 
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Center for Biotechnology Information (NCBI) under the project ac- 
cession number PRJNA1065352. The fastq files from Antarctica, 
P ata gonia, and K er guelen sites have been extracted from previ- 
ously published w orks (Schw ob et al. 2020 , 2021 ), and are available 
at the NCBI under the project accession numbers PRJNA590493,
PRJN A658980, and PRJN A659050, r espectiv el y. For corr espondence,
the list of samples from previous datasets used in the present 
study is provided in Table S1 . The data coming from different se- 
quencing runs have been obtained and sequenced using the same 
pr otocols, and further pr ocessed together within a unique bioin- 
formatic batch run. 

Metabarcoding data analysis 

The 21 134 495 r eads obtained fr om the 200 samples wer e pr o- 
cessed using the open-source mothur software (version 1.47.0) 
(Schloss et al. 2009 ). Reverse and forw ar d sequences w ere assem- 
bled and trimmed to k ee p only sequences comprised between 385 
and 396 nucleotides, containing less than eight homopolymers 
and no ambiguous base . T he sequences were aligned using the 16S 
rRNA gene reading frame from SILVA 138.1 database (Quast et al.
2012 ). Chimer as wer e detected and r emov ed with Uc hime (Edgar 
et al. 2011 ) implemented in mothur. Processed sequences were 
cluster ed into oper ational taxonomic units (OTUs) with a simi- 
larity threshold of 97%. The taxonomic affiliation was carried out 
using the SILVA 138.1 database (Quast et al. 2012 ). Sequences affil- 
iated to c hlor oplasts, mitoc hondria, or eukaryotes were removed 

with the remove.lineage function in mothur. The singletons and 

OTUs with a r elativ e abundance < 0.005% were removed as recom- 
mended by Bokulich et al. ( 2013 ), leading to 1247 OTUs and 7274 
315 sequences. Samples were rarefied to 6000 sequences with the 
rarefy_even_depth function ( phyloseq pac ka ge, v ersion 1.42.0) (Mc- 
Murdie and Holmes 2013 ), leading to the r emov al of thr ee samples 
ith lo w er sequence counts . T his a ppr oac h was used to normal-
ze the dataset to a similar sequencing depth per sample, e v en
hough r ar efying onl y once could lead to the misr epr esentation
f r ar e taxa that could be avoided by permutational rarefaction
 ppr oac hes (Sc hloss 2024 ). 

A phylogenetic tree was built based on the aligned r epr esenta-
ive sequence of each OTU, using FastTree software with approx-
matel y maxim um-likelihood estimation method and a general- 
zed time-r e v ersible model of nucleotide e volution. 

acterial community diversity and structure 

he analyses were conducted from the rarefied OTU table in R
ersion 4.3.2. The Shannon alpha diversity index was calculated 

sing the estimate_richness function from the phyloseq package.
aith’s phylogenetic diversity (PD) index was calculated using es- 
imate_pd function from btools pac ka ge (v ersion 0.0.1) for eac h
abitat. The proportion of generalist and specialist OTUs in each
abitat was assessed through the Le vin’s nic he br eadth index (Bj)

Levins 1968 ) calculated with levins.Bn function from MicroNiche 
ac ka ge (v ersion 1.0.0) (Finn et al. 2020 ). A high Bj index indicates
hat the OTU is e v enl y distributed acr oss the samples, signifying a
ener alist tr ait. Conv ersel y, a low Bj index suggests that the OTU is
resent in a smaller proportion of the samples, indicative of a spe-
ialist trait. The community variability within each habitat was 
 v aluated by an analysis of multivariate homogeneity of groups’
ispersions ( betadisper function, vegan pac ka ge). 

Statistical comparisons of the Bj indexes between habitats, of 
he diversity indices among habitats and among sites (for a given
abitat), and of the comm unity v ariability between habitats were
ssessed using a nonparametric Kruskal–Wallis test ( kruskal.test 
unction) follo w ed b y a post hoc Dunn test with Holm correction
 dunn.test function, dunn.test pac ka ge v ersion 1.3.5). 

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae134#supplementary-data
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T he Bra y–Curtis and J accar d (presence–absence) dissimilarity
atrices were calculated from the rarefied O TU table , and the

nw eighted UniF rac dissimilarity matrix was calculated from the
hylogenetic tree, using the distance function in the phyloseq pack-
ge. To assess the effect of site, habitat, and host species on bac-
erial structur e, a perm utational m ultiv ariate anal ysis of v ariance
PERMANOVA) was conducted on the three dissimilarity matri-
es, using the adonis2 and pairwise.adonis functions with Holm’s
 -v alue corr ection to account for m ultiple comparisons . T he Bra y–
urtis dissimilarity matrix was used to perform principal coordi-
ates analyses (PCoA) with the ordinate and plot_ordination func-
ions from phyloseq package, either for all samples together or for
ach habitat separately. 

To identify the OTUs that are significantly enriched in each
abitat, a linear discriminant analysis effect size (LEFse, run_lefse
unction, microbiomeMar ker pac ka ge v ersion 1.8.0) was performed
ith 100 bootstr a ps and the LDA scor e cut off by default (2). To
isualize the r elativ e abundance (per sample) of the ten most dis-
riminant OTUs per habitat, a heatmap was plotted ( pheatmap
unction pheatmap pac ka ge v ersion 1.0.12). 

ela tionship betw een bacterial community, 
n vironment, and geogr aphy 

o assess the r elativ e effect of geogr a phic distance and environ-
ental differences on the community assemblages in each habi-

at, a variation partitioning ( varpart function, vegan package) was
erformed with the Bray–Curtis dissimilarity matrix (bacterial
omm unity), and the PCNM v ariables and the PC A-based en viron-
ental variables as explanatory factors . T he significance of each

xplanatory factor was tested by a permutation test ( anova.cca
unction vegan pac ka ge with 999 permutations). 

Two distance–decay relationships (DDR) were calculated for
ach habitat, either (i) between the Bray–Curtis dissimilarity and
he (log-transformed) pairwise geographic distance, or (ii) between
he Bray–Curtis dissimilarity and the (log-transformed) pairwise
n vironmental distance matrices . To statistically test the differ-
nce in DDR slope steepness among habitats, 1000 random re-
amplings of 21 samples for each habitat (which corresponds
o 75% of the samples in the smallest dataset) were performed
nd DDR were computed for each bootstrap. The resulting linear
odel slopes of the DDR were compared between habitats with a
ilcoxon test. 

uantification of bacterial community ecological 
ssembly processes 

he r elativ e contribution of stoc hastic (i.e. ecological drift and dis-
ersal limitation) and deterministic (i.e. homogeneous and vari-
ble selection) assembly processes was estimated for each habi-
at, within and among sites, using the anal ytical fr ame work de v el-
ped by Stegen et al. ( 2013 ). This method is based on the turnover
f the phylogenetic and OTU composition. First, for a given habi-
at, the phylogenetic turnover of bacterial communities between
wo samples (either within or among sites) is calculated, to get
he β mean nearest-taxon distance ( βMNTD). The phylogenetic
urnov er was compar ed to a r andom null model expectation, and
he difference between measured βMNTD and the mean of the
ull βMNTD distribution is r eferr ed to as the β-nearest taxon in-
ex ( βNTI). Absolute βNTI values superior to | 2 | indicates that the
bserv ed turnov er between a pair of comm unities is gov erned pri-
arily by selection (specifically, by variable selection for βNTI >

, and by homogeneous selection for βNTI < –2). A βNTI value
etween −2 and 2 indicates that the community is governed by
toc hastic pr ocesses (drift or dispersal). In suc h case , the turno ver
n OTU composition is further estimated using the pairwise Bray–
urtis based Raup–Crick dissimilarity index (RC Bray ) between pairs
f samples of a given habitat, either within or among sites. RC Bray 

alues inferior to –0.95 and superior to 0.95 correspond to com-
 unities that hav e mor e or fe wer taxa in common than expected

y c hance, r espectiv el y, and ther efor e indicate that comm unity
urnov er is driv en by homogenizing dispersal (RC Bray < –0.95) or
ispersal limitation (RC Bray > 0.95). On the contr ary, RC Bray v al-
es between –0.95 and 0.95 ar e indicativ e of ecological drift. The
alculation of the βNTI and RC Bray matrices was performed using
n optimized version of the ses.comdistnt function, MicEvo pac ka ge
version 0.9.19) developed by Richter-Heitmann et al. ( 2020 ). 

esults 

n vironmental char acteriza tion of each site 

 he PC A of the en vir onmental v ariables r e v ealed a clear latitu-
inal separation along the first axis (explaining 74% of the ob-
erv ed v ariance) between the Antarctic site (South Shetland Is-
ands), the Subantarctic islands, and P ata gonia (Fig. 1 B). South
hetland and South Georgia sites wer e mor e corr elated with the
xygen and silicate concentrations, while the Patagonia site was
or e corr elated with ir on concentr ation and light av ailability. The

alkland/Malvinas site was correlated with pH, temperature, and
rimary production indicators (such as chlorophyll a concentra-
ion, primary production, and carbon phytoplankton biomass),
hereas the Kerguelen site was more correlated with current ve-

ocity (Fig. 1 B). 

he Abatus model provides a gradient of habitat 
pecificity for bacterial communities 

 gradient of alpha diversity was observed across the three habi-
ats, with significantly higher values of Shannon index for the sed-
ment than for the gut tissue bacterial communities ( P -value <
001; Fig. 2 A). The same pattern was observed for the PD index
 Fig. S1 ), suggesting that OTUs from the gut tissue are phyloge-
eticall y mor e r elated to eac h other than the ones fr om the sedi-
ent. T he sediment O TUs had significantly higher nic he br eadth

ndex than the OTUs from gut tissue habitats (Fig. 2 B), indicating
hat sediment has more generalist OTUs while gut tissue OTUs
r e mor e specialists . T he gr adients of alpha div ersity and nic he
r eadth index wer e consistent and mor e pr onounced within eac h
ocality considered independently ( Fig. S2 ). 

he site differentiation decreases along the 

radient of increasing habitat specificity 

or the three habitats, the sampling site was the strongest driver
f comm unity v ariation (PERMANOVA, P -v alues < .001; Table S2 ).
o w e v er, the effect of the sampling sites w as w eaker for more spe-
ific habitats (gut tissue) than for external sediment. The magni-
ude of the site effect thus decreased along the gradient of in-
reasing habitat specificity. The highest divergence among sites
as observed for the sediment bacterial communities ( R 

2 = 0.85),
ollo w ed b y the gut content bacterial communities ( R 

2 = 0.66) and
he gut tissue bacterial communities ( R 

2 = 0.31) (Fig. 3 ; Table S2 ).
or the sediment and gut content bacterial comm unities, eac h site
ormed a separated cluster on the PCoA, and the first axis (ex-
laining > 30% of the variation) mainly separated the South Shet-

and site from the Subantarctic sites (Fig. 3 ). Contrary to what was
xpected from the biogeographic provinces and host distribution,

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae134#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae134#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae134#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae134#supplementary-data
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Figure 2. Characterization of the habitat specificity gradient. (A) Boxplot 
of alpha diversity estimated by the Shannon index for each habitat 
(sediment, n = 28; gut content, n = 110; and gut tissue, n = 59). (B) 
Boxplot of Levins niche breadth index (Bj) for each habitat. Only 
significant differences among habitats are shown by br ac kets 
(Kruskal–Wallis, follo w ed b y post hoc Dunn test). The significance le v el of 
P -values is indicated as follows: ∗ < .05, ∗∗ < .01, ∗∗∗ < .001, and ∗∗∗∗ < 

.0001. 
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the bacterial communities from South Georgia clustered closer to 
the Subantarctic sites than to the Antarctic one. 

By contrast, the gut tissue bacterial comm unities wer e not 
clearl y separ ated b y sampling site in the PCoA or dination (Fig. 3 ).
This can be due to the variability of the gut tissue communi- 
ties among r eplicates, whic h was significantly higher than for gut 
content and sediment samples (as sho wn b y betadisper analysis; 
Fig. S3 ), independently of the distance matrix used ( Table S3 ). The 
decrease in the site differentiation along the gradient of habitat 
specificity was consistent when anal ysing Br a y–Curtis , J accar d, or 
unw eighted UniF rac dissimilarity matrices . T he magnitude of the 
ite effect (indicated by the PERMANOVA R 

2 value) w as lo w er for
 accar d and unw eighted UniF rac distances than for Bray–Curtis
 Table S2 ). Pairwise differences between sites did not show a com-

on pattern similar for the three habitats ( Table S4 ). For exam-
le, for the sediment, the most different bacterial communities 
er e observ ed between South Shetland and K er guelen ( R 

2 = 0.90;
able S4 ), while for the gut tissue the most different bacterial com-
 unities wer e observ ed between K er guelen and South Geor gia ( R 

2 

 0.28; Table S4 ). 

he contributions of environmental and 

eographic factors to bacterial community 

 aria tion decrease along the gradient of 
ncreasing habitat specificity 

he site effect is an integr ativ e factor that combines the potential
ffects of geogr a phical distance and envir onmental differ ences
mong sites. Variation partitioning analysis sho w ed that geogra- 
hy and environment explained similar amounts of variance in all
abitats (Fig. 4 ). The amount of variance explained by geography
nd environment decreased along the gradient of habitat speci- 
city, being two to three times lower in gut tissue bacterial com-
unities than in sediment bacterial communities (Fig. 4 ). When

ormalized by the total amount of explained variation, the rel-
tive contribution of geography and environment remained sta- 
le (r epr esenting ar ound 50% eac h) along the gr adient of habitat
pecificity. 

DDR were established between community dissimilarity and 

ither the geogr a phical (Fig. 5 A) or envir onmental (Fig. 5 B) dis-
ances for each habitat. The slopes of the geogr a phical and en-
ir onmental DDR wer e significantl y higher for sediment ( R = 0.12
nd 0.49, r espectiv el y) than for gut tissue bacterial communities
 R = 0.05 and 0.19, r espectiv el y, Wilcoxon test, P -v alues < .001;
ig. 5 C and D), indicating that the strength of the geogr a phy and
nvir onment effects decr eased along the gr adient of incr easing
abitat specificity. This result suggests a stronger geographical 
nd environmental divergence for less selective habitats such as 
ediment compared to gut tissue habitat. 

abitat-specific taxa are distributed along the 

radient of habitat specificity 

ach habitat was characterized by specifically enriched O TUs .
ediment bacterial communities were characterized by OTUs 
ainly belonging to Proteobacteria and Acidobacteria phyla 

Fig. 6 ). Only 2.1% of the sediment OTUs were shared among
ll samples, and 19% of the sediment OTUs were shared among
he five sites (but were not necessarily present in all sam-
les of each site) ( Fig. S4A ). The main discriminant sediment-
nriched OTUs differed according to the site of pr ov enance: Woe-
eia for South Shetland Islands , Cyclobacteriaceae for South Geor- 
ia and Falkland/Malvinas Islands, Thermoanaerobaculaceae for Ker- 
uelen Islands , Gamma pr oteobacteria BD7-8 for South Geor gia,
nd Latescibacterota for Patagonia (Fig. 6 ). Gut content bacterial
omm unities wer e c har acterized by OTUs belonging to Plancto-
ycetota and Proteobacteria phyla in particularly Blastopirellula 

nd Rubripirellula genera, Rhodobacteraceae family and Gammapro- 
eobacteria class ( Table S6 ). Gut tissue bacterial communities
er e c har acterized by OTUs belonging to mor e div erse phyla

 Table S6 and Fig. 6 ). None of the gut tissue OTUs was shared
mong all samples, and only 21% were shared among the three
batus species ( Fig. S5A ). Contrary to what was observed in sed-

ment, the gut tissue discriminant taxa did not show a site-
pecific pattern. The gut tissue discriminant OTUs could be either

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae134#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae134#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae134#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae134#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae134#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae134#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae134#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae134#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae134#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae134#supplementary-data
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Figure 3. Dissimilarity of bacterial communities along the gradient of habitat specificity. PCoA of bacterial community composition based on 
Bray–Curtis distance from 16S rRNA gene sequences, for each habitat separately. Symbol colours represent sampling sites, and symbol shapes indicate 
the host species. Ellipses r epr esent the standard deviation of all points for a given site with a confidence interval at 0.95. The effect of the site on the 
clustering was tested by PERMANOVA ( adonis2 function vegan pac ka ge, all P -v alues < .05). 

Figure 4. Variation partitioning analysis showing the amount of 
variation explained by geography and environment on bacterial 
community dissimilarity for each habitat. The bacterial dissimilarity 
matrix was calculated with Bra y–Curtis . T he geographic distance matrix 
was obtained from the three principal coordinates of a neighbourhood 
matrix (PCNM1 and PCNM2), and the environmental distance matrix 
was obtained from the sample scores on the two first principal 
components (PC1 and PC2) of the PCA of environmental variables . T he 
significance of each factor was tested by 999 permutations and for each 
habitat separ atel y ( anov a.cca function, vegan pac ka ge) ( Table S6 ). 
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ignificantl y enric hed in one of the sea urc hin species, suc h as De-
hiosulfatarculus and Delftia (in A. cavernosus ), Latescibacterota (in
. agassizii ), Clostridia (in A. cordatus ), or in se v er al host species
uch as Lutibacter and Spirochaetaceae (Fig. 6 ). A more detailed list
f OTUs significantly enriched in the sediment and gut tissue is
rovided in Figs S4 and S5 . 
cological processes governing bacterial 
ommunity assembly differ along the gradient of 
abitat specificity 

ithin eac h site, stoc hastic pr ocesses wer e the dominant assem-
l y mec hanisms in the thr ee habitats . T heir contribution signif-

cantl y decr eased along the gradient of habitat specificity r epr e-
enting 86.0%, 65.8%, and 63.0% for sediment, gut content, and
ut tissue, r espectiv el y (Fig. 7 ; Tables S7 and S8 ). The nature of
he stoc hastic pr ocesses also differ ed strikingl y between sedi-

ent bacterial communities [dominated by homogenizing disper-
al (76.7%)] and gut tissue bacterial communities [dominated by
cological drift (38.9%) and dispersal limitation (18.8%)] (Fig. 7 ;
able S7 ). These results suggest that the sediment bacterial com-
 unities ar e mor e connected and can easil y disperse at a small

pace scale, allowing homogenization within the same site, while
ut tissue bacterial communities had lo w er dispersal ability and
er e c har acterized by mor e v ariability and r andom colonization.
y contrast, the contribution of deterministic processes signifi-
antl y incr eased along the gr adient of incr easing habitat speci-
city from 14.0% to 24.1% and 36.8% for sediment, gut content,
nd gut tissue, r espectiv el y (Fig. 7 ; Tables S7 and S8 ). Among these
eterministic processes, the contribution of variable selection did
ot significantly differ between habitats ( Table S8 ), while homoge-
ous selection only contributed to the community assembly of
ut-related habitats (8.5% and 13.4% for gut content and gut tis-
ue, r espectiv el y), suggesting that the intestinal conditions, likely
imilar for individuals of the same species, might select similar
acterial taxa, thus homogenizing part of the community. 

When comparing different sites, the main process driving bac-
erial comm unity assembl y was v ariable selection for all habitats
 > 64.8%; Fig. 7 ; Table S7 ) indicating that the differences of envi-
onment among sites imposed differential species sorting, thus
riving differences in bacterial communities’ composition across
ites . T he r elativ e contribution of variable selection decreased
long the gradient of increasing habitat selectivity, from 91.3%
or sediment to 68.3% for gut tissue bacterial communities (Fig. 7 ;
able S7 ), suggesting that the gut tissue bacterial communities
r e constr ained in a lesser extent by the external environmen-
al conditions among sites than sediment bacterial communities.

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae134#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae134#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae134#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae134#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae134#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae134#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae134#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae134#supplementary-data
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Figure 5. DDR along the gradient of habitat specificity. (A) DDR of bacterial communities’ dissimilarity (calculated as Bray–Curtis dissimilarity) 
according to the geogr a phic distance for each habitat. Dot colours represent the environmental distances between samples calculated from the 
Euclidean distance matrix of environmental values. (B) DDR of bacterial communities’ dissimilarity (calculated as Bray–Curtis dissimilarity) according 
to the environmental distance for each habitat. Dot colours represent the geographic distances (km) between samples. Linear regressions were added 
on each scatterplot, together with the equation, the coefficient of determination ( R 2 ), and the P -value of the regression model (p). Geographical and 
environmental scales were log 10 transformed. (C and D) Distribution of geographical (C) and environmental (D) DDR slopes for each habitat, obtained 
fr om 1000 bootstr a ps. Onl y significant differ ences among habitats ar e sho wn b y br ac k ets (Wilco xon test). The significance le v el of P -v alues is indicated 
as follow: ∗ < .05, ∗∗ < .01, ∗∗∗ < .001, and ∗∗∗∗ < .0001. 
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Stoc hastic pr ocesses, mainl y dispersal limitation and, to a lesser 
extent, ecological drift, contributed about 30% (Fig. 7 ; Table S7 ) 
to the assembly of bacterial communities from gut content and 

gut tissue, indicating that r andom pr ocesses ar e also important 
in structuring gut bacterial communities between different sites. 

Discussion 

The Abatus gut acts as a ‘specific habitat’ for 
bacterial communities 

The difference between gut microbiota and the surrounding en- 
vironment has been observed in various sea urchins (Hakim et 
al. 2016 , 2019 , Rodríguez-Barr er as et al. 2021 ). The reduction of 
taxonomic and phylogenetic bacterial diversity along the gradi- 
ent of habitat specificity imposed by Abatus gut, pr e viousl y ob- 
served for a single species and site (Schwob et al. 2020 ), was ex- 
panded here to three species and five sampling sites across the 
Southern Ocean. The microbiota of Abatus gut tissue harbours a 
higher proportion of specialist taxa than in the surrounding sed- 
iment. This result could be due to a shared evolutionary history 
between the host and its bacterial symbionts (i.e. coevolution or 
cophylogen y; Mor an and Sloan 2015 , Pank e y et al. 2022 , Schwob 
t al. 2024 ) or may reflect a phylosymbiosis pattern, as evidenced
n other sea urchins (Carrier et al. 2024 ). Gut tissue microbiota
resented a high individual variability, as also evidenced in other
arine or ganisms suc h as sponges (Griffiths et al. 2019 ), fishes

Stagaman et al. 2017 ), and copepods (Datta et al. 2018 ). Such vari-
bility could be due to host intrinsic related factors (immunology
nd genetics), microbial interactions, and/or stochastic processes 
hat could vary between individuals (Adair and Douglas 2017 ). De-
pite the interindividual v ariability, OTUs fr om Lutibacter , Dethio-
ulf atarculus , Spiroc haeta-2 , Delftia , and Spiroc haetaceae wer e signifi-
antl y enric hed in the Abatus gut tissue fr om all species and sites.
piroc haetaceae hav e alr ead y been identified as k e ystone in the core
ut microbiota of A. agassizii (Schwob et al. 2020 ) and other sea
rc hins fr om the Sc hizasterid famil y (Ziegler et al. 2020 ), and dis-
lay phylogeogr a phic patterns at intr a-OTU le v el (i.e. micr odiv er-
ity) (Schwob et al. 2021 ). A Lutibacter strain has been isolated from
he sea urc hin Strong ylocentrotus intermedius (Nedashko vska ya et
l. 2015 ). Bacterial taxa that ar e conserv ed ov er time and space
mong our three ecologically and phylogenetically related sea 
rchin species (Díaz et al. 2012 ) might be important for host func-
ioning (Murfin et al. 2015 , Brooks et al. 2016 ). For instance, Dethio-
ulfatarculus and Delftia genera comprise, respectively, anaerobic 

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae134#supplementary-data
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Figure 6. Sediment and gut tissue discriminant OTUs. Heatmap illustrating the z-score distribution of the top 10 most discriminant OTUs (LEFse 
anal ysis, LDA scor e > 2, P -value < .01, Wilcoxon rank-sum test) for sediment and gut tissue bacterial communities . O TUs are annotated with their best 
taxonomic affiliation. Letters before the taxon name indicate the taxonomic le v el: k (Kingdom), p (Phylum), c (Class), o (Order), f (Family), and g (Genus). 
For clarity pur pose, onl y sediment and gut content are presented here, the discriminant OTUs of the gut content habitat are shown in Table S7 . 

Figure 7. Ecological processes driving the assembly and shift of bacterial communities in each habitat. Relative importance of each assembly process 
governing the bacterial communities’ assembly within sites (intrasite, A) and among sites (intersite, B) for each habitat. For detailed percentage of each 
ecological process contribution see Table S8 and for statistical differences between habitat see Table S9 . 
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ulphate reducers (Da vido va et al. 2016 ) and aerobic, nonfermen-
ativ e, nitr ate r educers (Wen et al. 1999 ), that might contribute to
ost nutrition via nitrate and sulphate metabolisms. In Antarc-
ic or ganisms, suc h as sponges, exclusiv e bacterial symbionts dis-
lay functions not only related to nutrient metabolism, but also
nabling their symbiotic lifestyle and adaptation to cold environ-
ents (Moreno-Pino et al. 2024 ). 

trong biogeographical pattern in sediment 
acterial communities across the Southern 

cean 

he sediment bacterial communities exhibited the strongest bio-
eogr a phical clustering pattern across the five sites in the South-
rn Ocean, with a notable contrast between the Antarctic and
ubantarctic pro vinces . T his contrast could be explained by the
PF that pr omotes physicoc hemical and biological dissimilarities
etw een Antar ctic and Subantar ctic r egions and acts as a str ong
iogeogr a phic barrier, as mainly documented for free-living sur-
ace seawater communities to date (Wilkins et al. 2013 , Wang
t al. 2020 , Maturana-Martínez et al. 2022 , Sow et al. 2022 ), as
ell as for Spiroc haeta micr odiv ersity (phylotypes) in Abatus gut

issue (Schwob et al. 2021 ). Biogeographic studies of Antarctic
enthic environments are scarcer and focus on deep sea sed-

ment (Li et al. 2020 ), or intertidal sediments at a small geo-
r a phical scale (Wang et al. 2017 ). Comparisons between Antarc-
ic and Subantarctic marine sediment bacterial communities do
ot addr ess biogeogr a phic concerns (Espínola et al. 2018 , Galván
t al. 2023 ). The sediment-discriminating taxa are discussed in
upplementary Material S1 . 

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae134#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae134#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae134#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae134#supplementary-data
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The biogeogr a phical classification of South Geor gia biota 
(Antarctic versus subAntarctic) is still debated and is taxa- 
dependent ( Supplementary Material S2 ). Her e, contr ary to the 
host phylogeogr a phic pattern, the sediment bacterial comm uni- 
ties from South Georgia sho w ed the highest dissimilarity with the 
Antarctic ones and clustered more closely with the subAntarctic 
comm unities (P ata gonia and Falkland/Malvinas Islands). This re- 
sult can be explained by the eastward dispersal of sediment bac- 
teria promoted by the ACC, as previously suggested for other sites 
of the Southern Ocean (Schwob et al. 2021 ), since the southern 

boundary of the ACC is located south of South Georgia (Thorpe et 
al. 2002 ). 

The differentiation of sediment bacterial communities among 
sites was explained by a similar le v el of contribution of geogr a phic 
and environmental distances, in contrast with most studies high- 
lighting a predominant role of local factors (i.e . en vironmental se- 
lection) in structuring sediment and soil bacterial communities 
(Wang et al. 2017 , Hoshino et al. 2020 , Maturana-Martínez et al.
2022 , Se ppe y et al. 2023 ). Our results are consistent with the pat- 
terns observed for deep-sea sediment around Antarctica (Li et al.
2020 ) and in the South Atlantic Ocean (Schauer et al. 2010 ), as well 
as for continuous, well-connected Southern Ocean surface water 
(Wang et al. 2020 ), thus expanding these findings at larger scale 
acr oss differ ent biogeogr a phic pr o vinces . 

The strength of the biogeographical pattern is 

modula ted b y the le v el of ha bitat specificity 

The differentiation of bacterial communities between sites de- 
creased along the increasing gradient of habitat specificity. The 
effect of environmental and geographical distances on bacte- 
rial community variation was stronger for sediment (less spe- 
cific habitat) than for gut tissue (more specific habitat). Similarly,
steeper DDR based on geogr a phic and environmental distances 
hav e been pr e viousl y e videnced in nonhost-associated marine 
habitats c har acterized by a higher environmental heterogeneity 
(Zinger et al. 2014 , Zhao et al. 2022 ). Ev en if contr ary r esults hav e 
been reported at a smaller spatial scale in terrestrial ecosystem 

(soil versus earthworm gut), the DDR strength decreased from the 
earthworm foregut to the hindgut, suggesting that bacterial com- 
m unity became mor e similar during the passage of the gut, thus 
reflecting a potential gradient of habitat specificity within the in- 
testinal tract (Wu et al. 2023 ). Our r esults ar e consistent with the 
conceptual fr ame work pr oposed by (Langenheder and Lindstr öm 

2019 ), wher e mor e heter ogenous habitats, r epr esented by marine 
sediment in our case, are expected to be more impacted by envi- 
ronmental filtering. This can be attributed to the large differences 
in environmental conditions of sediment among sites, whereas 
the Abatus gut conditions might homogenize the local environ- 
ment among sites and select specific bacterial taxa, thus reduc- 
ing the influence of external factors and environmental hetero- 
geneity to which sea urchins are exposed. When comparing free- 
living and host-associated bacterial communities across six Aus- 
tralian estuaries, the bacterial communities from less selective 
and mor e heter ogenous habitats (seawater and sediment) sho w ed 

a stronger correlation with geographic and environmental factors 
compared to the fish-associated ones (Suzzi et al. 2023 ), similarly 
to our conclusions . T his suggests that other factors , likel y r elated 

to the host (e.g. physicochemical conditions of the gut, immunity,
genetics, physiology, diet, micr obial inter actions, among others—
not measured in this study), might play a crucial role in structur- 
ing the gut microbiota (Adair and Douglas 2017 , Xiao et al. 2021 ,
Kang et al. 2022 , Pan et al. 2022 ), potentially overwhelming the ge- 
gr a phic and environmental effects and promoting the homoge- 
ization of the gut bacterial communities. Host species or popula-
ion genetics have been demonstrated as significant factors struc- 
uring bacterial community assembly (Pita et al. 2013 , Easson et
l. 2020 , Sacristán-Soriano et al. 2020 ). In addition to ecological
actors, the evolution of the holobiont can also be the result of
ophylogen y and codiv ersification pr ocesses, wher e both the host
nd its associated microbiota coevolve over time alongside envi- 
 onmental conv er gence (P ank e y et al. 2022 ). 

Here, the host- and site-effects could be partly confounded due
o the absence of different Abatus species coexisting in the same
ites. In other w or ds, the fact that each site harbours only one Aba-
us species make it challenging to confidently attribute commu- 
ity variability to either a site or a host effect. Ho w e v er, our study
esign includes two Abatus species that are present at different
ites: (i) A. cavernosus in P ata gonia and Falkland; (ii) A. agassizii in
outh Shetland and South Georgia. T hus , the observed differences
f gut microbial communities between these sites (i.e. Patagonia 
ersus Falkland on the one hand; South Shetland versus South
eorgia on the other hand) are likely site-driven rather than host-
riven. 

Apart fr om envir onmental and spatial factors, we cannot ex-
lude the role of vertical transmission (from parents to offsprings)
n structuring the gut microbiota of several invertebrates (Sharp 

t al. 2007 , Baldassarre et al. 2021 ), including sea urchins (Carrier
t al. 2021 ). Ho w e v er, in most cases microbiota acquisition is gov-
rned by a combination of vertical and horizontal transmission 

from the environment) (Sipkema et al. 2015 , Morrow et al. 2018 ,
jörk et al. 2019 , de Oliv eir a et al. 2020 , Giraud et al. 2022 , Unzueta-
artínez et al. 2022 , Buschi et al. 2023 ). Horizontal transmission

rom feeding has been recognized in echinoderms larvae (Carrier 
nd Reitzel 2020 , Carrier et al. 2020 ). Regardless of the acquisition
oute, the gut microbiota is expected to change throughout an in-
ividuals’ lifespan in tight relation with the environment and diet

Carrier et al. 2021 , Masasa et al. 2021 , Renelies-Hamilton et al.
021 , Kang et al. 2022 ). In our study, se v er al e vidence c hallenge
he hypothesis of exclusiv e v ertical tr ansmission of Abatus gut mi-
r obiota. First, a lar ge number of taxa wer e shar ed between the
batus gut tissue and the external sediment communities (1080 
ommon OTUs out of 1172 OTUs in gut tissue; Fig. S7 ), accounting
or 90% of the abundance of the gut tissue community ( Table S9 ).
econd, despite multiple attempts, w e w ere unable to detect a mi-
robial signal in Abatus eggs and gastrulas through PCR amplifi-
ation (see Supplementary methods , Fig. S8 , Table S10 ). Third, the
ssembly of the gut bacterial communities was primarily driven 

y stochastic processes (Fig. 7 A), whereas homogeneous selec- 
ion would be expected to dominate if v ertical tr ansmission wer e
he sole mode of microbiota acquisition—implying the consistent 
ransmission of obligate symbionts across generations. Fourth, we 
id not identify OTUs common to all Abatus gut samples, e v en
t the scale of one Abatus species nor of one site (Fig. 6 ; Fig. S5 ),
hich is contradictory with the vertical transmission and mainte- 
ance of important bacterial symbionts . T her efor e, e v en if a frac-
ion of the gut microbiota is vertically transmitted, it might be

ar ginal compar ed to the comm unity v ariability induced by geo-
r a phic and environmental factors. 

he contribution of ecological processes to the 

acterial assembly is modulated by the degree of 
abitat specificity and the geographical scale 

t a local scale (i.e. within eac h site), stoc hastic pr ocesses
ominated the assembly of bacterial communities in the three 

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae134#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae134#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae134#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae134#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae134#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae134#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae134#supplementary-data
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abitats . T he r elativ e contribution of stoc hastic pr ocesses de-
reased along the increasing gradient of habitat specificity from
ediment to gut tissue, consistently with Dick e y et al. ( 2021 ). In
oils, the contribution of assembly stochastic processes varies ac-
ording to the habitat heterogeneity level, albeit in an opposite
ay for specialist versus generalist taxa (Gao et al. 2023 ). In our

tudy, the main process governing the assembly of sediment bac-
erial communities was homogenizing dispersal, probably due to
he higher connection between sediment communities than be-
ween gut communities. Indeed, in our coastal sampling sites,
he semidiurnal tides, and the bioturbation activity of Abatus sea
rc hins (Lohr er et al. 2005 , Thompson and Riddle 2005 ) can gen-
rate sediment resuspension and mixing, facilitating the disper-
ion of bacteria within the same locality. On the other hand, the
ut of different Abatus individuals coming from the same site can
e considered as island-like habitats (Loudon et al. 2016 , Itescu
019 ), thus limiting the dispersion capacity of gut bacteria from
ne host to another and explaining the contribution of disper-
al limitation in this habitat. By contrast, the main assembly pro-
ess for gut tissue bacterial communities was ecological drift, as
lso observed in zebrafish (Xiao et al. 2021 ). Bacterial coloniza-
ion of the gut could gener ate r andom assembla ge due to the pri-
rity effect (Fukami 2015 ), since the initial colonizing bacterium
ill influence, through biological interactions, the subsequent es-

ablishment and maintenance of bacteria. Regarding the (minor)
eterministic processes, homogenous selection was significantly
ore important in the most specific habitat (gut tissue, contain-

ng the highest fraction of specialists) suggesting that the filter
mposed by hosts to their bacterial symbionts dictates some ho-

ogenizing patterns in gut community assembly common to all
osts . T his is consistent with the fact that specialist taxa, being
 epr esentativ e and well adapted to specific habitats, are gener-
ll y mor e affected by deterministic factors than gener alist taxa
Székely and Langenheder 2014 , Liao et al. 2016 ). For instance, ho-

ogeneous selection has been demonstrated to be an important
r ocess in sha ping fish gut tissue bacterial communities (Xiao
t al. 2021 ). In contrast with our study, homogenous selection
as the main pr ocess gov erning bacterial assembl y in a highly

onnected Antar ctic freshw ater systems, especially in mats and
lightly less in water, while dispersal limitation had little influ-
nce (Ramoneda et al. 2021 ) suggesting that the assembly mech-
nisms are dependent on the studied system and the geogr a phical
cale. 

At a regional scale (i.e. among sites), the bacterial assem-
la ge was primaril y driv en by v ariable selection in all habitats,
ith a significantly stronger contribution in sediment. The im-
ortance of variable selection in sediments can be explained by
heir higher environmental variability and heterogeneity among
ites, selecting for different bacterial communities, as previously
eported in other marine sediments (Petro et al. 2017 ). The pro-
ortion of variable selection w as lo w er in gut tissue due to the
omogenizing effect imposed by the specific gut conditions of
losel y r elated hosts; ho w e v er it r emains an important driv er of
omm unity assembl y, suggesting that the differ ent host species
ound in the different sites might impose different gut filter-
ng and select differ ent comm unities. In par allel, the pr oportion
f ecological drift and dispersal limitation increased in more
pecific habitats (gut tissue) among sites, pr obabl y due to less
onnected and island-like ecosystems, as evidenced in inverte-
rate gut bacterial communities (Sieber et al. 2019 , Ge et al.
021 ). 
onclusion 

ur results underscore the important role of habitat specificity
n shaping bacterial biogeographic patterns in Southern Ocean
enthic ecosystems. Locality, geogr a phy, and envir onmental fac-
ors exerted a greater influence on less specific habitats (i.e. sed-
ment) than on more specific habitats (i.e. sea urchin gut tissue).
oth stochastic and deterministic ecological processes played a
otential role in bacterial assembly, with different magnitude ac-
ording to the habitat specificity le v el and the geogr a phical scale
i.e. within or among sites). Our study highlights the importance
f considering diverse habitats when examining bacterial biogeo-
r a phic patterns and their associated assembly processes. Under-
tanding patterns of microbial diversity, which is fundamental,
or example, for studying ecosystem functioning or for de v elop-
ng conservation strategies, requires no w adays a more in-depth
 v aluation of diverse habitats as they can behave very differently
epending on their le v el of specificity. 
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