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E C O L O G Y

Resistance to freezing conditions of endemic Antarctic 
polychaetes is enhanced by cryoprotective proteins 
produced by their microbiome
Emanuela Buschi1,2, Antonio Dell’Anno2, Michael Tangherlini3, Marco Candela4,5,  
Simone Rampelli4,5, Silvia Turroni4, Giorgia Palladino4,5, Erika Esposito6,7,  
Marco Lo Martire2, Luigi Musco8, Sergio Stefanni9, Cristina Munari10, Jessica Fiori6,7,  
Roberto Danovaro2, Cinzia Corinaldesi11*

The microbiome plays a key role in the health of all metazoans. Whether and how the microbiome favors the ad-
aptation processes of organisms to extreme conditions, such as those of Antarctica, which are incompatible with 
most metazoans, is still unknown. We investigated the microbiome of three endemic and widespread species of 
Antarctic polychaetes: Leitoscoloplos geminus, Aphelochaeta palmeri, and Aglaophamus trissophyllus. We report 
here that these invertebrates contain a stable bacterial core dominated by Meiothermus and Anoxybacillus, 
equipped with a versatile genetic makeup and a unique portfolio of proteins useful for coping with extremely cold 
conditions as revealed by pangenomic and metaproteomic analyses. The close phylosymbiosis between Meiothermus 
and Anoxybacillus and these Antarctic polychaetes indicates a connection with their hosts that started in the past 
to support holobiont adaptation to the Antarctic Ocean. The wide suite of bacterial cryoprotective proteins found 
in Antarctic polychaetes may be useful for the development of nature-based biotechnological applications.

INTRODUCTION
Multicellular organisms in the oceans live in close association with 
their microbiomes, which provide their hosts with key functions in-
cluding nutrient supply, defense mechanisms, and even additional 
metabolic pathways, thus representing an integral component of the 
holobiont, able to influence host physiology and increase adaptation 
to environmental conditions (1–3). Microbiome-host interactions 
are far more widespread than previously thought and can notably 
influence the auto-ecology of marine organisms, playing a role in 
the whole ecosystem’s health (4–6).

The host-associated microbiota changes from species to species, 
also in relation to a variety of environmental (i.e., geographic loca-
tion, seasonal variations, and nutrient availability) (7, 8) and bio-
logical factors (i.e., metabolic state, feeding strategy, and host 
phylogeny) (9, 10). However, the presence of a stable core (i.e., any 
set of microbial taxa characteristic of a specific host or environment) 
(11), reported for several holobionts, suggests that some microbes 
and related genomic or functional features are essential for the well-
being of the host species (12, 13).

Some specific bacterial taxa, indeed, can be vertically transmit-
ted and persist across life stages and generations, favoring mutual 
adaptation (2, 14). Mechanisms of transmission of microbiome 
components to their hosts may include horizontal acquisition, 
which is generally based on a selection of beneficial bacterial mem-
bers from the environment anew by each host generation (15, 16).

Microbiomes could also have a role in the host-microbe adapta-
tion to extreme environmental conditions and in evolutionary pro-
cesses (2, 17). In this regard, information on marine host-microbiota 
phylosymbiosis as an eco-evolutionary pattern, where the ecological 
relatedness of host-associated microbial communities parallels the 
phylogeny of related host species (18), is contrasting. In some or-
ganisms, phylosymbiosis has been documented even to different 
extents in specific portions of their body (2, 19), whereas in others, 
it seems not to have a primary role, suggesting the lack of strong af-
finity between bacterial members and their specific host lineage (20).

The processes driving microbial associations and influencing the 
adaptations of marine organisms to environmental conditions are still 
open questions (21). The investigation in extreme ecosystems can cer-
tainly contribute to explore the co-evolutionary processes and eco-
logical interactions of the microbiota-host associations. One of the 
most isolated continents on Earth, Antarctica, can provide additional 
information into the adaptation of marine life to extreme conditions.

The geological isolation, along with the stability of extreme envi-
ronmental conditions, for more than 34 million years has produced 
a range of unique adaptations to low temperatures with a highly di-
verse fauna composed of around 17,000 marine invertebrate species 
and with the highest proportions of endemic species of the world 
ocean (22, 23).

In polar ecosystems, marine poikilotherm metazoans (i.e., in 
which the internal temperature is in equilibrium with the environ-
mental temperature) must adapt to extreme cold conditions using 
different biological and physiological mechanisms, such as the slow-
down in embryonic development and growth rate and increase in 
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oxygen consumption to maintain homeostasis, to prevent internal 
liquid freezing and to induce the antioxidant defense system (23).

Previous studies also hypothesized the presence of thermal hyster-
esis proteins in the haemolymph of ectothermic invertebrates, such as 
Antarctic nemerteans (24) and terrestrial invertebrates (25), but no 
general conclusions could be provided. At the same time, microbes 
own functional traits for adaptation to low temperatures (26, 27) and, 
when associated with Antarctic benthic invertebrates, play key roles 
in several metabolic processes (28). However, information on the 
mechanisms adopted by marine invertebrates to cope with extreme 
cold and freezing conditions is limited and controversial (23, 29), and 
the role of their microbiota in these mechanisms is even neglected.

In the present study, we investigated the microbiome of three 
dominant endemic species of Antarctic polychaetes (Leitoscoloplos 
geminus, Aphelochaeta palmeri, and Aglaophamus trissophyllus; Fig. 1) 
that play a key role in the benthic trophic webs (30, 31). The identity, 
origin, and proteome of the microbiota associated with these Ant-
arctic invertebrates, as well as the factors influencing its structure, 
including phylosymbiosis, were investigated to provide insights into 
the role of the microbiome in marine invertebrate adaptation to the 
extreme conditions of Antarctic ecosystems.

RESULTS
Environmental setting of the study area
The environmental characteristics (temperature, salinity, sediment 
grain size, and biochemical composition of organic matter) of the 
three different sampling areas (Adelie Cove, Rod Bay, and Central 
Bay) of the Ross Sea are reported in table S1 and figs. S2 and S3.

The temperature of the investigated area ranged from −0.29° to 
−1.09°C at 25-m depth (in Rod Bay and Adelie Cove, respectively), 
from −1.23° to −1.85°C at 70 m (in Adelie Cove and Central Bay, 
respectively), and from −1.89° to −1.95°C at 140 m (in Adelie Cove 
and Central Bay, respectively). Salinity ranged from 33.74 to 34.52 at 
25 m (in Rod Bay and Adelie Cove, respectively) and remained sta-
ble at around 34.69 at both 70- and 140-m depth in each area, except 
for Adelie Cove at 70 m where it decreased to 34.32 (table S1).

The grain size analysis revealed significant differences among the 
sediments of the three sampling areas (P < 0.001; table S3), although 
the fine sand fraction largely contributed to the total sedimentary 
composition (from 66.3 to 96.6%) in all areas, except for the stations 
at 25- and 140-m depth of Rod Bay where more than 50% of the 
grain size was coarser (table S3 and fig. S2).

The amount of food potentially available to benthic consumers (in 
terms of the biochemical composition of organic matter: lipid, pro-
tein, and carbohydrate concentrations) did not show any significant 
change in the investigated areas (table S3). However, significant differ-
ences were found along bathymetric gradients within each area. In 
Rod Bay, the highest concentrations of phaeopigments, carbohy-
drates, and lipids were found at 140-m depths (P < 0.05; table S3) as 
well as in Central Bay for the concentrations of phaeopigments and 
lipids (P < 0.05; table S3). In the sediments of Adelie Cove, the highest 
values of proteins, carbohydrates, lipids, and phaeopigments were 
found at 70-m depth (P < 0.01; table S3 and fig. S3).

Only for the concentrations of chlorophyll-a, a different pattern 
was observed compared to the other biochemical components (i.e., 
significant differences were observed between the Central Bay and 
Adelie Cove areas and among the different depths of Rod Bay) 
(overall P < 0.05; table S3 and fig. S3).

Molecular and phylogenetic analyses of the 
Antarctic polychaetes
The taxonomic identification of the three species of Antarctic poly-
chaetes was initially carried out by using a classical approach (di-
chotomous keys under light microscope) and was confirmed by 
sequencing of mitochondrial genes. For the mitochondrial 16S, 12S, 
and COI (cytochrome C oxidase subunit I) genes, high-quality DNA 
sequences were obtained for both A. palmeri and A. trissophyllus. 
Although the primer sets used successfully amplified the 16S and 
12S fragments of all L. geminus specimens, no COI sequence was 
obtained for this polychaete species.

The 16S sequence alignment and the resulting phylogenetic tree 
revealed that all 12 sequences of L. geminus belonged to the same 
haplotype. The six sequences of A. trissophyllus clustered with those 
of Aglaophamus cf. trissophyllus (KX867140.1) and were represented 
by two shared and two unique haplotypes, with a variability below 
five nucleotide mutations (table S6 and fig. S4). The 12 sequences of 
A. palmeri were identical and constituted a shared haplotype, which 
clustered with a sequence of the same genus, Aphelochaeta marioni 
(DQ779602.1). Alignment of the 12S sequences and the resulting 
phylogenetic tree revealed that all the 12 sequences of L. geminus 
were identical and that the 9 sequences of A. trissophyllus grouped 
into three shared and three unique haplotypes, with a total of 11 
nucleotide variations. The two sequences of 12S from A. palmeri 
grouped into one shared haplotype (table S6 and fig. S4). Last, the 
alignment of COI sequences and the resulting phylogenetic tree 

Fig. 1. Antarctic polychaetes investigated in the present study. Pictures of polychaetes investigated: Leitoscoloplos geminus (A), Aphelochaeta palmeri (B), and 
Aglaophamus trissophyllus (C).
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revealed that the 10 sequences of A. trissophyllus were all unique 
haplotypes, with a total of 90 nucleotide mutations, and that the 15 
sequences from A. palmeri clustered in three shared and four unique 
haplotypes with a total of 18 nucleotide mutations, thus confirming 
the results of the other markers and also highlighting an intraspecific 
genetic variation (table S6 and fig. S4).

Composition of the Antarctic polychaete microbiome
Metabarcoding analyses of the bacterial 16S ribosomal RNA (rRNA) 
genes of the three Antarctic polychaete species yielded 1237 to 
49,364 sequences (after denoising and chimaera removal). Rarefac-
tion curves of the majority of polychaetes samples plateaued at 1237 
reads (fig. S5).

The bacteria associated with the three Antarctic polychaetes in-
vestigated in this study mainly belonged to the Deinococci, Bacilli, 
and Gammaproteobacteria classes, representing on average approx-
imately 70% of the total taxonomic composition of microbiomes, 
followed by the Campylobacteria and Alpha and Betaproteobacteria 
classes (on average, 12%; fig. S6).

In the microbiome of L. geminus, OTU (operational taxonomic 
unit) richness ranged from 12 to 64 without significant differences 
among the samples collected in different areas and at different 
depths (table S3). High intraspecific microbiome variability was ob-
served among specimens in terms of Shannon, Pielou’s, and phylo-
genetic diversity but without significant differences among different 
areas and depths (fig. S7 and table S3). Similarly, no significant dif-
ferences were found in microbiome composition among specimens 
collected in different areas and at different depths (table S3).

Similarity Percentage (SIMPER) analysis, indeed, revealed a 
47.8% similarity in microbiome composition among all L. geminus 
specimens (table S4), which shared five bacterial genera (represent-
ing, on average, 64% of the total microbiome composition). Among 
these genera, Meiothermus and Anoxybacillus contributed to the 
largest portion (45 and 17%, respectively; Fig. 2). The Meiothermus 
genus was represented by a single OTU assigned to Meiothermus 
silvanus, while the Anoxybacillus genus was represented by two 
OTUs, one of which was affiliated to Anoxybacillus flavithermus.

High intraspecific variability was also observed in the OTU rich-
ness (from 16 to 44), Shannon and Pielou’s indices of the microbi-
omes of A. palmeri. Again, no significant differences were found 
among the alpha diversity indices of the microbiomes of the speci-
mens collected in different areas and at different depths (fig. S7 and 
table S3). However, significant differences were found among the mi-
crobiome composition of the Adelie Cove and Central Bay samples 
(table S3). The A. palmeri microbiome collected from different areas 
and depths showed a SIMPER similarity of 43% (table S4), and five 
bacterial genera were shared among all specimens (accounting, on 
average, for 64% of the total taxonomic composition): Meiothermus, 
Anoxybacillus, Vulcanibacterium, Acinetobacter, and Cutibacterium 
(mean relative contribution, 11, 30, 12, 9, and 1%, respectively; Fig. 2).

Last, the OTU richness in the microbiome of the different speci-
mens of A. trissophyllus ranged from 5 to 34 with no significant dif-
ferences among the different sampling areas and depths (fig. S7 and 
table  S3). High intraspecific variability was also observed for the 
other alpha diversity indices. The microbiomes associated with 
A. trissophyllus specimens were characterized by a 32% similarity 
(table S4). Meiothermus was the only genus shared across all speci-
mens, with an average contribution of 42%, and across different 
body parts within individuals, with an average contribution of 36% 

in the gut and parapods, 38% in the oral cavity, and 47% in the tegu-
ment (see details in the Supplementary Materials and figs. S9 and 
S10). Anoxybacillus was shared in at least half of the A. trissophyllus 
specimens, with different contributions depending on the polychaete 
specimen (Fig. 2).

Significant differences in terms of both alpha and beta diversity 
were found especially between the microbiomes of the predator 
polychaete A. trissophyllus and those of the two detritivorous 
species, A. palmeri and L. geminus (P < 0.05; figs. S7 and S8 and 
table S3).

Weighted and unweighted UniFrac distances showed that the mi-
crobiomes of detritivorous species (L. geminus and A. palmeri) clus-
tered apart from the microbiome of predatory species (A. trissophyllus) 
(fig. S8). In particular, the unweighted UniFrac distance resulted in 
a wider separation.

Meiothermus, Anoxybacillus, and Cutibacterium were shared among 
all the specimens of L. geminus and A. palmeri, and Meiothermus 
was present in all individuals of the three species. Among all the 
bacterial taxa identified, some were exclusively associated with 
L. geminus, A. palmeri, and A. trissophyllus (overall contributing 
32, 16, and 15% to the total OTU assemblage, respectively). How-
ever, these exclusive taxa individually accounted on average for less 
than 0.5%.

Environmental drivers of the Antarctic 
polychaete microbiome
The results of the multivariate analysis revealed that the influence of 
environmental factors on the whole taxonomic composition of mi-
crobiomes and the bacterial core was inconsistent or not significant 
in the different polychaete species (table S5 and fig. S11). However, 
when excluding bacterial core members of each species (representing, 
on  average, 64% in both L. geminus and A. palmeri and 42% in 
A. trissophyllus), environmental variables significantly influenced the 
taxonomic composition of the microbiomes of A. palmeri, with the 
silt-clay concentration being the main driver (64% of total variation; 
P < 0.05; table S5 and fig. S10), and of L. geminus, with biopolymeric 
carbon and chlorophyll-a concentrations explaining 55% of the total 
variation (P < 0.05; table S5 and fig. S11). In contrast, the variability of 
the taxonomic composition of A. trissophyllus microbiomes was not 
explained by any of the considered factors (table S5 and fig. S11).

The connection between Antarctic polychaete and 
sediment microbiomes
To assess the origin of the polychaete microbiome, the sediment mi-
crobiome was studied in the Antarctic study area. The microbiome 
in the sediment was characterized by an OTU richness ranging from 
167 to 434 (fig. S12). This richness remained rather constant even 
when several random subsamples of the sequences were carried out. 
OTU richness and Shannon and Pielou’s indices did not significant-
ly change among the three areas, but some significant differences 
were found among different depths within the areas (table S3 and 
fig. S12). Similarly, the taxonomic composition of the microbiomes 
showed no significant differences among the three areas (P < 0.05; 
table  S3). Sediment microbiomes showed an average similarity of 
60% among samples (table S4). Dissimilarity was mainly due to the 
different contributions of the Blastopirellula genus (from 1.7 to 
18.5%) and the Flavobacteriaceae family (from 2.1 to 28.9%).

The microbiomes of polychaetes and sediments were significant-
ly different in terms of alpha and beta diversity and taxonomic 
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composition (P < 0.005; fig. S8 and table S3). A dissimilarity of 97% 
was found, explained by the low contribution of Meiothermus and 
Anoxybacillus in the sediments (0.08% using the normalized data-
set and 0.02% considering all the sequences obtained; fig. S13 and 
table S4). On the other hand, the main bacterial taxa of the sedi-
ments, Blastopirellula genus and Flavobacteraceae family, were pres-
ent in only 20% of polychaetes specimens, with a contribution of 
less than 0.5% (except for Flavobacteraceae in two individuals of 
A. trissophyllus; 5% and 9%, respectively; Fig. 2). The results were 
further confirmed by the construction of the OTU bipartite net-
work, which highlighted a very low number of OTUs (37 of the total 
2025, corresponding to 1.8%; Fig.  3) shared between polychaetes 
and sediments. Similar results were also obtained after repeated 
(n = 100) rarefactions of the feature table to 1237 sequences (i.e., 

shared OTUs between polychaete and sediment microbiomes on av-
erage 3.2 ± 0.2%).

Phylosymbiosis between polychaetes and microbiomes
A phylosymbiosis analysis was carried out to investigate whether mi-
crobial assemblages associated with Antarctic polychaetes maintained 
an ancient signal of host evolution. We found congruence between 
the 16S mitochondrial DNA-based phylogenetic tree of polychaetes 
and the microbiome diversity tree, inferred using the unweighted 
UniFrac dissimilarity and phylosymbiotic signals (P < 0.05, Mantel 
test; P < 0.01, Procrustes analysis) and were detected in a common 
ancestor between the two deposit feeders, L. geminus and A. palmeri, 
and an ancestor common to all three polychaete species (Fig. 4 and 
table S7).

Fig. 2. Taxonomic composition of polychaete microbiomes. Bar plots showing the relative contribution (%) of bacterial taxa (at genus level when possible) associated 
with the three polychaetes species (A. palmeri, A. trissophyllus, and L. geminus) in the different areas (Adelie Cove, Central Bay, and Rod Bay) and depths (at 25, 70, and 
140 m). All bacterial taxa with a relative abundance of less than 0.5% were grouped in “others.”
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Fig. 3. OTU network of polychaete and sediment microbiomes. Network analysis showing the OTUs found in polychaete and sediment samples and relationships 
between them. Square nodes represent sample type (sediment or polychaete species), while round nodes represent OTUs; links between OTUs and samples are shown as 
gray lines. Sample nodes (squares) are colored according to the type/species: dark brown for sediments, light blue for L. geminus, purple for A. tryssophyllus, and orange 
for A. palmeri. OTU nodes (circles) are colored according to their provenance: green for OTUs shared between sediments and polychaetes; yellow for OTUs exclusive of 
polychaetes; brown for OTUs exclusive of sediments; and pink, light blue, and orange for the OTUs exclusive of A. trissophyllus, L. geminus, and A. palmeri specimens, 
respectively.
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Fig. 4. Phylosymbiosis signals in the polychaete microbiomes. The magnitude of the phylosymbiotic signal along the host tree for each ancestor (the common ances-
tor between the two deposit feeders, the one common to all polychaetes, and the one also in common to the outgroup) was measured with a standard effect size per 
branch/node. Among all the OTUs found, only those that have shown a posterior probability of phylosymbiosis up to 90% are shown in the figure, and their relative 
abundances are shown in each polychaete specimen. O. validus and its associated microbiome were used as an outgroup.

D
ow

nloaded from
 https://w

w
w

.science.org at U
niversity Studi D

i Ferrara on July 25, 2024



Buschi et al., Sci. Adv. 10, eadk9117 (2024)     21 June 2024

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A r t i c l e

7 of 16

Among all the OTUs with a high phylosymbiotic signal, those 
that showed the maximum probability of phylosymbiosis (100%) 
and the highest relative abundances in all polychaete microbiomes 
were affiliated with M. silvanus (with the maximum signals in all 
polychaete species). Also, A. flavithermus showed maximum signals 
only in the ancestor of L. geminus and A. palmeri but not in the 
A. trissophyllus which was already phylogenetically separate from 
the detritivorous polychaetes (Fig. 4 and table S7).

Distribution of Meiothermus and Anoxybacillus and their 
genetic makeup for extremely cold conditions
The occurrence of Meiothermus and Anoxybacillus in the meta
genomes of all annelid species available in gene banks was as-
sessed through a 16S ribosomal DNA (rDNA) metabarcoding 
meta-analysis, while the genetic repertoire of these bacteria was in-
vestigated through a pangenomic approach. The metabarcoding 
meta-analysis revealed the lack of sequences related to the genera 
Meiothermus and Anoxybacillus in any other annelid microbiomes 
(table S8).

The analyses of the pangenomes of Meiothermus and Anoxybacillus 
(including 16 and 43 genomes, respectively) revealed the presence 
of genes coding for several functional traits potentially useful for 
coping with cold extreme conditions (see details on cold-related 
proteins in table  S9). In particular, cold-shock proteins and ice-
binding proteins encoded by the CspLA and IbpB genes for Meio-
thermus (94 and 75% of coverage, respectively) and the CspD/CspB 
and IbpA genes for Anoxybacillus (100 and 98% of coverage, respec-
tively) were identified in almost all genomes investigated. Several 
genes related to acetyl–coenzyme A (CoA) metabolism and other 
alternative ways for energy generation (i.e., aldehyde dehydroge-
nase, alcohol dehydrogenase, and methylglyoxal synthase), as well 
as compounds and enzymes involved in osmo- and cryoprotection 
(i.e., glycine betaine, putrescine, spermidine, serine hydroxymethyl-
transferase, superoxide dismutase, acyl-CoA dehydrogenase, and 
enoyl-CoA hydratase), were also found in both Meiothermus and 
Anoxybacillus pangenomes with an average coverage of 87 and 91%, 
respectively (table S9). Other genes related to enzymes up-regulated 
during cold conditions such as phosphoenolpyruvate synthase, het-
erotetrameric sarcosine oxidase, and polyhydroxybutyrate were ex-
clusively found in Meiothermus genomes (present in 69% of all 
genomes). Genes of ornithine and enzymes involved in propionyl-
CoA metabolism were exclusively found in Anoxybacillus genomes 
(present in 99% of all genomes; table S9). The alignment-based anal-
yses between OTUs of Meiothermus and Anoxybacillus associated 
with the microbiomes of the Antarctic polychaetes and the 16S rDNA 
obtained from the pangenomic analysis indicate an identity of 100% 
with M. silvanus strain VI-R2 and 99.43% with A. flavithermus 
strain 52-1A. The quantitative analysis of Meiothermus carried out 
through real-time quantitative polymerase chain reaction (PCR) 
revealed that the abundance of Meiothermus in the polychaete tis-
sues ranged from 5.5 ± 1.3 × 105 to 1.4 ± 1.1 × 107 cells mg−1 
dry weight.

Cryoprotective proteins in the microbiome of the 
Antarctic polychaetes
The results obtained from the proteomic analyses carried out on the 
total protein extracts from Antarctic polychaetes revealed the pres-
ence of several enzymes and proteins potentially useful for coping 
with extreme cold conditions (table S10). By matching untargeted 

proteomic results with the specific UniProt databases, the identity of 
some proteins has been attributed exclusively to bacteria or poly-
chaetes, and others are shared by both. In particular, the chaperone 
protein DnaK and the enzyme triosephosphate isomerase were 
identified and assigned to Meiothermus. Similarly, enzymes respon-
sible for proline and glycerol production (i.e., glycerol-3-phosphate 
dehydrogenase and proline dehydrogenase), as well as enzymes in-
volved in polysaccharide metabolism (i.e., 2-dehydro-3-deoxy-​d-
gluconate 5-dehydrogenase) and phenol degradation (i.e., 3-oxoadipate 
enol-lactonase), were assigned to Meiothermus. Moreover, proteins 
involved in other processes such as de novo synthesis of fatty acids 
(i.e., AcrR) and denitrification processes (i.e., NarL) were found and 
assigned to Anoxybacillus.

The results of Basic Local Alignment Search Tool for proteins 
(BLASTp) analyses carried out on proteins derived from proteomic 
analyses revealed a 100% identity (0 gaps, 3117 normalized bit-
score) of the DnaK-matching sequence to the database entry D7BI94 
(DnaK from M. silvanus).

To understand the biological relevance of the bacterial proteins 
identified, the fold change (FC) concerning the host constitutive 
proteins was calculated (see details in the Supplementary Materi-
als). We found that this FC varied according to the constitutive 
proteins (40S ribosomal, 60S ribosomal, catalase, and histone H4) 
of the polychaetes. Bacterial triosephosphate isomerase, proline 
dehydrogenase, and 3-oxoadipate enol-lactonase showed the high-
est FC (1.61 to 5.52), whereas 2-dehydro-3-deoxy-​d-gluconate 
5-dehydrogenase the lowest FC (0.11 to 0.39) (Fig. 5 and table S11). 
Other cold-related proteins such as Heat Shock Protein 70 (HSP70), 
ubiquitin, peroxiredoxin, and thioredoxin attributed specifically to 
Antarctic polychaetes are reported in detail in table S10.

In silico analyses of physical-chemical properties of 
cold-related proteins
The results of in silico analysis of the physicochemical properties 
[defined using hydrophobicity and stability indices; sensu (32)] 
showed that 14 and 185 proteins produced by Meiothermus and 
Anoxybacillus, respectively, in different habitats worldwide have 
properties similar to those of known ice-related proteins (i.e., AFPs, 
ice binding, ice nucleating, and structuring proteins; fig. S14). Fur-
thermore, among the extracted bacterial proteins from the Antarctic 
polychaetes, NarL (attributed to Anoxybacillus), 2-dehydro-3-deoxy-​
d-gluconate 5-dehydrogenase (assigned to Meiothermus), triose-
phosphate isomerase (assigned to Meiothermus), and DnaK (assigned 
to M. silvanus) showed physicalchemical properties typical of ice-
related proteins (fig. S14).

DISCUSSION
Here, we provide evidence that dominant polychaetes endemic 
to Antarctic ecosystems (30, 31) live in close association with two 
genera of bacteria: Meiothermus and Anoxybacillus, which have nev-
er been reported in any other Antarctic invertebrate and annelid 
worldwide. All three polychaete species investigated in the Ross Sea, 
the two detritivorous L. geminus and A. palmeri, and the predator 
A. trissophyllus, shared the same microbiome core represented by 
the genera Meiothermus and Anoxybacillus (the latter not shared in 
all the specimens of A. trissophyllus), which largely prevailed over 
the others (i.e., contributing up to 70% of the microbiome). The mi-
crobiome core was not influenced by environmental factors as already 
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documented for other invertebrates on a global scale (7, 33). The 
same holds true for the microbiome of the predator A. trissophyllus 
and can be explained by the trophic independence of this polychaete 
from sedimentary organic detritus. A. trissophyllus is indeed a vagile 
carnivore, which feeds on small invertebrates (e.g., molluscs and 
crustaceans); therefore, other specific factors such as food sources 
could be determinants of its noncore bacteria (34, 35). These find-
ings suggest that the bacterial core members of Antarctic poly-
chaetes are driven by the biological interactions between hosts and 
associated bacteria.

Meiothermus bacteria are present at different latitudes in both 
marine and terrestrial ecosystems but typically at temperatures 
ranging from 40° to 60°C (36, 37). However, they have been re-
ported also in subsurface polar habitats (38, 39). These chemo-
organo-heterotrophs can produce thermostable polymers and 
enzymes degrading different organic substrates with high catalytic 
efficiency (36).

The Anoxybacillus genus (Bacillaceae family) has been iden-
tified in the gut of nonpolar marine organisms (40, 41) and ma-
rine geothermal habitats, including the Antarctic ones (42, 43). 
Anoxybacillus members are mostly thermophilic, anaerobic, and 
heterotrophic degraders of complex compounds (44) and are con-
sidered among the most “robust” bacteria on Earth due to their 
ability to produce endospores and thermostable molecules, thus 
providing high resistance to adverse conditions for prolonged 
periods (45, 46).

In the present study, quantitative analyses of Meiothermus cells in 
the polychaete tissues showed abundances similar or even higher 
than those found in other paradigmatic invertebrates such as in the 
mussel Bathymodiolus (up to 2.5 × 1012 in the entire body, ~5 × 106 
cells/mg of dry tissue) (47) and in the trophosome of the polychaete 
Riftia pachyptila (3.7  ×  109 cells/g of fresh tissue, equivalent to 
~1.8 × 107 cells/mg of dry tissue) (48). These results expand previ-
ous literature information and provide evidence that Meiothermus 
and Anoxybacillus are present also in the tissues of marine organ-
isms living in extremely cold conditions and not only in warmer 
conditions as previously reported.

The microbiome of Antarctic polychaetes was completely differ-
ent from that of sediments. The dominant bacterial members of the 
sediments (Blastopirellula genus and Flavobacteriaceae family) were 
found only sporadically in polychaetes and with a negligible contri-
bution (<1%). Similarly, the bacterial taxa identified in polychaetes, 
including Meiothermus and Anoxybacillus, were negligible in the 
sediments. A minor contribution of Meiothermus and Anoxybacillus 
was also observed in other investigations carried out in the Ross Sea 
and other polar marine ecosystems (42, 49, 50).

All these findings suggest that only a very small portion of bacte-
ria belonging to Meiothermus and Anoxybacillus are now exchanged 
between the Antarctic polychaetes here investigated and the sur-
rounding environment and vice versa.

The relevance of Meiothermus in subsuperficial sediments of the 
Ross ice shelf (15% of the total assemblage) indicates the importance 

Fig. 5. Relative amount of bacterial cold-related proteins. The heatmap shows the FC of the bacterial proteins recovered by proteomic analysis, which was calculated 
by quantifying their relative signals compared to those of the polychaete’s constitutive proteins (60S ribosomal protein, 40S ribosomal protein, catalase, and histone H4).
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of these bacteria in past sediments (38), which allows us to hypoth-
esize an ancient connection/exchange between these Antarctic poly-
chaetes and this bacterial genus.

To evaluate whether microbial assemblages associated with Ant-
arctic polychaetes maintain an ancient host evolution signal (18, 
51), phylosymbiosis was investigated (18, 19). Phylosymbiosis has 
been observed in natural populations of marine invertebrates (12, 
52), although this cannot be considered a general rule for marine 
metazoans (20). In our study, Meiothermus and Anoxybacillus (espe-
cially M. silvanus and A. flavithermus) showed the highest phylo-
symbiosis signals (100%) with the investigated Antarctic polychaetes. 
In particular, Meiothermus was involved in a close symbiotic rela-
tionship with all three polychaete species, while Anoxybacillus was 
phylogenetically closely related only with the detritivorous species 
(L. geminus and A. palmeri). This might suggest a different temporal 
pattern of association and transfer mode of Anoxybacillus by the 
predator A. trissophyllus compared to the detritivorous species be-
ing characterized not only by a divergent phylogenetic history but 
also by different biological traits (i.e., life cycle and reproduction 
and feeding behavior).

Although phylosymbiosis alone does not represent proof of co-
evolution and/or cospeciation between the host and microbiome 
nor vertical transmission (53, 54), the very high signals of phylo-
symbiosis observed in the present study contextual to the almost 
total absence of Meiothermus and Anoxybacillus in the present-day 
surface sediments strongly suggest a symbiosis arose in the past and 
perpetuated with vertical transmission.

The pangenomic analysis conducted in the present study on 
59 Meiothermus and Anoxybacillus genomes available around the 
world showed that none of them was from cold environments, pos-
sibly due to the limited availability of studies focused on polar inver-
tebrate microbiomes. Nonetheless, such analysis highlighted that 
Meiothermus and Anoxybacillus from different environments con-
tain genes coding for several proteins (including enzymes) capable 
of ensuring metabolic functions and structural adaptations to ex-
tremely cold conditions. In particular, we found two ice-binding 
proteins in almost all the analyzed genomes of Meiothermus and 
Anoxybacillus, which are involved in preventing ice formation with-
in cells and tissues and in lowering their freezing point (55). These 
results suggest that Meiothermus and Anoxybacillus associated with 
Antarctic polychaetes have a genetic repertoire that allows their sur-
vival in freezing conditions.

So far, studies on Meiothermus and Anoxybacillus have focused on 
their biotechnological applications and on research into their ability 
to degrade keratin (56), elastine (57), and starch (58). However, cocul-
tivation of Meiothermus and Anoxybacillus appears essential to pro-
vide metabolic functions to other microorganisms (59), thus also 
supporting the evidence that the association between these two spe-
cies with Antarctic polychaetes may be mutually beneficial.

Pioneer studies revealed that microorganisms themselves (60, 
61) by acting as surfaces for the promotion of water molecule ag-
gregation (62) may confer resistance to subzero temperatures (63). 
Other investigations on aquatic and terrestrial poikilothermic or-
ganisms hypothesized a connection between freeze tolerance and 
microbiome (64, 65). However, information on the role of the mi-
crobiome in the mechanisms adopted by marine invertebrates to 
cope with extreme cold and freezing conditions is limited.

In the present study, proteome analysis of Antarctic polychaetes 
revealed the presence of bacterial proteins in different tissues and 

organs, including enzymes, with multiple cryoprotective functions. 
These bacterial proteins have been identified at quantitative levels 
comparable to or even higher than those of the polychaete’s consti-
tutive proteins. In particular, we recovered the DnaK chaperon pro-
tein, which was specifically assigned to M. silvanus. This protein has 
previously been reported to maintain proteostasis in bacteria living 
in cold environments (66). Furthermore, the enzyme triosephos-
phate isomerase assigned to Meiothermus was identified in the poly-
chaete proteome. This enzyme has previously been found in other 
psychrophilic bacteria, and its role in adaptation to low tempera-
tures has been documented (67). Among the proteins found in Ant-
arctic polychaetes, AcrR, which was assigned to Anoxybacillus, has 
been reported to participate in fatty acid synthesis and membrane 
fluidity regulation (68). Other enzymes (i.e., glycerol-3-phosphate 
dehydrogenase and proline dehydrogenase) assigned to Meiother-
mus were found in the proteome of Antarctic polychaetes, such as 
those responsible for the production of proline and glycerol, which 
act as cryoprotectants in marine organisms due to their ability to 
reduce the freezing point of their internal liquids (69–72).

While DnaK, triosephosphate isomerase, and AcrR are bacte-
rial proteins supporting directly microbial adaptation to cold 
habitats, the glycerol-3-phosphate dehydrogenase and proline de-
hydrogenase can contribute to the supply of key bacterial metabo-
lites (e.g., proline and glycerol) that are ultimately absorbed and 
exploited by hosts to cope with the extreme conditions of Antarc-
tic ecosystems.

Additional analyses also revealed that NarL (attributed to Anoxy-
bacillus), 2-dehydro-3-deoxy-​d-gluconate 5-dehydrogenase, triose-
phosphate isomerase, and DnaK showed physicochemical properties 
[in terms of stability and hydrophobicity; (32)] typical of known ice-
related proteins (i.e., AFPs, ice binding, ice nucleating, and structur-
ing proteins). In particular, the stability indices of the bacterial 
proteins identified in this study are among the highest observed for 
known ice-related proteins, thus suggesting a high efficiency of 
these proteins in contributing to the cryoprotection of the holobi-
ont. Other proteins involved in cold resistance were exclusively at-
tributed to the Antarctic polychaetes (e.g., HSP70, peroxiredoxin, 
and thioredoxin); thus, the contextual presence of proteins pro-
duced by Meiothermus and Anoxybacillus suggests a relevant contri-
bution of the microbiome in the cryoprotection of the holobiont and 
its tolerance to extreme temperature conditions.

Overall, this study revealed that the microbiomes associated with 
three endemic Antarctic species of invertebrates have a stable bacte-
rial core largely represented by Meiothermus and Anoxybacillus (al-
though the latter only in deposit feeder polychaetes). These two taxa 
are characterized also by wide plasticity due to a versatile genetic 
makeup for different extreme temperature conditions, allowing 
them to produce enzymes and metabolites, which contribute to the 
portfolio of cryoprotective proteins of the holobiont (Fig. 6). Previ-
ous information documented the relevant presence of Meiothermus 
in the subsuperficial layers of the Ross Sea. Our analyses showed a 
close phylosymbiosis of M. silvanus and A. flavithermus with their 
hosts strongly suggesting the development of a stable and intimate 
and mutualistic relationship, which allowed the endemic Antarctic 
polychaetes and their microbiome to better adapt to the freezing 
temperatures (Fig.  6). The findings of this study open wider per-
spectives on the comprehension of the mechanisms of adaptation 
and cryo-resistance of marine invertebrates mediated by associated 
bacteria and pave the way for the development of biotechnological 
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applications of the enzymes and molecules produced by Meiother-
mus and Anoxybacillus for cryo-preservations tools (73).

MATERIALS AND METHODS
Study design and sample collection
The Ross Sea is characterised by the largest continental shelf of Ant-
arctica and is one of the most productive areas of ​​the Southern 
Ocean. Here, we investigated the identity, origin, and proteome of 
the microbiota associated with three dominant endemic species of 
Antarctic polychaetes (Leitoscoloplos geminus, Aphelochaeta palm-
eri, and Aglaophamus trissophyllus; Fig. 1) and the factors influenc-
ing their structure, including phylosymbiosis, to understand the 
role of the microbiome in the survival of marine invertebrates in the 
extreme conditions of Antarctic ecosystems. Sediment samples were 
collected through a Van Veen Grab (sampling surface, 0.18 m2), 
from three areas (hereafter defined as Adelie Cove, Rod Bay, and 
Central Bay; table S1 and fig. S1) in Terra Nova Bay, an inlet of about 
64 km long on the eastern coast of the Ross Sea.

For each area, three independent deployments (n  =  3) were 
made at three different increasing depths (25, 70, and 140 m). Each 
sediment sample was sieved through a metal sieve of 0.5-mm mesh, 
and macroinvertebrates, including polychaetes, were fixed in ethanol 
(95%) and identified morphologically under a stereomicroscope. 
Once identified, polychaetes were used for barcoding, microbiome 
metabarcoding, and proteomics.

Additional surface sediment samples (the top 10 cm) collected 
by three independent deployments were stored at −20°C for the anal-
yses of microbiome, sedimentary grain size, and biochemical compo-
sition of organic matter. In addition, a conductivity-temperature-depth 
profile was carried out at each sampling depth of each area for tem-
perature and salinity measurements. Additional details are reported 
in the Supplementary Materials.

Morphological identification of polychaetes
Morphological identification was carried out using specific dichot-
omous keys for Antarctic polychaete species (74–76). The poly-
chaetes selected for this study based on their abundance and wide 

Fig. 6. Conceptual model illustrating the role of Meiothermus and Anoxybacillus in cryo-resistance of Antarctic polychaetes. The conceptual model shows the 
phylosymbiosis relationships between Meiothermus and the three species of Antarctic polychaetes (the detritivorous Aphelochaeta palmeri and Leitoscoloplos geminus 
and the predator Aglaophamus trissophyllus) and between Anoxybacillus and the two detritivorous species. These bacteria are negligibly represented in the sediments, 
where other bacterial members thrive. The symbiosis between Meiothermus and/or Anoxybacillus has been perpetuated over time and allows the production of specific 
bacterial proteins such as DnaK, triosephosphate isomerase (TPI), and proline dehydrogenase (PRODH) (produced by Meiothermus) and AcrR, and NarL (produced by 
Anoxybacillus).
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distribution in the Antarctic ecosystems were Aphelochaeta palmeri, 
Leitoscoloplos geminus, and Aglaophamus trissophyllus (table S2 and 
Fig. 1). Hereinafter each specimen analyzed belonging to L. geminus, 
A. palmeri, and A. trissophyllus will be reported, respectively, as 
Lgem, Apal and Atris, followed by an identification code (table S2).

Molecular identification of the polychaetes
Total genomic DNA was extracted from a central body section (ap-
proximately 20 mg) of the polychaetes using the DNeasy Blood and 
Tissue Kit (Qiagen) and following the manufacturer’s instructions 
with an incubation step with proteinase K at 56°C overnight. Ge-
nomic DNA quantification and quality control were performed with 
a NanoDrop 1000 Spectrophotometer (Thermo Fisher Scientific). 
To investigate the identity of specimens and their phylogenetic rela-
tionships, three mitochondrial markers were chosen and amplified: 
the coding mitochondrial 16S and 12S rRNA genes, selected for ef-
ficient species discrimination, and part of the mitochondrial 
protein-coding COI gene, a suitable fast-evolving barcoding gene, 
which exhibits a greater degree of genetic distance also at the intra-
specific level, well-performing in the group of Polychaeta (31) (see 
details in the Supplementary Materials).

Polychaete phylogeny
Mitochondrial sequences obtained were analyzed using the software 
Geneious 7.1.9. Low-quality reading and primers sections were re-
moved, and the two strands were assembled into consensus se-
quences. Multiple alignments were performed using the Multiple 
Sequence Comparison by Log-Expectation (MUSCLE) algorithm. 
All unique haplotypes were compared with sequences deposited in 
the public GenBank database (http://ncbi.nlm.nih.gov/genbank/) 
to validate the taxonomy of specimens and to find other sequences 
belonging to closely related species selected as additional ingroups 
or outgroups to build a more complete phylogenetic relation-
ship among Antarctic polychaetes. Searches were performed using 
BLAST, verifying similarity with other known sequences (https://
blast.ncbi.nlm.nih.gov/). Results with a low percentage of coverage 
(<90%) and a low percent identity (<95%) were not considered. 
Phylogenetic analyses were conducted in MEGA X (77) for all mor-
phospecies investigated using the separated 16S, 12S, and COI data-
sets. The evolutionary history was inferred by using the maximum 
likelihood method applying the best-fit nucleotide substitution 
model: Hasegawa-Kishino-Yano for 16S and 12S and Tamura 
three-parameter for COI markers. An outgroup (Sipunculus nudus; 
KF042395.1, X96857.1, and FJ788920.1 for 16S, 12S, and COI, re-
spectively) was added to better visualize the phylogenetic distances 
among samples.

Molecular analysis of the microbiome of the polychaetes 
and sediments
DNA was extracted from whole body tissues (~20 mg; including 
oral cavity, gut, parapodies, and teguments) of polychaetes. Further-
more, individuals belonging to A. trissophyllus (characterized by a 
size that allowed the separation of the different parts of the body) 
were also dissected, isolating the oral cavity, the gut, the parapodia, 
and the tegument (T). DNA was extracted from the different parts 
following the methods described above. Total genomic DNA was 
also extracted from different sediment aliquots (~1 g) from each de-
ployment using the DNeasy PowerSoil Kit (Qiagen), following a 
modified protocol with initial treatment with three washing solutions 

and 10-min incubation at 70°C, to achieve greater extraction effi-
ciency. The DNA extracted from each sediment deployment was 
pooled before PCR amplification.

PCR amplification of an approximately 400-bp fragment of the 
bacterial 16S rRNA gene (hypervariable regions V3 and V4) was car-
ried out using the primer set 341F: (5′-CCTACGGGNGGCWGCAG- 
3′) and 785R (5′-GACTACHVGGGTATCTAAKCC-3′) (78). PCR 
products were purified and sequenced on an Illumina MiSeq se-
quencer using the V3 technology (2 × 300 bp) with the same primers 
used for the amplification, at LGC Genomics (see details in the 
Supplementary Materials).

Real-time quantitative analyses of the 16S rDNA sequence be-
longing to the most abundant OTU of Meiothermus found in our 
samples through metabarcoding analyses are described in detail in 
the Supplementary Materials.

Bioinformatic analyses
Raw sequences were analyzed through the QIIME 2 pipeline (ver-
sion 2022.2). Paired-end sequence files from each sequencing run 
were loaded, and sequence pairs were analyzed using the Divisive 
Amplicon Denoising Algorithm 2 (DADA2) plugin (79), which in-
fers community composition in each sample by partitioning se-
quences according to the respective error models, thus filtering for 
erroneous reads and chimaeras and resolving minimal variations 
between prokaryotic taxa. Trimming parameters were set at 250 bp 
for forward-facing reads and 190 bp for reverse-facing reads. Paired 
sequences were then merged by the pipeline before producing an 
Amplicon Sequencing Variant table. Tables from separate runs were 
merged, and sequences were collapsed at 97% similarity to generate 
OTUs to avoid sequence duplication and lessen sparsity. Each sam-
ple was subsampled to 1237 sequences (minimum number of se-
quences obtained in the polychaete samples), thus obtaining a 
normalized OTU table. This approach was also used for the sedi-
ment microbiome analyses to allow a proper comparison with poly-
chaete microbiomes. To assess the consistency of the results obtained, 
100 random subsamples of the sediment microbiome sequences 
were performed. The normalization of the OTU table was used for 
the calculation of rarefaction curves and as input for the subsequent 
analyses, such as the determination of alpha and beta diversity indi-
ces (Shannon, Faith’s phylogenetic diversity, Pielou’s evenness, and 
OTU richness indices for alpha diversity and weighted and un-
weighted UniFrac distances for beta diversity). To infer the taxo-
nomic assignment of OTUs, a taxonomic classifier was first trained 
on the small subunit (SSU) region amplified by the primers used in 
the present study on the SILVA reference database v138 and then 
used on the OTUs identified (80). The rarefied OTU table was visu-
alized through a bipartite network using Cytoscape software (v3.9.1), 
to determine the proportions of bacterial OTUs shared between in-
dividual invertebrates and the surrounding sediments (20).

Phylosymbiosis analysis
To assess phylosymbiosis, we used microbiome compositions previ-
ously defined at the OTU level. One additional microbiome sample 
from a phylogenetically unrelated host inhabiting the same sedi-
ments (Odontaster validus) (81) was included in the dataset and 
used as an outgroup for the analysis. OTU taxonomic assignments 
were repeated using q2-feature-classifier (82) with the “top-hit” op-
tion on both the SILVA reference database v138 (80) and the Global 
Earth Microbiome database (83), to increase the likelihood of 
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successful assignment down to species level, when possible. Se-
quences assigned to chloroplasts, mitochondria, and Archaea, to-
gether with unassigned reads, were discarded. Last, we rarefied the 
OTU table to avoid biases owing to unequal sequencing depth 
across samples. Phylosymbiosis was first evaluated with a distance-
based method by applying the Mantel test and Procrustes analysis to 
the distances retrieved from the host tree and the UniFrac composi-
tional dissimilarities between microbiotas. Also, to better quantify 
the extent of the phylosymbiosis and identify the bacterial taxa con-
tributing to the phylosymbiotic signal, we applied the same ap-
proach previously developed by Groussin and colleagues (84) (see 
details in the Supplementary Materials).

Metabarcoding meta-analysis and 
pangenomic-based approach
Further investigation was conducted to assess the distribution and 
potential roles of Meiothermus and Anoxybacillus. These genera 
were selected as they were the most abundant in the microbiomes of 
all polychaetes while almost exclusively absent in the sediment mi-
crobiomes and because they were characterized by a strong phylo-
symbiosis with the polychaete species (see Results).

Metabarcoding meta-analyses were first carried out on sepa-
rate datasets on different species of Annelida to test whether OTUs 
belonging to both genera were found in other worm-associated 
metagenomes. We downloaded and analyzed (using the same ap-
proach on data produced in this work) data corresponding to four 
different projects available on National Center for Biotechnology 
Information (NCBI) exploring the diversity of annelid-associated 
prokaryotes in different environments (PRJNA171226, PRJNA438412, 
PRJNA497127, and PRJNA671766): Ridgeia piscesae at the Endeav-
our Hydrothermal Vents, Oligobrachia haakonmosbiensis within the 
Beaufort Sea, Lamellibrachia barhami and Escarpia spicata in the 
Gulf of California, and the anemone Ostiactis pearseae in associa-
tion with chemosynthetic tubeworms in the Pescadero Basin (all 
found in hydrothermal vent areas). The resulting taxonomic table 
prepared using the same methods used for our samples (i.e., taxo-
nomic classification on the SSU region amplified by the primers 
used in each study on the SILVA reference database v138) was then 
parsed to identify OTUs belonging to the genera of interest found in 
our work.

We also investigated the genetic repertoire of both Meiothermus 
and Anoxybacillus genera through a pangenome-based approach 
(85). The pangenome of Meiothermus comprised 16 genomes and 
that of Anoxybacillus 43 genomes (table S9). All available genomes 
were from hydrothermal vents, geothermal fluids, hot springs, and 
other habitats. Of all genomes in the data bank, none were available 
for polar environments.

The corresponding genomes were downloaded using the Bit 
Toolkit from the Genome Taxonomy Database (86) and further an-
notated using the Prokka tool. The results of the annotation were 
further parsed using the Pangenome Iterative Refinement and 
Threshold Evaluation (PIRATE) program to identify genes shared 
across the genomes of Meiothermus and Anoxybacillus. In partic-
ular, we searched the list of genes related to low-temperature ad-
aptation, energy generation, fatty acid metabolism, mechanisms 
involved in stress resistance, and degradation of complex com-
pounds (i.e., refractory fraction of organic matter, collagen, and 
chitin-like compounds; table S9); once a match was identified, the 
protein sequence corresponding to the gene listed was manually 

checked through a BLASTp search on the NCBI database to ensure 
the correct gene identification.

The genomes gathered from the pangenomic analysis were also 
used to check for the taxonomic identification of the OTUs of Meio-
thermus and Anoxybacillus. This was carried out through pairwise 
alignments between the OTUs identified in our samples and the 16S 
rRNA genes extracted from the genomes using Multiple Alignment 
Based on Fast Fourier Transform (MAFFT) (87).

Metaproteomic analysis on the Antarctic polychaetes
Proteins were extracted from the whole body of a pool of L. geminus 
(n = 5) and A. palmeri (n = 12) individuals and a pool of A. trissophyllus 
individuals (n = 5) according to the protocol developed by Zhang 
and colleagues (88). Twenty microliters of the supernatant from 
each sample was subjected to SDS–polyacrylamide gel electropho-
resis using precast 16.5% polyacrylamide gels (Bio-Rad). Details on 
electrophoresis and further steps of the procedure for protein ex-
traction are reported in the Supplementary Materials. Micro liquid 
chromatography–high-resolution mass spectrometry (LC-HRMS) 
system was performed on an Eksigent M5 MicroLC system (Sciex) 
coupled to a TripleTOF 6600+ high-resolution mass spectrometer 
with OptiFlow Turbo V Ion Source (Sciex). In-gel digestion samples 
were analyzed in information-dependent acquisition mode. PepCal 
Mix (Sciex) assured steady MS and tandem MS (MS/MS) calibra-
tions during the whole analysis timeframe. We processed the ob-
tained data with ProteinPilot software (Sciex): Trypsin was set as a 
digestion enzyme and carbamidomethylation as a constant modi-
fication for cysteine. Matching was carried out against different 
UniProt Proteome databases (Meiothermus and Anoxybacillus and 
polychaeta) using Paragon Algorithm. Biological modification mode 
enabled to account for variable modifications of peptides. False dis-
covery rate analysis was performed, and proteins with 95% confi-
dence (unused score ≥ 1.3) were identified. FC of bacterial proteins 
found in Antarctic polychaetes was calculated by quantifying their 
LC-HRMS/MS signals against those of host constitutive proteins 
(60S ribosomal, 40S ribosomal, catalase, and histone H4; see de-
tails in the Supplementary Materials). Further, in silico analyses 
were carried out to compare the physico-chemical properties (in 
terms of hydrophobicity and stability) (32) of the proteins produced 
by Meiothermus and Anoxybacillus and those extracted in the pres-
ent study, with the properties of known ice-related proteins (ice-
binding, antifreeze, ice-nucleating, and ice-structuring proteins; see 
details in the Supplementary Materials).

Statistical analyses
Differences in the biochemical and grain size composition of sedi-
ments in the three different sampling areas and depths, as well as in 
the OTU richness, Shannon, Pielou’s evenness, Faith’s phylogenetic 
diversity values, and taxonomic composition of polychaete- and 
sediment-associated microbiomes, were assessed through a permu-
tational analysis of variance. The following factors were considered: 
the area (fixed; three levels: Adelie Cove, Rod Bay, and Central 
Bay), the depth (nested in area; three levels: 25, 70, and 140 m), the 
species (fixed; three levels: Leitoscoloplos, Aphelochaeta, and 
Aglaophamus), and the source (fixed; two levels: polychaete and 
sediment). The factors area and depth (area) were tested within 
each polychaete species in the three areas of the Ross Sea where the 
individuals were present (table  S3). Beta diversity was calculated 
among the different groups of samples (L. geminus, A. palmeri, 
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A. trissophyllus, and sediment) through weighted (considering both 
phylogenetic distances among OTUs and their abundances) and 
unweighted UniFrac distance (only considering phylogenetic dis-
tances among OTUs); the statistical significance of distances among 
sample groups calculated for each beta diversity index was assessed 
in the R environment using the adonis2 function in the vegan R 
package with default values. A SIMPER analysis was performed to 
evaluate the percentages of similarity and/or dissimilarity in micro-
biome composition among specimens within each polychaete spe-
cies (intraspecific variability), among the three polychaetes species 
(interspecific variability), and between polychaetes and sediments 
and to identify the main bacterial taxa responsible for differences. 
To investigate the potential contribution of environmental vari-
ables (i.e., temperature, salinity, depth, organic matter composi-
tion, and grain size) to the taxonomic composition of polychaete 
microbiomes, a distance-based linear model analysis was carried 
out for each polychaete species both in the whole microbiome, con-
sidering only the core microbiome (i.e., bacterial genera shared 
among all individuals within each polychaete species) and consid-
ering the microbiome excluding the core. Since some of the envi-
ronmental variables are potentially correlated, for each dataset of 
each polychaete species, the presence of multicollinearity was in-
vestigated considering the areas and depth in which specimens 
were collected, through the Pearson correlation and the Variance 
Inflation Factors via Python (version 3.8.8). After this screening, 
only variables that did not display mutual correlation were consid-
ered in the analysis. All these analyses were performed with the 
PRIMER-E 6 software.
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