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Abstract

Oceans’ absorption of human-related CO, emissions leads to a process called ocean acidification (OA), consisting
of the decrease of the seawater pH with negative consequences for many marine organisms. In this study, we
investigate the microbial community of two species of polychaetes found in naturally acidified CO, vents: the
nereid Platynereis massiliensis complex and the syllid Syllis prolifera. Animals were collected in the CO, vents
of Castello Aragonese (Gulf of Naples, Ischia, Italy) in three zones at decreasing pH. For the analysis of the
microbiome, the V3-V4 hypervariable region of the 16S ribosomal RNA gene of 40 worm samples was sequenced
on an [llumina MiSeq platform. No difference in the microbial alpha diversity of both species was highlighted.
On the contrary, the microbial composition of worms collected in the site at normal pH was different from that of
the individuals obtained from the sites at lower pH. This effect was evident also in samples from the site with a
slight, but relevant, degree of acidification. Amplicon sequence variants showing a significant variation among the
groups of samples collected from different pH zones were reported for both polychaetes, but no common trend of
variation was observed. The present study deepens our knowledge about the composition of polychaete microbiome
in marine naturally acidified sites. Our results stress the importance of future investigations about the connection
between the variation of environmental and polychaete microbial communities induced by OA and about the effect
of these variations on polychaete key biological and ecological traits.
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INTRODUCTION

Since the industrial revolution, the augmented concen-
tration of carbon dioxide in the atmosphere has led to a
rise in its absorption by oceans, driving a process called
“ocean acidification” (OA), which has been associated
with the reduction of seawater pH and with changes in
the sea carbonate chemistry (Caldeira & Wickett 2003;
Figuerola et al. 2021). Indeed, OA is potentially involved
in the alteration of global biogeochemical cycles and ma-
rine biomineralization, determining an increase in the sol-
ubility and the dissolution of CaCOj3, a main component
of sediments and the shells or skeletons of many marine
calcifiers (Orr et al. 2005; Lebrato ef al. 2016; Figuerola
et al. 2021). This phenomenon is quick and extended:
Seawater surface pH has decreased by 0.1 units since
1850 and is predicted to diminish by 0.3 units by the year
2100 (Caldeira & Wickett 2005; IPCC 2019).

Biological responses to OA are highly variable among
taxa, and the influence of this process on organism biol-
ogy is exacerbated when evaluated in experiments with
multi-species assemblages (Kroeker ef al. 2013). OA
seems to drive an overall decrease in diversity, biomass,
and trophic complexity and functionality of the benthic
marine communities (Kroeker et al. 2011; Teixido et al.
2018, 2024) and has a generally negative effect on sur-
vival, calcification, growth, and development, particularly
on heavily calcified and sessile organisms (Kroeker et al.
2013; Range et al. 2014; Bressan et al. 2014; Simonetti
et al. 2022; Palombo ef al. 2023). On the contrary, more
motile groups, including crustaceans and fishes, are less
sensitive to acidification (Kroeker ef al. 2013; Mirasole
et al. 2021), and increased abundance and coverage in
seagrass and some groups of macroalgae was predicted
to be associated with high pCO, (Sunday et al. 2017).

A higher abundance of small-bodied, non-calcifying
invertebrates, including some polychaetes, has been ob-
served in naturally acidified sites (Kroeker et al. 2011;
Gonzalez-Delgado & Hernandez 2018). Polychaetes are
one of the most abundant benthonic taxa (Giangrande
et al. 2005) and show a heterogeneous species-specific
response to environmental stress, probably due to their
high morpho-functional diversity (Jumars et al. 2015).
The influence of OA on the composition of the polychaete
community has been examined in previous studies, by
in situ observations of peculiar habitats, which are nat-
urally acidified by the CO, surplus emitted from the
seafloor, such as CO, vents. The ecological and life his-
tory traits that seem to be favored in these organisms un-
der lower pH-high pCO, conditions have been studied

(Gambi et al. 2016), and the effects of OA on metabolic
rates (Calosi et al. 2013) and cellular pathways (Signorini
et al. 2023), antioxidant capacity (Valvassori et al. 2019;
Munari et al. 2022), and growth (Del Pasqua et al. 2019)
have been described in different polychaete species.

It is well known that microbial communities play
an important role in key biological processes of most
multicellular eukaryotes (McFall-Ngai et al. 2013) and
might contribute to developing tolerance of the holo-
biont to environmental disturbances. Some studies inves-
tigated the effects of OA on microbial composition of
corals, sponges, foraminifera, oyster, and crustose algae
both under laboratory-controlled conditions as well as
upon natural gradient of pH variations, showing species-
specific modifications and/or no variation of the micro-
biome (Webster et al. 2013, 2016; Meron et al. 2011,
2012; Morrow et al. 2015; Biagi et al. 2020; Barreto et al.
2021; Kong et al. 2022). Evidence provided by laboratory
research highlighted that the microbial community com-
position might have a key role in shaping the performance
of host organisms under OA (Palladino et al. 2022): This
topic deserves a broad and deep investigation in the case
of central (from a trophic point of view) benthic animals
such as polychaetes, whose microbiome role in a naturally
acidified environment has never been studied (Tangher-
lini et al. 2021). In the present study, the volcanic CO,
vents of the Castello Aragonese of Ischia Island (Gulf
of Naples, Italy, 40°43.84'N, 13°57.08'E) were selected
as a well-characterized natural laboratory for OA studies
(Fig. 1; Foo et al. 2018; Teixido et al. 2024). The vents
do not present any environmental perturbing factor other
than pH, which varies following a gradient from 8.1 to
less than 7.4 (Kroeker et al. 2011). The polychaetes Syllis
prolifera Krohn, 1852 and Platynereis spp. have been pre-
viously reported to be tolerant to OA and abundant even
in the most acidified zones of this area (Calosi et al. 2013;
Gambi et al. 2016).

Platynereis spp. and S. prolifera belong to two dif-
ferent families of Polychaeta (respectively, Nereididae
and Syllidae). Individuals of the Platynereis genus have
been proposed to belong to two main species complexes,
the Platynereis massiliensis and Platynereis dumerilii
complexes based on a phylogenetic analysis of the cy-
tochrome oxidase I gene of individuals collected into
acidified and nonacidified sites of the Mediterranean Sea
(Wige et al. 2017). Individuals of these species are not
morphologically distinguishable in the adult immature
stage, but they display specific biological features: P
massiliensis is a hermaphrodite and it is a brooding
species, which deposits the lecitothrophic eggs into the
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Figure 1 Study area and collected organisms. Three zones at decreasing pH (S3 < S2 < S1) were selected on the southern sides of
CO, vents of Castello Aragonese (Ischia Island, Gulf of Naples, Italian Peninsula) (a). Platynereis spp. polychaetes (b) were collected
in S1 and S2 zones, while Syllis prolifera polychaetes (c) in S1, S2, and S3 zones. Platynereis spp. and Syllis prolifera photos were

taken by Maria Cristina Gambi.

tubes and shows a direct development with juveniles
hatching directly from the eggs (Wage et al. 2017); P
massiliensis species complex is probably predominant
in the acidified areas of Ischia vents if compared to P
dumerilii (Lucey et al. 2015; Wige et al. 2017) and its
individuals are meso-herbivore, preferentially feeding on
macroalgae. Individuals of the P dumerilii complex are
gonochoric and reproduce by epitoky transformation into
a pelagic mature individual and free spawning with the
death of the individual (Wége et al. 2017)

S. prolifera is a gonochoric species and it reproduces
mainly by the formation of stolons, defined as sexual
satellites, produced from the pygidial zone during matu-
ration and full of gametes (Fig. 1). These organisms show
external fertilization and a short pelagic phase (Gambi
et al. 2017). The species feeds preferentially on diatoms
and small invertebrates. Interestingly, a recent work pro-
vided evidence about the pseudocrypticism of S. prolifera
in the Mediterranean Sea (Del Olmo ef al. 2024).

These polychaetes were sampled in three sites at de-
creasing pH of the Castello Aragonese vent to evaluate the
differences in their microbial communities by sequencing
the V3-V4 hypervariable region of the 16S rRNA gene on
an Illumina MiSeq platform.

MATERIALS AND METHODS

Sample collection

Vents of Castello Aragonese of the Ischia Island
(Tyrrhenian Sea, Italy) are generated by a subterranean
source of CO, (and other gases in trace amounts, in the
absence of sulfur), which opens into a shallow stretch of
a volcanic islet with sloping rocky reefs (Kroeker et al.
2011). We specifically selected the CO, vents of Castello
Aragonese because in this location, the pH is the main
variable changing along a well-characterized gradient.
Thus, sites showing a different pH range are very close to
each other (along a distance of approximately 300 m) and
host a similar habitat. Adult polychaetes samples were
collected in three distinct zones associated with differ-
ent vent activity/intensity and characterized by decreasing
values of pH (Gambi ef al. 2016). Particularly, the three
zones on the southern side of the islet were selected: am-
bient or S1 (no venting, pH 8.1 &+ 0.1), low or S2 (mod-
erate venting, pH 7.8 £ 0.3), and extremely low or S3
(intense venting, pH 7.4 £ 0.5) pH zones (Fig. 1).

Individuals from Platynereis spp. (P massiliensis and
P dumerilii complexes) and S. prolifera were harvested
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in June 2021. Since the species live in close association
with macroalgae, the brown macroalga Halopteris sco-
paria (Linnaeus) Sauvageau, 1904 was collected by hand
by scuba divers at 1-2 m depth in all collection sites using
fabric bags. After sorting, each individual was isolated,
identified morphologically under a stereomicroscope, and
stored in 95% ethanol at 4°C until genomic DNA (gDNA)
extraction. For each site, eight individuals were collected
for each species, apart from Platynereis spp., which were
not found in the S3 zone.

Genomic DNA extraction and molecular
identification of the species

Samples were hydrated overnight in phosphate buffer
saline, and gDNA was extracted from the whole body of
the organisms following the manufacturer’s instructions
(Monarch® Genomic DNA Purification Kit, New Eng-
land BioLabs). This preparation did not enable us to dis-
tinguish between gut-residing and epibiotic bacteria dur-
ing the analysis of the polychaetae microbiome. Ampli-
fication of the mitochondrial locus cytochrome oxidase I
(COI) was performed as previously described using LCO
and HCO primers (Folmer et al. 1994; Arnoldi et al.
2022) to carry out identification at the species level. PCR
products were sequenced (Eurofins Genomics, Ebersberg,
Germany) and compared with those annotated in the Gen-
Bank database using the nucleotide Basic Local Align-
ment Search Tool (Altschul ef al. 1990). Sequences were
edited with AliView software (Larsson 2014) and sub-
mitted to the GenBank database under accession numbers
0Q673176-0Q673212.

rRNA amplicon sequencing

gDNA from eight individuals from each species for
each pH zone (besides Platynereis spp. from S3) were
processed for the amplification of the V3-V4 hypervari-
able region of the 16S rRNA gene by PCR using Pro341F
and Pro805R primers (Takahashi et al. 2014) and Go-
Taq® DNA Polymerase (Promega) (modified thermal
profile: 94°C 30”; 40 cycles 94°C 15”7, 60°C 30", 72°C
1’; 72°C 5/, 4°C 15’). The hypervariable region V3-V4
has been extensively used in the past to characterize mi-
crobial communities (Takahashi ez al. 2014).

Dual-indexing Next Generation Sequencing (NGS)
was performed on an Illumina MiSeq platform (300 Pair
End) after the linkage of Nextera XT barcoded sequenc-
ing adapters to the amplicons (BMR Genomics, Padova,
Italy). The dataset resulting from the NGS sequencing

was submitted to GenBank under the accession number
PRINA947580.

Sequence data processing and analysis

Sequence data processing and analysis were done in
R software 4.2.0. Quality assessment of the sequencing
reads was done using the ShortRead package (Morgan
et al. 2009) and reported in Supporting Information S1.
Raw data were processed using the dada?2 package as fol-
lows (Callahan et al. 2016): Sequences were trimmed at
250 bp, quality-filtered (quality score > 2), and derepli-
cated. To reveal the composition of the sequenced com-
munities, error rates were learned by alternating between
sample inference and error rate estimation until conver-
gence. Forward and reverse sequences were merged into
contigs, and chimera sequences were removed. All se-
quences kept for the analysis were 425 bp long. Sequences
were classified into amplicon sequence variants (ASVs)
using the Silva (version 138.1) reference library (Quast
et al. 2013) with the assignTaxonomy function (minimum
bootstrap = 50).

Data were represented and analyzed using the phyloseq
package (McMurdie & Holmes 2013). Two datasets were
generated: one for S. prolifera (SY) and one for P mas-
siliensis complex (PL) samples. Datasets were refined by
excluding samples showing less than 30 000 reads be-
fore quality filtering or displaying an uncertain molecu-
lar identification (Table 1). At this point, uncharacterized
ASVs were removed from each sample retrieved in the
analysis. Additionally, a prevalence threshold was defined
and applied to maintain only the ASVs that were present
in at least three samples. Sequences per sample were rar-
efied to the minimum number of reads observed in a sam-
ple in each dataset to eliminate the variability due to the
number of sequences per sample.

At this point, the abundance of phyla and the differ-
ences in alpha and beta diversity were investigated. De-
pending on the dataset, samples were grouped by mem-
bership to a given site (S1, S2, S3) or pH zone, that is,
control (corresponding to S1) or low (including S2 and
S3).

Abundance of bacterial phyla was retrieved for each
dataset in each group. Venn diagrams showing the ex-
clusive or shared ASVs between groups were generated
(VennDiagram package).

Alpha diversity was evaluated using the esti-
mate_richness function and considering multiple indexes
(Ferrari 2010; Thukral 2017). For species richness, which
quantifies the number of ASVs present in a sample, we
used the following indexes: observed species (the number
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Table 1 Overview of the polychaete samples analyzed in the present study

OA affects microbiome of polychaetes

Sample ID Miseq read count Morphological GenBank accession Excluded
identification number samples

1094535F1072701 122 972 Syllis prolifera 0Q673176

1094536F1072702 107 974 Syllis prolifera 0Q673177

1094537F1072703 98 328 Syllis prolifera 0Q673178

1094538F1072704 73 596 Syllis prolifera 0Q673179

1094539F1072705 72018 Syllis prolifera 0Q673180

1094540F1072706 65 135 Syllis prolifera 0Q673181

1094541F1072707 68 557 Syllis prolifera 0Q673182

1094542F1072708 139 231 Syllis prolifera 0Q673183

1094543F1072709 68 346 Syllis prolifera 0Q673184

1094544F1072710 72975 Syllis prolifera 0Q673185

1094545F1072711 64279 Syllis prolifera 0Q673186

1094546F1072712 30034 Syllis prolifera 0Q673187

1094547F1072713 34749 Syllis prolifera 0Q673188

1094548F1072714 47765 Syllis prolifera 0Q673189

1094549F1072715 47 491 Syllis prolifera 0Q673190

1094550F1072716 52 963 Syllis prolifera 0Q673191

1094551F1072717 81 859 Syllis prolifera 0Q673192

1094552F1072718 95703 Syllis prolifera 0Q673193

1094553F1072719 84 949 Syllis prolifera 0Q673194

1094554F1072720 97 670 Syllis prolifera 0Q673195

1094555F1072721 101 142 Syllis prolifera 0Q673196

1094556F1072722 92 146 Syllis prolifera Xt

1094557F1072723 96 320 Syllis prolifera 0Q673197

1094558F1072724 81919 Syllis prolifera 0Q673198

1094559F1072725 53 824 Platynereis spp. 0Q673199

1094560F1072726 47143 Platynereis spp. 0Q673200

1094561F1072727 39 821 Platynereis spp. 0Q673201

1094562F1072728 31950 Platynereis spp. xt

1094563F1072729 20 576 Platynereis spp. xi

1094564F1072730 81 843 Platynereis spp. 0Q673202

1094565F1072731 33617 Platynereis spp. 0Q673203

1094566F1072732 47773 Platynereis spp. 0Q673204

1094567F1072733 45175 Platynereis spp. 0Q673205

1094568F1072734 60 953 Platynereis spp. 0Q673206

1094569F1072735 59362 Platynereis spp. 0Q673207

1094570F1072736 68 417 Platynereis spp. 0Q673208

1094571F1072737 61175 Platynereis spp. 0Q673209

1094572F1072738 85421 Platynereis spp. 0Q673210

1094573F1072739 54 315 Platynereis spp. 0Q673211 x4

(Continued)
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Table 1 (Continued)

Sample ID Miseq read count Morphological GenBank accession Excluded
identification number samples
1094574F1072740 50198 Platynereis spp. 0Q673212

For each sample, the Miseq read count after alignment and filtering of raw sequences is provided. Each sample was identified morpho-
logically and molecularly, based on the Sanger sequencing of the Cytochrome Oxidase I (COI) gene. The GenBank accession numbers
of the COI sequences are reported. Excluded for uncertain molecular identification. 'excluded for the low amount of associated
Miseq reads. Yexcluded due to a similarity of the COI sequence lower than 90% if compared to the other samples of the Platynereis

dataset.

of ASVs), Chaol richness estimate, and abundance-based
coverage estimators (ACE) (mathematically correcting
the abundance for the number of rare ASVs). For equi-
tability, which gives the relative abundance of different
species of a community in terms of their evenness of dis-
tribution, we used Shannon’s diversity, Simpson diversity,
inverted Simpson diversity, and Fisher indexes.

For each index, the normality of distribution and ho-
mogeneity of variance were evaluated using the Shapiro—
Wilk normality test and the Levene test, respectively.
Unpaired #-test and ANOVA were applied to paramet-
ric distributions and Wilcoxon and Kruskal tests to non-
parametric ones (stats and car packages). Welch’s #-test
was applied to parametric distributions, which did not
show homogeneity of variance among groups.

For the analysis of beta diversity, the Bray—Curtis
dissimilarity matrix was generated and visualized using
principal coordinate analysis (PCoA). The environmen-
tal variables (site or pH zone) covarying and potentially
changing the microbial community structure were over-
layed onto the Bray—Curtis-based nonmetric multidimen-
sional scaling-ordination using the envfit function (phy-
loseq and vegan packages) (Dixon 2003).

Type II permutation MANOVA using distance matrices
(adonislI function) and pairwise permutation MANOVAs
(PERMANOVAs) were used to test the significance of
the separation between groups of samples and for mul-
tiple comparisons between sites and pH zones (RVAide-
Memoire and leffj/mctoolsr packages). To separate the
turnover (beta.SIM) and nestedness (beta.SNE) compo-
nents of beta diversity, the Sorensen dissimilarity index
(beta.SOR) was calculated using the betapart package
(Baselga 2010). Finally, ASVs differentially expressed
across sites and pH zones were individuated for each
dataset (alpha = 0.01, DESeq2 package) (Love et al.
2014). Data were visualized using the ggplot? package
(Villanueva & Chen 2019).

RESULTS

Molecular identification

Morphological identification of samples carried out by
experts during collection at the Castello Aragonese vents
was confirmed by molecular analyses (Table 1). Genetic
distance between clades associated with the Platynereis
spp. complexes was previously observed to be around
20% (Wage et al. 2017). Most of the samples mor-
phologically identified as belonging to Platynereis spp.
were assigned to the P massiliensis complex (hereafter P
massiliensis complex); particularly our samples are sim-
ilar to the P massiliensis clade 2 described by Wige
et al. (2017). One sample, most likely belonging to the P
dumerilii species complex, showed low similarity (from
81.4% to 82.6%) to all the other samples and was ex-
cluded from subsequent analysis. Additionally, one sam-
ple was eliminated because we were not able to amplify
its COI sequence, probably due to low DNA concentra-
tion. All the remaining sequences showed high similarity
to each other (from 100% to 92.94%). The COI markers
of the individuals morphologically identified as S. pro-
lifera were also analyzed and showed a similarity from
100% to 93% to each other and from 96.79% to 99.14%
to S. prolifera sequences in Genbank (PP494883.1 and
PP494887.1), except for one sample that was excluded
from the following analysis due to uncertain sequence
identification. Sequences were submitted to GenBank
(0Q673176- 0Q673212) (Table 1).

Sequencing overview

Illumina MiSeq sequencing of bacterial 16S ribosomal
RNA gene amplicons produced a total of 2 739 684
sequences from 40 samples (average = 68492.1 =+
26490.12). After quality filtering, chimera removal,
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Table 2 Samples retrieved in the phyloseq analysis

Platynereis massiliensis complex  Syllis prolifera

Site 1 (S1) 6 8
Site 2 (S2) 7 8
Site 3 (S3) 0 7
Total 13 23

taxonomy assignment, and removal of mock sequences,
1 365 621 sequences were maintained (average =
34140.525 £ 12167.5). After the exclusion of one sample
having less than 30 000 reads and of the individuals of
uncertain classification, the composition of the microbial
community of 36 samples was analyzed, 13 P massilien-
sis complex individuals and 23 S. prolifera individuals
(Table 2).

In the whole dataset, a total of 3883 taxa were iden-
tified before filtering for prevalence; 401 764 sequences
were associated with P massiliensis complex (from a
maximum of 47 950 to a minimum of 19 194, mean:
30 904 + 8050.722) and 537 264 sequences with S. pro-
lifera (from a maximum of 46 830 to a minimum of 4177,
mean: 23359.3 £+ 12062.28). After filtering for preva-
lence, 135 taxa (260 428 sequences) were retrieved for P
massiliensis complex and 236 taxa (273 304 sequences)
for S. prolifera (Figs S1,S2, Supporting Information).

After rarefication, 135 taxa (126 230 sequences) were
recovered for P massiliensis complex and 236 taxa
(53 728 sequences) for S. prolifera, indicating that rar-
efaction did not lead to a loss of taxa in the dataset (Sup-
porting Information S2,S3).

Relative abundance of microbiome phyla in the
two polychaete species

In the P massiliensis complex dataset, 97 of the
135 taxa were Proteobacteria (82 Gammaproteobacte-
ria, 15 Alphaproteobacteria), 14 Firmicutes, 11 Acti-
nobacteriota, 6 Bacteroidota, 2 Campylobacterota and
Cyanobacteria, and 1 Fusobacteriota, Spirochetota, and
Verrucomicrobiota (Fig. 2a). The most prevalent se-
quence in the zone at normal pH (S1) was ASV8pr, while
in the low pH zone (S2) was ASVl1p., accounting for
11% and 12% of the total sequences of each site, respec-
tively. ASV8p. and ASV1p. sequences were 96.75% and
96.94% identical to KF786746.1 (Uncultured Alphapro-
teobacterium) and MKO048701.1 (Uncultured Colwellia
sp., Proteobacteria), respectively.

OA affects microbiome of polychaetes

In the S. prolifera dataset, 129 of the 236 taxa were
Proteobacteria (80 Gammaproteobacteria, 49 Alphapro-
teobacteria); 41 Firmicutes; 24 Actinobacteriota; 15
Cyanobacteria; 10 Verrucomicrobiota; 7 Bacteroidota; 2
Campylobacterota, Myxococcota, Planctomycetota, and
SAR324 clade; and 1 Chloroflexi and WPS-2 (Fig. 2b).
The most prevalent sequence in site/zone at normal pH
(S1) was ASV5gy, while in the low pH zones (S2 and
S3 together) was ASVlgy, accounting for 10.5% and
12.6% of total sequences, respectively. ASV5gy and
ASVlgy sequences were 100% identical to sequences
of the Escherichia-Shigella genera (Proteobacteria) and
MT573192.1 (Exiguobacterium profundum, Firmicutes),
respectively.

In the P massiliensis complex dataset, 23 ASVs (17%)
were specifically found at normal pH, 22 (16%) in the low
pH zone, and 90 ASVs (67%) in both environments. In
the S. prolifera dataset, 12 ASVs (5%) were specifically
found at normal pH, 52 (22%) in the low pH zone (S2
& S3), while 172 ASVs (73%) were found in both condi-
tions (Supporting Information S4 and Fig. S3, Supporting
Information).

Changes in the relative abundance at a broad taxo-
nomic level were investigated (Fig. 2a,b). Among the ma-
jor bacterial phyla, accounting for almost 90% of all bac-
terial ASVs (Proteobacteria, Actinobacteriota, and Fir-
micutes), a coherent change was noted only in the case
of Actinobacteriota, whose abundance decreases in the
lower pH zone in both the species. Conversely, Proteobac-
teria and Firmicutes showed a contrasting trend. Particu-
larly, Proteobacteria decreased in the S. prolifera samples
collected in the low pH zones, while increased in the same
condition in P massiliensis complex. Firmicutes showed
an opposite trend.

Despite being less prevalent, the abundance of Verru-
comicrobiota was lower at lower pH in both the species,
while the abundance of Cyanobacteria and Campylobac-
terota changed in the two species following an opposite
direction.

In P massiliensis complex, Fusobacteriota were not
present in the S2 site, despite being retrieved in S1. In
this species, the major changes were observed for Spiro-
chetota and Campylobacterota (11-fold and 19-fold in-
crease at lower pH) (Fig. 2c).

In S. prolifera, we were able to compare the change
in prevalence throughout two different sites at decreasing
pH (S2 and S3). Most phyla showed the same trend
of prevalence reduction or increase in the two low pH
zones (S2 and S3) compared to S1, with Cyanobacteria
and WPS-2 being the phyla whose prevalence mostly
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Figure 2 Prevalence of bacterial phyla in zones at different pH. The variation of prevalence of phyla within different pH conditions or
sites is reported for Platynereis massiliensis complex (a) and Syllis prolifera (b) datasets. (c) The change in prevalence was measured
as the abundance in sites at low pH normalized for the abundance at normal pH (site S2 divided for site S1 and site S3 divided for S1
for S. prolifera dataset; site S2 divided for site S1 for P massiliensis complex).

increased at lower pH (5-fold and 25-fold increase,
respectively) (Fig. 2c).

Alpha diversity

Richness and equitability were evaluated in the P mas-
siliensis complex dataset according to the two zones
where the animals were collected (S1 and S2) (Fig. S4,

Supporting Information). Differences in alpha diversity
were not statistically significant (Table S1, Supporting In-
formation).

The S. prolifera dataset was analyzed in two differ-
ent ways: (i) considering the three zones (S1, S2, and
S3) separately or (ii) comparing the zone at normal
pH (S1) to the two zones at low pH (S2 and S3 to-
gether). In both analyses, there was no change in the
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bacteria alpha diversity (Fig. S4 and Table S1, Supporting
Information).

Beta diversity (distances)

The PCoA of the Bray—Curtis distance matrix, sup-
ported by MANOVA statistical analysis, showed that the
P massiliensis complex samples grouped according to
their provenience (S1 or S2 zones; F-value = 2.5462, P
= 0.003996; Fig. 3a). The variable that most influenced
the grouping of the samples is the site of collection (R*:
0.4333, P = 0.009).

In a similar analysis, the S. prolifera samples also
grouped according to the site of collection (Bray—Curtis:
MANOVA, F-value = 2.2825, P = 0.000999; Fig. 3b).
Interestingly, the statistical analysis supported the separa-
tion between the S1 samples and the S2 or S3 samples,
while it did not support the separation between S2 and
S3 samples (pairwise comparison SI1-S2 Ppgi = 0.003;
S2-S3 Ppgj = 0.714, S1-S3, P = 0.006). When the same
samples were analyzed as collected from the zone at nor-
mal pH (S1) and zones at low pH (S2 and S3 together),
the samples in the PCoA analysis grouped according to
their zones, and this was supported by the statistical anal-
ysis (Bray—Curtis: MANOVA, F-value = 3.3121, P =
0.000999, Fig. 3b). The variables that most influenced the
grouping of the samples were the site of collection (S1,
S2, and S3) and the pH of the site (normal or low) (Site,
R* =0.3487, P = 0.003; pH, R* = 0.3328, P = 0.002).

Beta diversity (indexes)

The overall beta diversity between P massiliensis com-
plex individuals, calculated using the Sorensen index,
was 0.83 (value of turnover component or replacement
of some species with others = 0.79; value of nested-
ness component or species loss = 0.03). If the animals
were analyzed separately based on their collection site,
the overall beta diversity was 0.70 in S1 and 0.72 in S2.

In S. prolifera, the overall beta diversity was 0.90
(turnover component = 0.88; nestedness component =
0.02), while the beta diversity at normal pH (S1) was 0.79
and at low pH (S2 and S3) was 0.87.

The beta diversity between groups of individuals be-
longing to zones at different pH (normal-S1 and low pH-
S2 and S3) was also calculated. In P massiliensis com-
plex, the beta diversity between groups was 0.20 (turnover
component = 0.196; nestedness component = 0.004), and
in S. prolifera was 0.16 (turnover component = 0.07; nest-
edness component = 0.09). S. prolifera samples collected
in low pH zones showed a higher degree of diversification

OA affects microbiome of polychaetes

than those harvested in S1, as suggested by the beta diver-
sity indexes. This effect was not evident in the case of P
massiliensis complex, even if it must be considered that
the number of individuals analyzed for this species was
lower.

ASVs changing abundance according to the pH

Deseq analysis on P massiliensis complex samples
highlighted a statistically significant variation of 22 ASVs
depending on the pH zone (Supporting Information S5).
17 ASVs belonged to Proteobacteria (77%), 3 to Bac-
teroidota (14%), 1 to Campylobacteria (4.5%), and 1 to
Cyanobacteria (4.5%). ASVs of the Bacteroidota fam-
ily were generally decreased at low pH (75%), as well
as Cyanobacteria, while Campylobacterota were more
abundant (Fig. 3c). Proteobacteria mainly belong to the
Gammaproteobacteria class (59%) and showed both a
trend of decrease (51%) and increase (49%) in S2.
ASV45p, which was at first identified as “Chloroplast”
based on the alignment against the Silva database, was
similar to NC_056910.1 sequence (identity: 100%; Pote-
rioochromonas malhamensis strain SZCZR2049 plastid,
complete genome) using refined blast against the Gen-
Bank database.

Deseq analysis of the S. prolifera samples (Supporting
Information S5; Fig. 3d) highlighted a statistically sig-
nificant increase of the following ASVs in S2-S3: Alter-
erythrobacter sp. (Proteobacteria, log2FoldChange [FC]:
25.36, Prgi = 6.06e—22), Exiguobacterium aurantiacum
(Firmicutes, FC: 8.94, Prgj = 9.93e—06), and Pseudoal-
teromonas phenolica (Proteobacteria, FC: 7.85, Pagj =
7.50e—05).

When the S2 and S3 S. prolifera samples were ana-
lyzed separately, five ASVs were differently present in
samples collected in S1 and S2 (Sphingomonas pauci-
mobilis FC: 8.85, Pagy = 1.0e—03, increasing in S2;
Altererythrobacter sp. FC: 23.2, Ppgj = 6.3e—13; Ex-
iguobacterium aurantiacum, FC: 9.12, Ppq; = 1.16e—04;
Pseudoalteromonas phenolica FC: 8.03, Pag; = 5.59¢e—
04; Fokiniaceae sp. FC: —19.3, Pagj = 5.77e—06) and
three ASVs between S2 and S3 individuals (Sphin-
gomonas paucimobilis FC: —8.45, Pag = 7.51e—03, de-
creasing in S3; Aquaribacter albus FC: —24.05, Ppgj =
1.20e—08; Fokiniaceae sp. FC: 23.61, Pagy = 1.20e—
08). Finally, four ASVs changed between S1 and S3
samples (Aquaribacter albus sp. FC: —16.79, Pprgj =
6.47¢—04 decreasing in S3; Altererythrobacter sp. FC:
24.57, Pagj = 1.43e—13; Exiguobacterium aurantiacum,
FC: 8.70, Pprgj = 6.47e—04; Pseudoalteromonas pheno-
lica FC: 7.61, Ppgj = 2.69e—03).
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Figure 3 Beta diversity and Deseq analyses. Principal coordinate analysis (PCoA) of dissimilarity distances calculated using the
Bray—Curtis method on Platynereis massiliensis complex samples grouped by site (a) and on Syllis prolifera samples (b) grouped by
site (up) and pH zone (down). Deseq analysis on the P massiliensis complex dataset (S2 vs S1) (c) and the S. prolifera dataset ((d)
up: S2/S3 vs S1; (d) down: S2 vs S1). On the y-axis, the increase of Amplicon sequence variants (ASVs) in samples collected in S2
((c), (d) down) or S2/S3 ((d) up) compared to S1 is represented. NA, ASVs not classified at genus level; A-N-P-R, Allorhizobium-
Neorhizobium-Pararhizobium-Rhizobium.
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Summarizing the S. prolifera data, Aquaribacter albus
was present in S1 and S2 but not in S3; Sphingononas
paucimobilis was present at a higher level in S2 samples
compared to both S1 and S3 individuals; Fokiniaceae sp.
was present at higher levels in S1 and S3 samples com-
pared to S2; Altererythrobacter, Exiguobacterium auran-
tiacum, and Pseudoalteromonas phenolica were present
at higher levels in S2 and S3 compared to S1.

As it is possible to deduce by the present data, there
are no shared ASVs between P massiliensis complex and
S. prolifera, which vary in the same direction and are
correlated to environmental changes. Paradigmatic is the
case of an ASV classified as Sphingomonas paucimobilis,
which in P massiliensis complex is more abundant in indi-
viduals collected in S1, while in S. prolifera is more abun-
dant in S2 individuals.

DISCUSSION

OA has been previously observed to drive changes
in the composition of invertebrate benthic communities.
Specifically considering polychaetes, some species are
more prevalent in marine areas characterized by a de-
crease in the water pH (Gambi et al. 2016). This phe-
nomenon seems to be related to specific biological traits
of these polychaete species, such as brooding reproduc-
tive behavior and filter feeding (Lucey et al. 2015; Gambi
et al. 2016). Despite the microbiome being considered a
key plastic entity, adapting its composition and function-
ality in response to environmental modifications and po-
tentially promoting holobiont acclimatization (Biagi ef al.
2020; Palladino et al. 2022), the effect of OA on the com-
position of the microbial communities of polychaetes has
never been investigated until now.

In this context, the data presented in this study are a
necessary but preliminary evaluation of the effect of OA
on the microbiome of polychaetes and would be a basis
for future and deeper investigation of this topic, particu-
larly referring at the functional relevance of the variation
in the microbial community that we are reporting.

In both S. prolifera and P massiliensis complex, Pro-
teobacteria, Firmicutes, and Actinobacteriota were the
most abundant bacterial phyla, an observation consis-
tent with the microbial composition of other polychaete
species (Vijayan et al. 2019; Hochstein et al. 2019;
Priscilla et al. 2022). We investigated the eventual vari-
ation in alpha and beta diversity associated with a change
in the pH or the site of collection of these polychaetes.
We did not observe any change in alpha diversity of the
microbial species associated with polychaete individuals
collected in different pH zones, nor in the richness or
evenness. Indeed, the microbiome of samples collected in

OA affects microbiome of polychaetes

sites showing a lower pH range do not differ nor for the
number of observed ASVs, neither for the heterogeneity
in ASV composition.

We outlined a difference in beta diversity in both poly-
chaete species. Indeed, the animals collected in the control
site shared a similar microbiome and were separated with
respect to microbial composition from those collected in
the acidified site. Due to the relative stability of the CO,
vents environment and thus to the absence of stress fac-
tors other than the progressive decrease of seawater pH,
this change can be associated with the variation of this key
abiotic factor. The analysis of S. prolifera dataset, which
included worms collected from three sites at decreasing
pH, enabled us to appreciate that the microbial communi-
ties of the animals from the low and the very low pH sites
are extremely similar. The individuals collected from S2
and S3 sites did not differ in terms of beta-diversity, de-
spite showing few ASVs changing between them. If this
phenomenon is related to the presence of an environmen-
tal microbiome homogeneous to the two zones, or a ho-
mogeneous selection of microbial species in response to
low pH, is currently unknown and must be explored in the
future. In this regard, additional investigation on the com-
position of the environmental microbiome of this area is
needed, also considering that some studies have shown a
variation of the microbial communities of both sediments
and the water column in other CO, vent systems (Raulf
et al. 2015; Arcadi et al. 2023 and citation therein).

More generally, it would be useful to understand the
diffusion of this phenomenon in this taxon, also consider-
ing that studies in this field have been lacking until now.
Indeed, in other organisms, such as corals, the change in
the composition of the microbial community in response
to OA was reported in some species and not in others (Bi-
agi et al. 2020 and citations therein). Similarly, also in
sponges, either change and no modification of the micro-
bial community in relation to OA was reported (Morrow
et al. 2015; Kandler et al. 2018; Botte et al. 2019).

The species analyzed in the present study, S. prolifera
and P massiliensis complex, despite being similar with
respect to their tolerance to acidified site conditions, be-
long to different polychaete families. This could hamper
the evaluation of the role of microbial communities in fa-
voring the permanence of polychaetes in zones at low pH,
mainly because the fine analyses of ASV variation in the
two species put forward a species-specific modification of
the microbial community of individuals collected in acid-
ified sites, making it hard to come up with general con-
siderations. The analysis of beta indexes suggests a dif-
ferent process driving the changes in the microbial com-
munity between individuals at normal or low pH in the
two species. This variation is mainly driven by species
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turnover in P massiliensis complex, while both species
turnover and species loss seem to characterize the modi-
fication of the microbial community of S. prolifera.

A broad speculation about the impact of the variation
of some bacterial taxa on polychaetes living in acidified
environments can be done based on previous investiga-
tions carried out in these and other organisms but needs
to be corroborated by future research in this field.

For instance, as seen in S. prolifera, Cyanobacteria
and Chloroflexi increased in the sponge Coelocarteria
singaporensis transplanted in a CO, vent site (Kandler
et al. 2018). Cyanobacteria increased also in other sponge
species and foraminifera subjected to OA (Webster et al.
2013; Morrow et al. 2015). The increase of spirochaetes
observed in P massiliensis complex was observed also in
the oyster Saccostrea glomerate exposed to OA (Scanes
etal 2021).

On the other hand, we observed the modulation of
some phyla rarely described before in response to OA. For
instance, Campylobacterota are chemoautotrophic bacte-
ria that fix carbon through the reductive tricarboxylic acid
cycle (Assi€ et al. 2020). These microorganisms are abun-
dant in deep-sea hydrothermal vents and cold seeps also
in association with some invertebrates (Assié et al. 2020;
Lin et al. 2023) but have never been described in CO,
vents. The observed strong increase of this phylum in P
massiliensis complex in S2 suggests that this species can
take advantage of the CO, fixation by these bacteria simi-
larly to other organisms inhabiting extreme environments.

A remarkable increase of WPS-2 was observed in
S. prolifera from the acidified sites with respect to the
ambient site. The WPS-2 phylum has unique metabolic
potential, which allows it to survive in harsh environ-
ments, including acidic and polluted ones (Ji ez al. 2021).
To date, however, there are no indications regarding the
modulation of these bacteria under OA conditions.

Therefore, our results suggest a potential involvement
of these bacterial phyla in promoting the tolerance of
polychaetes to OA. Further studies are warranted to con-
firm the modulation of these phyla also in other marine
invertebrates subjected to OA, as well as to clarify the
functional implications for the organisms related to the
increase of these bacteria.

As already specified, during the preparation of the
samples, we did not differentiate between gut-residing
microbiome and epibiotic bacteria. Epibiotic bacteria may
represent up to 50% of the animal weight in some animals
(like sponges) (Hentschel et al. 2006). This community
is formed by bacteria coming from the surrounding water
and colonizing the animal. Epibiotic microbes can benefit
the host by providing defense against predators, antibi-
otics, and anti-pathogenic compounds (Thomas et al.

2010; Sayem et al. 2011; Padmavathi & Pandian 2014).
Two bacteria found in the epibiotic community of P ¢f
dumerilii and Syllis sp. collected from the Southeast coast
of India, Exiguobacterium sp. and Actinobacterium sp.,
have been demonstrated to have an anti-microbial activity
and to inhibit adhesion of pathogenic bacteria to surfaces
and biofilm formation (Shankar ef al. 2015). Interestingly,
an ASV classified as a species of Exiguobacterium is
present at a higher level in S. prolifera under acidified pH
conditions, suggesting a possible link between changes
in the microbial community and important biological
traits of the animals that might favor their survival under
acidified conditions.

CONCLUSIONS

The results presented in this study underline for the
first time a variation in the composition of microbial
communities of polychaetes living under natural acidi-
fied conditions. The data suggest that the variation of
the polychaete microbiome community is modulated by
species-specific features. In this regard, the relationship
between microbial variation and the higher tolerance for
low pH environmental conditions of some polychaete
species must be further investigated.

Our results highlighted that microbial changes were
noticeable when comparing individuals collected from a
site characterized by a normal pH range and individuals
collected from acidified sites, but not comparing individ-
uals collected from acidified sites with different levels
of acidification. This may indicate that the microbial
community associated with these animals is extremely
sensitive to even small pH changes (such as in S2) with
respect to control conditions, being relatively constant
when facing stronger acidified conditions (as in S3).
Some of the changes we reported are associated with
bacteria that might be involved in biofilm formation in
the sea environment, which might be linked to the ability
of the animals to settle and breed in acidified zones. This
demands attention to the possible consequences of the
worrying projections about ocean acidification in the next
few decades. Providing a first insight into the microbiome
of S. prolifera and P massiliensis complex, and of its
OA-driven modification, the present study highlights
the importance of studying microbial communities to
understand how the change of microbiome impacts the
adaptation of these animals to ocean acidification. In the
future, massive efforts must be carried out to investigate
the interaction between polychaetes and the bacteria
associated with their microbiome to fully understand
what would be the impact of OA-induced modification on
this highly relevant group of benthonic organisms.
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SUPPLEMENTARY MATERIALS

Additional supporting information may be found on-
line in the Supporting Information section at the end of
the article.

Supplementary Information S1 ShortRead Quality
Assessment.

Supplementary Information S2 Tax tables of the
analyses of Syllis and Platynereis datasets.

Supplementary Information S3 Amplicon Sequence
Variants recovered for each sample within Syllis and
Platynereis datasets.

Supplementary Information S4 Amplicon Sequence
Variants shared between samples collected in acid or nor-
mal pH conditions within Syllis and Platynereis datasets.

Cite this article as:

Supplementary Information S5 Results of the Deseq
analysis.

Figure S1 Prevalence of ASVs in Platynereis mas-
siliensis complex dataset before (A) and after (B) filtering
and rarefaction. The prevalence of each ASV on the total
number of samples within the dataset (Frac.Samples) is
plotted against the number of reads associated with the
ASYV itself (total abundance). The dashed line indicates
the prevalence threshold established for filtering. ASVs
are grouped by phylum.

Figure S2 Prevalence of ASVs in Syllis prolifera
dataset before (A) and after (B) filtering and rarefaction.
The prevalence of each ASV on the total number of sam-
ples within the dataset (Frac.Samples) is plotted against
the number of reads associated with the ASV itself (to-
tal abundance). The dashed line indicates the prevalence
threshold established for filtering. ASVs are grouped by
phylum.

Figure S3 Venn diagram representation of the amount
of ASVs shared between samples collected in different
pH zones. ASVs were grouped by pH zone for Platynereis
massiliensis complex (A) and Syllis prolifera (B). Orange
oval includes ASVs restricted to the acid pH zone (S2 for
Platynereis massiliensis complex and S2/S3 for S. prolif-
era), while blue oval those restricted to control pH zone.
Purple oval contains AVSs shared between different pH
zones.

Figure S4 Alpha diversity indexes. Multiple indexes
of alpha diversity were evaluated (Observed richness,
Chaol, ACE richness, Shannon diversity, Simpson diver-
sity, Inverted Simpson and Fisher diversity). The analy-
sis was done on Platynereis massiliensis complex group-
ing samples by site (1° column), on Syllis prolifera
dataset grouping samples by site (2° column) or pH zone
(3° column).

Table S1 Report of the statystical analysis on alpha di-
versity indexes. For Platynereis massiliensis complex and
Syllis prolifera (S1 vs S2/S3) datasets Unpaired Student
t-test was applied, unless otherwise specified (# and P val-
ues and degree of freedom (df) are reported). For Syllis
prolifera (S1 vs S2 vs S3) dataset, One-way ANOVA was
applied, unless otherwise specified (F and P values and df
are reported)
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