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A B S T R A C T   

The proliferation of marine invasive species is a mounting concern. While the role of microbial communities in 
invasive ascidian species is recognized, the role of seasonal shifts in microbiome composition remains largely 
unexplored. We sampled five individuals of the invasive ascidian Styela plicata quarterly from January 2020 to 
October 2021 in two harbours, examining gills, tunics, and surrounding water. By analysing Amplicon Sequence 
Variants (ASVs) and seawater trace elements, we found that compartment (seawater, tunic, or gills) was the 
primary differentiating factor, followed by harbour. Clear seasonal patterns were evident in seawater bacteria, 
less so in gills, and absent in tunics. We identified compartment-specific bacteria, as well as seasonal indicator 
ASVs and ASVs correlated with trace element concentrations. Among these bacteria, we found that Endozoico
monas, Hepatoplasma and Rhodobacteraceae species had reported functions which might be necessary for 
overcoming seasonality and trace element shifts. This study contributes to understanding microbiome dynamics 
in invasive holobiont systems, and the patterns found indicate a potential role in adaptation and invasiveness.   

1. Introduction 

Marine invasive species have emerged as a critical concern in the last 
decades (Roy et al., 2023). These non-native species are capable of 
reaching widely distant areas aided by human activities. In the new 
distribution range, the absence of natural predators or competitors, in 
combination with their intrinsic biological strategies, can allow a fast 
establishment and the colonisation of new habitats (Sodhi and Ehrlich, 
2010). The disruption of locally balanced ecosystems due to the prolif
eration of invasive species can result in an ecological cascade, including 
habitat degradation, alteration of food webs, decline of native species, 
and the introduction of new pathogenic elements into the occupied 
habitats (Nikolaou et al., 2023; Roy et al., 2023; Walsh et al., 2016). 
These consequences have direct impacts on the global economy, costing 
millions of dollars every year in terms of production losses of commer
cially important species, losses of ecosystem services, costs of 

eradication of harmful invasive species, and interference with human- 
made structures (Connelly et al., 2007; Roy et al., 2023; Walsh et al., 
2016). To unravel the mechanisms that allow alien species to become 
invasive, genomics has been pointed out to be one of the most powerful 
tools, since pre-existing genomic features such as genes responsible for 
the production of heat shock proteins, or those involved in the immune 
system or in resistance to pollutants or salinity, may confer these species 
higher chances to overcome a wide variety of non-native conditions 
(Galià-Camps et al., 2024; Schrader et al., 2014; Stern and Lee, 2020; 
Wei et al., 2020). 

In addition, symbiotic associations with micro-organisms can also 
allow invasive species to overcome shifting conditions, since bacterial 
communities have the potential to change quickly when submitted to 
varying external conditions and enhance the host fitness over a range of 
environmental variation (Cheng et al., 2018; Koskella et al., 2017; Vil
lela, 2020). Organisms should be viewed as holobionts (hologenomes in 
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genetic terms), understood as the integration of both microbiome and 
their host as a living ecological and evolutionary unit (Baedke et al., 
2020; Rosenberg and Zilber-Rosenberg, 2018; Singh et al., 2020). From 
this perspective, rich microbiomes have previously been employed as 
proxies for predicting the success of invasive species. This is because 
they imply the presence of a diverse reservoir of microbial variation that 
can be utilised to finely adjust adaptive responses, thereby aiding in the 
colonisation of new environments (Dragičević et al., 2021; Goddard- 
Dwyer et al., 2021). Microbiome adjustment can occur at a temporal 
scale that is almost instantaneous compared to other adaptive processes 
that occur over host generations, and these microbiome changes are thus 
potentially important for the introduction success. 

Among invasive species with rich microbiomes, ascidians have 
emerged as a group of relevant interest since they have been repeatedly 
shown to include an unexpected spatio-temporal and tissue-specific di
versity of symbionts with possible implications in the host fitness (Dror 
et al., 2019; Evans et al., 2017; López-Legentil et al., 2023; Utermann 
et al., 2020). Furthermore, a recent study performed on the ascidian 
Styela plicata demonstrated the presence of ontogenetic changes in 
microbiomes, in which the tissue-specific bacterial communities were 
more similar to that found in the surrounding seawater in early life 
stages, but developed into well-differentiated communities in adults 
(Galià-Camps et al., 2023). The interplay between extremely rich 
microbiomes and the genomic plasticity of ascidian hosts has enabled 
several ascidian species to colonise artificial structures such as shellfish 
rafts and harbours worldwide (Casso et al., 2020). In these structures, 
ascidians cause important economic losses, since they compete for 
feeding resources against other filtering species of commercial interest 
such as mussels or oysters, or by fouling boat hulls and increasing their 
fuel consumption when navigating (Aldred and Clare, 2014). 

In the present scenario of increasing invasion pressure as a conse
quence of climate change, globalisation, and an increase in transoceanic 
transport, anthropogenic structures act as marine invasive species hot
spots since they offer shelter to those species that arrive from distant 
habitats attached to ship hulls and in ballast waters (Borden and Flory, 
2021; Ferrario et al., 2017; Roy et al., 2023), and this applies particu
larly to ascidians (López-Legentil et al., 2015). This fact is paradoxical, 
as harbours are also subjected to harsh conditions such as high pollutant 
concentrations and extreme seasonal regimes due to shallow depths and 
isolation from open waters, which accentuate temperature and salinity 
shifts (Chen et al., 2020; Tamburini et al., 2020). Although the latter 
factors are somehow predictable and seasonal shifts are progressive, this 
is not the case for anthropic pollutants, whose concentrations are tied to 
human activity, and therefore, sudden changes in water conditions can 
occur. Abrupt environmental changes are a major threat to living or
ganisms since, usually, the host’s genomic machinery is unable to pro
vide a fast response to ensure the individual’s survival (Han et al., 2023; 
Rodríguez-Martínez et al., 2019). Thus, microbiome communities can 
play a prevalent role in the species’ resilience to pollutants through fast 
detoxification (Dearing et al., 2022; Rizvi et al., 2022), and to envi
ronmental factors such as temperature or salinity by catalysing some 
host metabolic activities which allow starving seasons or transitions 
from the sea to river streams, among others (Lindsay et al., 2020). For 
Styela plicata, it was demonstrated that different tissues bioaccumulate 
pollutants differentially. The microbiome composition of the gills was 
correlated with environmental zinc levels, while tunic microbiomes 
correlated with high concentrations of several elements such as 
aluminium, iron, and arsenic (Galià-Camps et al., 2023). In addition, 
most studies on the relationship between microbial composition and 
environmental stressors in ascidians cover a single or a few time-points, 
and only Dror et al. (2019) have considered a temporal perspective over 
seasons. 

In this work we analysed bacterial 16S amplicon sequences of 
different adult compartments (tunic and gills) of the introduced solitary 
ascidian Styela plicata, together with water samples, collected quarterly 
over two years in two different harbours where we also monitored 

environmental conditions (temperature and trace element concentra
tions). We assessed the microbiome shifts of an invasive marine species 
in terms of diversity and community structure through a multidimen
sional approach encompassing the influence of the biosphere, the hy
drosphere, and the anthroposphere. This study contributes to setting the 
stage for the understanding of adaptation in invasive marine species’ 
holobionts and how these units change through time and space ac
cording to the surrounding conditions. 

2. Material and methods 

2.1. Sampling and field procedures 

From January 2020 to October 2021, we sampled every three months 
5 adult individuals of Styela plicata (defined as having >40 mm in 
length) from the harbours of Blanes and Vilanova i la Geltrú in the NW 
Mediterranean (Fig. A.1, Table A.1). The harbour of Blanes (41.6739 N, 
2.7987 E) is a leisure/fishing port characterised by its small size and 
relatively clean waters, with a wide mouth that allows seawater 
admixture between the inner harbour and the open sea. On the other 
hand, Vilanova i la Geltrú (from now on Vilanova, 41.2144 N, 1.7354 E) 
is a bigger harbour encompassing fishing, commercial, and leisure ac
tivities. It has many docks that hinder seawater exchanges (Table A.1). 
Individuals, fouling ropes from 0 to 1 m depth, were collected by hand 
by pulling ropes. All individuals were collected on different ropes situ
ated at least 5 m away from each other in order to reduce potential 
genetic relatedness among them. Right after collection, individuals were 
immediately photographed on a gridded petri dish for size measurement 
and sagittally dissected (Fig. A.1). The left half was preserved in glass 
vials filled with ethanol 96 %, which was repeatedly changed to ensure 
dehydration of the tissues and posteriorly stored at 4 ◦C until DNA 
extraction. The right half was immediately snap-frozen in liquid nitro
gen inside 8 mL plastic vials and kept at − 80 ◦C for future studies. 
Furthermore, 4 surface seawater samples of 250 mL each were collected 
in previously autoclaved glass bottles at the same sampling dates. Three 
of them were intended for microbiome analyses, whereas the fourth one 
was transferred to 100 mL plastic vials and frozen at − 20 ◦C for trace 
element quantification. 

2.2. Laboratory sample processing 

For each ethanol-preserved ascidian, we excised a tissue sample from 
the tunic and the gills, as these two compartments have a highly distinct 
microbial community in S. plicata (Galià-Camps et al., 2023). For the 
tunic, we first removed the outer layer in contact with the environment 
and the soft layer in contact with the organism mantle to avoid non-tunic 
symbionts, and we cut a square of approximately 5 × 5 mm and a 
thickness of 2–3 mm with disposable scalpels. For gills, a single bran
chial fold was extracted using sterile tweezers. We conducted tissue DNA 
extractions with the Puregene® Core Kit B following the manufacturer’s 
January 2022 version instructions (QIAGEN, Valencia, USA). Alongside 
the ascidian samples, five negative controls in total were processed 
following the same extraction protocol without adding any tissue. 
Seawater samples intended for microbiome analyses were filtered 
through a 47 mm diameter, 0.2 μm pore-size polycarbonate sterilised 
filter (Merck Millipore, Tullagreen, IRL) under a laminar flow hood to 
avoid contamination. The filter was stored at − 80 ◦C until DNA 
extraction. Half of the filter was enzymatically digested with proteinase 
K and a custom homogenization buffer containing Tris-Cl, EDTA, NaCl, 
and SDS. DNA was posteriorly isolated following the phenol-chloroform 
protocol (Galià-Camps et al., 2023). As before, a total of five negatives 
for water were obtained by processing clean, unused filters. 

The V4 region of the 16S rRNA gene was amplified using the primers 
F515/R806 (Caporaso et al., 2011). All Polymerase Chain Reactions 
(PCRs) were carried out with 15 μL of Phusion® High-Fidelity PCR 
Master Mix (New England Biolabs, Beijing, China), 0.2 μM of each 
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forward and reverse primers, and ~ 10 ng of template DNA. PCRs 
consisted of an initial denaturation step at 98 ◦C for 1 min followed by 
30 cycles of denaturation at 98 ◦C for 10 s, annealing at 50 ◦C for 30 s, 
and elongation at 72 ◦C for 30 s. A final extension of 5 min at 72 ◦C was 
added to the PCR program to ensure complete amplification. Individual 
Illumina barcodes were attached to each sample. Six PCR negative 
controls were run during the amplification step without addition of DNA 
template. PCR amplicons were pooled at equivalent concentrations, end- 
repaired, A-tailed, and ligated with Illumina adaptors for sequencing. 
The resulting library was sequenced on an Illumina NovaSeq 6000 
partial run, generating 250 bp paired-end reads. The amplification, li
brary preparation, and sequencing were performed by Novogene Co. 
Ltd. (UK Cambridge Sequencing Center). 

2.3. Environmental data quantification 

For seawater samples intended for trace element (TE) concentration, 
we transferred 50 mL of each seawater sample into an independent 
plastic vial, to which we gently added 95 % nitric acid (HNO3) to reach 
pH = 1 before preservation at − 20 ◦C. To measure TE concentration, we 
thawed the samples and diluted the solutions at a 1:200 ratio with ul
trapure water to reduce salt concentration, which could damage the 
quantification device and hamper the measurements. Seawater sample 
densities were calculated before the analysis, and TE concentrations 
were obtained in a NexION350D ICP-MS (inductively coupled plasma 
mass spectrometry) spectrometer at the Metal Analysis Unit of the Sci
entific and Technological Services of the University of Barcelona (CCiT- 
UB). The same procedure was conducted for one negative blank sample, 
including only ultrapure water. We selected 9 TEs for quantification: 
vanadium (V), aluminium (Al), iron (Fe), zinc (Zn), arsenic (Ar), lead 
(Pb), boron (B), copper (Cu) and selenium (Se) for comparison with 
previous studies (Galià-Camps et al., 2023). Results were transformed to 
ppb relative to sample volume, and blank values were subtracted from 
seawater values. Occasionally, this resulted in small negative values, 
which were transformed to zero. Additionally, for both harbours, we 
obtained over the duration of the study mean daily seawater tempera
tures from logger readings (HOBO(R) Pendant Logger). Loggers were 
attached to ropes at 1 m depth and continuously submerged. 

2.4. Read processing and ASV table obtention 

We analysed a total of 210 samples altogether, 50 corresponding to 
seawater, 81 to gills, and 79 to tunics (Table A.2), as two tunic samples 
(BLA245 and VIL206) failed during the sequencing process. Negative 
samples and PCR controls did not amplify, indicating no contamination, 
and therefore were not further processed. Raw sequences were depos
ited in NCBI under Bioprojects PRJNA982737 (previously used in Galià- 
Camps et al., 2023) and PRJNA1030313. Note that all sequences came 
from the same dataset and were analysed together, but were deposited in 
two different Bioprojects to match the publications’ scheme. Reads were 
assigned to samples based on their unique barcodes and truncated by 
cutting off the barcode and primer sequences. FLASH (Magoč and 
Salzberg, 2011) was used to merge the paired reads. Then, fastp software 
was used to perform quality control of the reads. Chimeric reads were 
removed with UCHIME (Edgar et al., 2011), using as a reference the 
ribosomal RNA sequence database SILVA-v138.1 (Quast et al., 2013). 
Finally, the DADA2 software (Callahan et al., 2016) was used to denoise 
the reads and obtain the final ASV (Amplicon Sequence Variant) table. 
DADA2 was performed on merged reads following (Antich et al., 2021). 
These authors formally compared the use of DADA2 before and after 
merging and found that the latter was computationally more efficient 
and retained more low abundance ASVs as correct due to a high confi
dence on the overlapping bases. These ASVs are missed if sequences are 
denoised before merging. Furthermore, a high correlation of error rates 
in the forward and reverse reads was detected. The ASVs were taxo
nomically assigned with the plugin ‘classify-sklearn’ of QIIME2 (Hall 

and Beiko, 2018) using the SILVA-v138.1 database. We used the 2022 
International Code of Nomenclature of Prokaryotes (Oren et al., 2023). 
ASVs that could not be assigned at the Class level or lower were placed in 
the “Indeterminate” category. Finally, singleton sequences and se
quences not being assigned to bacteria were discarded. The final table 
for downstream microbiome analyses consisted of the abundance (in 
number of reads) per sample of each ASV and its taxonomic assignment. 

2.5. Microbial community analyses 

To check sequencing coverage for all samples, we obtained rarefac
tion curves with the function ‘rarecurve’ of the R package vegan v2.6–4 
(Oksanen et al., 2013), and verified that an asymptote in the number of 
ASVs was reached at the sequencing depth obtained for all samples. 
Unless explicitly stated, we conducted microbial community analyses 
with a non-rarefied ASV relative frequency table in R with the package 
vegan, and obtained the graphs with the R package ggplot2 v3.4.1 
(Wickham et al., 2016). 

Samples were treated at the Class taxonomic level. The least abun
dant Classes whose sum of relative abundances were below 5 % were 
assigned to the category “Other”. The distribution of Classes in the 
samples was visually represented using the function ‘chordDiagram’ 
from the R package circlize v0.4.15 (Gu et al., 2014). To assess diversity, 
we first calculated ASV richness using a rarefied table, setting the 
number of reads equal to the sample with lower coverage, corresponding 
to the sample VIL285T (from Vilanova) with 18,765 reads. Furthermore, 
we assessed with the same table the Shannon diversity Index with the 
function ‘diversity‘from the vegan package. We conducted General 
Linear Models (GLMs) for both diversity metrics to evaluate differences 
among the factors: Compartment (Gill, Tunic, Water), Locality (Blanes, 
Vilanova), Period (Cold, Warm), and their interactions. Samplings in 
which seawater temperature was below 17 ◦C (Winter and Spring) were 
assigned to the category “Cold” and the ones above 19 ◦C (Summer and 
Autumn) to “Warm”. We fitted the GLMs using the function ‘glm’ of the 
package stats v4.2.2, calculated each GLM coefficient of determination 
(R2) with the package rsq v2.5 (Zhang, 2018), and performed pairwise 
comparisons of the significant factors (with a significance cutoff 
threshold of 0.05) with the package emmeans v1.8.5 (Lenth et al., 2020). 
We tested the normality of the data with the function ‘shapiro.test’ from 
the R package stats and, if failed, a log10 transformation of the data was 
applied. Homoscedasticity was assessed with a Breush-Pagan test 
(Breusch and Pagan, 1979) using the function ‘bptest’ from the R 
package lmtest v0.9–40 (Torsten et al., 2012). 

To evaluate the differences among samples in terms of microbiome 
composition, we constructed a Bray Curtis (BC) dissimilarity matrix 
based on the ASV relative frequency with the function ‘vegdist’ and used 
it to conduct a non-metric multidimensional scaling (nMDS) plot with 
the function ‘metaMDS’. We hierarchically repeated the analysis for 
each major group found in the previous nMDS to further evaluate dif
ferences within seawater, tunic, and gill samples (see results). Permu
tational multivariate analyses of variance (PERMANOVA) were 
conducted for the BC distance matrix including all samples, and for the 
BC distance matrices including seawater samples, tunic samples and gill 
samples separately to test the factors Compartment (Gill, Tunic, 
Seawater), Locality (Blanes, Vilanova), Period (Cold, Warm), and their 
interactions. We performed PERMANOVA with the function ‘adonis2’ of 
vegan, and pairwise comparisons of the significant factors (with a sig
nificance cutoff threshold of 0.05) were done with the function ‘pair
wise.adonis2’ implemented in the package pairwiseAdonis v0.4.1 
applying a p-value adjusted with the Benjamini-Yekutieli correction 
(Martinez Arbizu, 2020). Homogeneity in dispersion values for each 
factor was tested using the function ‘permutest(betadisper())’ from the R 
package vegan. 
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2.6. Core and indicator ASVs 

We inferred the core, defined as the set of ASVs consistently present 
on a group of samples, of different bacterial communities with the 
function ‘core_members’ of the R package microbiome v1.23.1 (Lahti 
and Shetty, 2012-2019). We set the parameter detection threshold as 1 
× 10− 13 relative abundance and the parameter ‘prevalence’ as 0.95 to 
identify the cores. A graphical representation of the cores and their 
detection thresholds with the number of samples was plotted using the 
function ‘plot_core’ from the same package. Shared ASVs among cores 
were identified and represented as an upset plot with the function 
‘upset’ of the package UpSetR v1.4.0 (Conway et al., 2017). Further
more, we identified indicator ASVs associated with (a) each compart
ment and (b) each compartment and period using the function 
‘multipatt’ implemented in the R package indicspecies (De Cáceres and 
Legendre, 2009), with 999 permutations for statistical analyses. In order 
to keep only those indicator ASVs with the strongest indicator signal, we 
selected those ASVs in which at least 70 % of the reads belonging to that 
ASV (parameter B ≥ 0.7) were found in at least 70 % of the corre
sponding samples (parameter A ≥ 0.7). Indicator ASVs found for 
different groups were plotted as Venn diagrams using the function ‘venn. 
diagram’ from the package VennDiagram v1.7.1 (Chen and Boutros, 
2011). Furthermore, the relative abundance of ASVs found to be in
dicators of ascidian tissue and period were graphically represented over 
the two-year sampling time frame, together with their relative abun
dance in seawater, using ggplot2. 

2.7. Environmental variables and associated microbiome 

Trace element (TE) concentrations at each locality were graphically 
represented with barplots using ggplot2. We tested overall pairwise 
Pearson correlations of the different TEs using the function ‘pairs.panels’ 
from the R package psych v2.3.6 (Revelle, 2015). TE values were 
standardised considering the mean and standard deviation across all 
samples, regardless of site and season, using the formula ((value-mean)/ 
sd) with the function ‘data. Normalization’ from the R package clus
terSim v0.51–3 (Walesiak et al., 2014). Two-sided paired t-tests were 
conducted between localities for all TE concentrations (averaged over 
time) with the function ‘t.test’ from the R package stats v4.3.1. To 
characterise the different samples according to TE concentrations, we 
performed a Principal Components Analysis (PCA) of the data using the 
function ‘princomp’ from the R package stats, and results were graphi
cally represented using ggplot2. To identify potential associations be
tween tissue-specific microbiomes and TEs, we conducted Redundancy 
Analyses (RDA) using the function ‘rda’ from the R package calibrate 
(Graffelman and van Eeuwijk, 2005) and graphically represented the 
first two axes and TE vectors with ggplot2. The significance of the axes 
was assessed with the function ‘anova.cca’, and we identified outlier 
ASVs whose absolute loadings for the significant axes were higher than 
the mean value plus 3 times the standard deviation. We retrieved the 
correlation of each outlier ASV with each TE vector and kept the TE with 
the highest correlation. 

3. Results 

3.1. Microbiome community 

The initial number of reads was 18,383,866 of which, after the 
filtering steps, 15,091,572 were retained (Table A.2). The mean number 
of reads per sample was 71,864.6 ± 11,270.6 (mean ± SD), distributed 
across 33,634 ASVs (Table A.3). A total of 12,338 ASVs were found in 
seawater, 22,203 in tunic, and 16,685 in gills (Table A.3). Rarefaction 
curves showed that all samples reached an asymptote, and therefore the 
sequencing depth was deemed appropriate (Fig. A.2). 

Both localities behaved similarly in terms of ASV distribution at the 
Class level. Alphaproteobacteria ASVs were prevalent in tunic samples 

from both localities, especially for Vilanova, and were also highly 
abundant in seawater samples (Fig. 1a, Table A.4). Seawater samples 
were also characterised by the presence of Alphaproteobacteria, 
although they also had a high proportion of Gammaproteobacteria. Gill 
samples had a high abundance of Indeterminate ASVs, which were 
practically absent in seawater or tunic (Fig. 1a, Table A.4). Furthermore, 
gills from Blanes had abundant Bacteroidia ASVs, which were even more 
abundant in seawater samples. Conversely, Vilanova gill samples had a 
low abundance of Bacteroidia ASVs (Fig. 1a, Table A.4). Cyanobacteriia 
were also relatively abundant in seawater samples from both localities 
and also noticeable in the tunic of individuals from Blanes. The 
remaining taxonomic Classes considered (Bacilli, Planctomycetia, Acti
nomycetia, Verrucomycetia, and Others) were not evenly distributed 
among samples from both localities, although overall they presented low 
abundances (Fig. 1a, Table A.4). 

The Shannon diversity Index and the ASV richness had similar trends 
for each compartment, although slight differences were found depend
ing on the locality being analysed (Fig. 1b). For the Shannon diversity 
Index, both localities presented the highest values for seawater (mean 
value = 4.69) and the lowest for gills (mean value = 2.68), with sig
nificant differences between compartment, locality, and their interac
tion (p < 0.001) (Table 1). The tunic displayed different Shannon 
diversity values depending on the locality (Fig. 1b), being significantly 
higher for Blanes than for Vilanova (p < 0.001, Table A.5). ASV richness 
responded similarly, although tunic ASV richness in Blanes (mean value 
= 1271 ASV) was significantly higher than for seawater (mean value =
768 ASVs, p = 0.004, Table A.5). Vilanova diversity values were, for 
both metrics, smaller than in Blanes in all compartments (Table A.5) and 
significantly different for tunics (p < 0.001) and in richness for gills (p =
0.03) (Table A.5). When splitting the data into the eight temporal 
sampling points, as per season and year (Fig. 1b), gill samples had more 
marked diversity shifts along the seasons than the other compartments. 
However, patterns were not repeated over the two years surveyed 
(Fig. 1b). Neither Period (cold or warm) nor any of the interactions 
involving this factor were significant for both diversity measures 
(Table 1). In Blanes, tunic diversities remained always high, unlike in 
Vilanova where temporal shifts were found, although values were al
ways lower than those found in Blanes (Fig. 1b). Finally, seawater 
samples in Blanes presented consistent seasonality over both years for 
the Shannon diversity Index and ASV Richness. In Blanes, richness 
declined from winter to spring, and slowly increased afterward until the 
year maximum in winter again, while the Shannon diversity Index was 
higher in the two warmer periods (Fig. 1b). This trend was not found in 
Vilanova, where the Shannon index and ASV richness varied through 
time with no clear periodic pattern (Fig. 1b). 

When considering the relative abundance of the ASVs found in each 
compartment in a nMDS plot based on Bray-Curtis dissimilarity 
(Fig. 2a), a clear distinction between compartments was apparent, with 
seawater, tunic, and gill samples forming separate groups along the first 
axis, albeit with some overlap between the ascidian compartments. All 
factors included in the global PERMANOVA analyses were significant, as 
well as the double and triple interactions (Table 2). The pairwise anal
ysis of the triple interaction resulted in all comparisons being significant 
except tunic samples between cold and warm periods in both Blanes and 
Vilanova (p = 0.054 and p = 0.567, respectively) (Table A.6). We 
decided to split the dataset according to compartment since it was the 
factor with the highest Sum of Squares value (Table 2). For seawater, 
both locality and period, as well as their interaction, were significant, 
with similar relative importance for both locality and period, as was 
apparent in the nMDS with only seawater samples (Fig. 2b, Table 2). The 
pairwise PERMANOVA tests on the interaction resulted in significant 
differences among all the comparisons (Table A.7). On the other hand, 
for tunic samples, only the locality factor was significant (Table 2). The 
nMDS showed a separation of the two localities, with little overlap 
(Fig. 2c). Finally, for gills, both factors and their interaction were sig
nificant, with locality having a higher importance than period (Table 2). 
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Little structure, however, was apparent in the nMDS plot, with samples 
from different seasons and localities overlapping (Fig. 2d). Nonetheless, 
for gills, all pairwise comparisons for the interaction were significant 

(Table A.7). 

Fig. 1. Composition and diversity of each compartment, locality, and temporal sampling point. a) ASV class-level relative abundance in each locality (Blanes and 
Vilanova). The inner part of the plot indicates the different ASV class-level categories. The outer part shows the samples organized according to compartments (Gill, 
Tunic, and Seawater) and the eight sampling points. b) Shannon diversity Index and Richness values per compartment in each locality based on ASV frequency (upper 
panels) and separated by the eight temporal sampling points along the two sampling years (lower panels). 

Table 1 
General Linear Model (GLM) results of the Shannon and Richness values.  

Metric Factors DF Sum Sq F p-value R2 

Shannon 

Compartment 2  2.37  51.84  <0.001  0.215 
Locality 1  1.00  43.65  <0.001  
Period 1  0.00  0.15  0.696  

Compartment*Locality 2  0.94  20.54  <0.001  
Compartment*Period 2  0.02  0.41  0.662  

Locality*Period 1  0.01  0.33  0.568  
Compartment*Locality*Period 2  0.06  1.36  0.260  

Residuals 198  4.54    

Richness 

Compartment 2  1.78  20.26  <0.001  0.139 
Locality 1  2.56  58.40  <0.001  
Period 1  0.01  0.23  0.634  

Compartment*Locality 2  1.36  15.51  <0.001  
Compartment*Period 2  0.08  0.86  0.423  

Locality*Period 1  0.01  0.17  0.678  
Compartment*Locality*Period 2  0.13  1.44  0.240  

Residuals 198  8.68    

Note that Richness values were squared root transformed. As fixed factors we included Compartment (Seawater, Tunic, and Gill), Locality (Blanes and Vilanova), and 
Period (Cold and Warm). For each factor and its interactions, we provide its degrees of freedom (DF), sum of squares (Sum Sq), F value, and p-value. The model 
adjustment (R2) is also provided. Significant p-values are in bold (threshold <0.05). 
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3.2. Core and variable microbiome community 

No ASV was present in 100 % of the samples, and neither were 100 % 
compartment-specific ASVs detected. With the 95 % threshold, ASV76 
(Staphylococcus sp.) was the only core symbiont across all samples. 
Following this threshold, a total of 45 ASVs constituted the core com
munity for seawater samples, 4 ASVs for the tunic samples, and 9 for the 
gill samples (Fig. A.3). When considering only cold water periods, 67 
ASVs were core community in seawater samples, 2 for the tunic, and 10 

for the gills (Fig. A.3). For the warm period, 76 ASVs comprised the core 
community for seawater samples, 6 for the tunic, and 12 for gills 
(Fig. A.3). Although these ASVs were present in 95 % of samples in each 
group, their abundances were highly variable. Only ASV7, a bacterium 
from the family Rhodobacteraceae, had a mean abundance above 2 % in 
the 95 % seawater samples core, whereas other ASVs had abundances 
mostly below 0.5 % (Table A.3, Fig. A.3). Similarly, for tunic samples 
only ASV0 (Methyloceanibacter sp.) had relatively high abundances 
(27.9 % of reads), while it was below 0.5 % for all other ASVs (Table A.3, 

Fig. 2. Microbiome composition dissimilarity over time. a) Bray Curtis dissimilarity nMDS plot including all samples. Separate plots were done for b) seawater 
samples, c) tunic samples, and d) gill samples. 

Table 2 
PERMANOVAs of the microbiome community defined with Bray-Curtis distance using all samples and each compartment independently.  

Compartment Factor DF Sum Sq R2 F p-value 

All 

Compartment 2  21.41  0.28  49.67  0.001 
Locality 1  3.43  0.05  15.92  0.001 
Period 1  1.21  0.02  5.61  0.001 

Compartment*Locality 2  3.22  0.04  7.47  0.001 
Compartment*Period 2  2.06  0.03  4.78  0.001 

Locality*Period 1  0.79  0.01  3.65  0.002 
Compartment*Locality*Period 2  1.25  0.02  2.90  0.001 

Residual 198  42.67  0.56   

Seawater 

Locality 1  1.90  0.19  15.12  0.001 
Period 1  1.73  0.17  13.73  0.001 

Locality*Period 1  0.68  0.07  5.37  0.001 
Residual 46  5.79  0.57   

Tunic 

Locality 1  2.50  0.12  10.11  0.001 
Period 1  0.32  0.01  1.29  0.195 

Locality*Period 1  0.28  0.01  1.14  0.298 
Residual 75  18.58  0.86   

Gill 

Locality 1  2.24  0.10  9.42  0.001 
Period 1  1.22  0.05  5.15  0.001 

Locality*Period 1  1.08  0.05  4.54  0.001 
Residual 77  18.29  0.80   

The fixed effects tested (when included) are Compartment (Seawater, Tunic, and Gill), Locality (Blanes and Vilanova), and Period (cold and Warm). For each factor and 
its interactions, we provide its sum of squares (Sum Sq), degrees of freedom (DF), R2, pseudo-F (F), and p-value. Significant p-values are in bold (threshold <0.05). 
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Fig. A.3). Finally, ASV1 (Gammaproteobacteria), ASV2 (Indeterminate), 
ASV3 (Indeterminate), had high abundances in the gill core microbiome 
(14.3 %, 11.6 %, and 12.8 %, respectively), while ASV5 (Endozoicomo
nas sp., 3.3 %) and all other ASVs had lower abundance (Table A.3, 
Fig. A.3). Only a few ASVs from warm seawater (31 ASVs), cold seawater 
(23 ASVs), and warm gills (3 ASVs) were found to be private cores, 
defined as being present only in the core of a single group of samples 
(Fig. 3a). Seawater cores, considering both temperature periods and 
overall, shared 40 core ASVs (Fig. 3a). Five core ASVs were shared 
among gills during both temperature periods (Fig. 3a). Moreover, 12 
ASVs were shared between two or more compartments and periods. 

When considering the indicator species analyses, many ASVs were 
significantly associated with each compartment (Supplementary 
Spreadsheet 1). Seawater had the highest number of indicator ASVs 
(1816), followed by tunic samples (1551) and gill samples (358). When 
the indicator species analysis was performed on the dataset split by 
warm and cold periods, the warm period had more indicator ASVs for 
the seawater and gills than the cold period (449 vs. 291 and 409 vs. 223, 
respectively). In contrast, this pattern was reversed for tunics (328 ASVs 
for the cold period and 247 ASVs for the warm period). When keeping 
only indicator ASVs in which 70 % of the reads were present in at least 
70 % of the samples (Fig. 3b), the number of indicator ASVs dropped to 
126 for seawater, 2 for tunic, and 6 for gills (Supplementary Spreadsheet 
1). When considering only the cold period, we found 57 indicator ASVs 

for seawater, 4 for tunic, and 4 for gill (Fig. 3b). For the warm period, 
112 ASVs were indicator of seawater, 2 of tunic, and 5 of gills. 

Likewise, there were few (cold period) or none (warm period) indi
cator ASVs shared between compartments (Fig. 3b). The relative abun
dance values of the indicator ASVs associated with warm and cold 
periods for the ascidian compartments (tunic and gills) showed that 
most of them appeared decoupled from the relative abundance trends 
found in water over time (Fig. 4). Nevertheless, ASV52 and ASV772 both 
appeared to fluctuate parallelly between tunic and seawater, with in
creases during the cold periods. On the other hand, ASV4 and ASV8 
(with increases in cold periods) and ASV117 (increasing in warm pe
riods) also showed similar abundance trends in gills and water samples 
(Fig. 4). Interestingly, some tissue indicator ASVs were more abundant 
in seawater. This is the case of ASV17, ASV7, and ASV64 in tunic sam
ples, and ASV7 in gill samples (Fig. 4). 

3.3. Environment-microbiome associations 

Trace element (TE) concentrations were highly variable across our 
temporal samples (Table A.8). Boron was the most abundant (3796.06 
± 660.42 ppb), followed by zinc (20.34 ± 25.68 ppb), while lead was 
the element with lower values (0.53 ± 0.59 ppb) (Fig. 5a, Table A.8). 
Trace element concentrations were not highly correlated, except for 
aluminium with iron, and arsenic with boron, with correlation 

Fig. 3. Compartment 95 % core and indicator ASVs. a) 95 % core ASVs for different groupings: all samples combined, for each compartment and for each 
compartment during cold and warm periods. Coloured horizontal bars represent the number of ASVs found to be core for each group. Vertical bars represent the 
number of core ASVs specific to a group or shared among them. Dots identify in which groups the ASVs represented in each vertical bar are found. b) Venn diagrams 
of the number of indicator species (ASVs whose 70 % of total reads are present in 70 % of the samples of each group) across combinations of compartment and period. 
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coefficients for both comparisons of ca. 0.8 (Fig. A.4). The localities of 
Blanes and Vilanova were not significantly different in terms of TE 
abundance (Table A.9). However, seasonal differences in TE concen
trations were found between harbours following a haphazard pattern 
(Fig. 5b). Our PCA did not show any seasonal pattern in TE concentra
tions, although a separation between winter and spring 2020 from the 
other months was evident in both harbours (Fig. 5c). 

The RDA combining the microbial composition considering all 
samples and the temporal trace element values in seawater provided a 
clear distinction for the two ascidian compartments, with seawater 
having a central position among samples (Fig. A.5). Since the highest 
differentiation was related to compartment, we conducted the RDA 
separately for each one, to associate different microbiome communities 
with trace elements and identify seasonal trends (Fig. 6). Some general 
patterns could be detected, albeit with exceptions. The seawater samples 
showed an ordination along the first axis from cold to warm samples, 
positively correlating winter communities with the trace elements 
aluminium, copper, and iron (Fig. 6). Tunic samples displayed no 

apparent groups in terms of locality or period (Fig. 6). Vilanova samples 
tended to occupy extreme positive and negative positions along the first 
axis, with Blanes’ samples in a more central position. Finally, the gill 
RDA showed a general distinction between warm and cold periods, in 
which cold periods of both localities were positively correlated with 
zinc, lead, selenium, and copper. On the other hand, for the warm pe
riods, a group of Vilanova samples were positively correlated with iron, 
whereas other microbiome samples of Blanes and Vilanova were posi
tively correlated with boron (Fig. 6). For seawater community samples, 
the four first axes of the RDA were significant (Table A.10) with 145 
candidate outlier ASVs correlated with TE (Table A.11). For the tunics, 
only the first axis was found to be significant (Table A.10), with only 10 
candidate outlier ASVs correlated (positively and negatively) with TE 
(Table A.11). Finally, for gills the two first axes were significant 
(Table A.10), and 19 outlier ASVs were correlated with TE (Table A.11). 
There were 8 ASVs significantly correlated with TE shared between 
tunic and gills. Most of them were correlated to different elements with 
the exception of ASV5 and ASV9, both correlated with lead but 

Fig. 4. Seasonal relative abundance trends of indicator ASVs of ascidian tissue samples associated with cold and warm periods and comparison with their relative 
abundance in seawater samples during the same sampling period. Note that temperature thresholds for cold and warm temperatures are below 17 ◦C and above 19 ◦C 
respectively. W=Winter, SP=Spring, S=Summer, A = Autumn. Blue (Cold) and red (Warm) dots (see web version) in the top-right corner indicate periods to which 
each ASV is indicator of. 
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positively for gills and negatively for tunics (Table A.11). 

4. Discussion 

4.1. Seasonal microbial biodiversity 

We highlighted an unprecedented bacterial richness in ascidians of 
>30,000 ASVs, with tunic and gills presenting >15,000 ASVs each. 
Previous microbiome studies in ascidians claimed that they are host to a 
rich microbiome but identified lower diversity values (Dror et al., 2019; 
Evans et al., 2017; López-Legentil et al., 2023; Utermann et al., 2020). 
However, these studies used OTUs with 97 % identity clustering instead 

of ASVs, included only a few individuals, generally analysed only tunic 
samples, and took into consideration a single time-point (with the 
exception of Dror and collaborators who studied seasonality along a 
natural year). Recently, ~ 18,500 ASVs of the microbial community of 
seawater and gill, tunic, and guts of both juvenile and adult stages of S. 
plicata were detected on three different harbours at a single time-point 
(Galià-Camps et al., 2023). Thus, our 210 samples collected over two 
years showed an increased microbiome richness and diversity due to the 
higher number of samples and microbiome shifts over time, likely 
related to fluctuating environmental conditions. Actually, microbiome 
shifts have been described in both aquatic and terrestrial species and 
have been attributed to diet adaptation (Baniel et al., 2021; Lou et al., 

Fig. 5. Trace Element in Blanes (BLA) and Vilanova (VIL) seawater from Winter 2020 to Autumn 2021. a) Trace Element concentration (in ppb) during each 
sampling point in the harbours of Blanes and Vilanova. b) Mean trace element concentration for each locality. c) PCA organisation of the samples according to their 
trace element concentration. Al = Aluminium, As = Arsenic, V=Vanadium, Pb = Lead, Fe = Iron, Zn = Zinc, Cu = Copper, Se = Selenium, B=Boron. 

Fig. 6. Redundancy analysis (RDA) of Trace Elements (TE) concentrations and compartment bacterial communities. Note that the constrained variance for seawater 
was 0.53, for tunic was 0.37, and for gill was 0.27. Al = Aluminium, As = Arsenic, V=Vanadium, Pb = Lead, Fe = Iron, Zn = Zinc, Cu = Copper, Se = Sele
nium, B=Boron. 
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2021), adaptation to anthropogenic pressures (Pass et al., 2015), or a 
wide combination of multiple factors (Flemer et al., 2022; Palladino 
et al., 2022). In all of these cases, the number of bacteria was higher than 
in single snapshot studies. 

Bray Curtis dissimilarities in the microbiome community showed a 
significant interaction of compartment and locality, as already noted in 
this species at a single time point (Galià-Camps et al., 2023). When 
analysing the compartments separately, seawater showed a seasonal 
differentiation, and both locality and period were significant factors that 
explained a similar amount of variation in microbial community struc
ture. On the other hand, neither gill nor tunic tissues displayed evident 
seasonal clustering in the MDS configuration. The tunic is composed of a 
mucopolysaccharide matrix, which acts as an outer cover for Styela 
plicata. This tissue can reach thicknesses of >5 mm in this species. 
Therefore, considering that we sampled the inner tunic, its associated 
microbiota might not be so strongly subjected to environmental 
changes. This fact contrasts with previous studies on S. plicata which 
detected seasonal changes in the tunic’s microbial community in Israel 
and the Atlantic coast of America (Dror et al., 2019). Nevertheless, the 
inclusion of two years and 5 individuals per season provides a 
comprehensive picture of the microbiome over time, and we failed to 
detect seasonal changes over time of the tunic’s microbial community. 
Even if not evident in the MDS, statistical analyses revealed significant 
differences for periods (warm or cold) in gills. Gills are the filtering 
organ of ascidians, so they are in tight contact with the surrounding 
water (Fiala-Médioni, 1978). In addition, gills are highly vascularized 
structures with intense metabolic activity (Jiang et al., 2023). Their 
symbiotic bacterial community may be highly influenced by environ
mental changes, such as temperature and salinity (Galià-Camps et al., 
2023; Schreiber et al., 2016). Therefore, gill community shifts likely 
have an adaptive value in front of temporally changing conditions. 
Microbiome seasonal shifts have also been reported in vertebrate species 
such as human gut (Koliada et al., 2020), gelada baboons’ gut (Baniel 
et al., 2021), and fish skin and gut (Escalas et al., 2022; Larsen et al., 
2015). Although less explored, seasonal microbiome shifts have also 
been documented in invertebrates, such as corals (Deignan et al., 2023; 
Sharp et al., 2017). Interestingly, microbiome seasonal changes have 
been found to boost the invasive capabilities of introduced fish species in 
the Mediterranean Sea (Escalas et al., 2022). In this regard, multi
compartment holobionts with complex and rich microbiomes may have 
an advantage over groups with less structural complexity and diversity 
as is the case of some low microbial abundance (LMA) sponges (Erwin 
et al., 2015; Lamb and Watts, 2023; Pita et al., 2013) when it comes to 
survival in anthropized unstable habitats. Species with several com
partments featuring rich and distinct microbiomes, such as S. plicata, can 
draw on existing symbiont diversity and, combined with the horizontal 
acquisition of bacteria, rapidly adapt their microbiomes (Goddard- 
Dwyer et al., 2021; Utermann et al., 2020) potentially increasing the 
holobiont fitness under changing conditions. It can be noted that there is 
also genetic variability among S. plicata populations in the study area as 
revealed by cytochrome oxidase I allele composition (Pineda et al., 
2011). Thus, future studies must try to ascertain the role of population 
genomic structure in the microbiome composition of this species at 
several spatial scales, as it is a significant factor in structuring micro
biome communities in other ascidian species (Casso et al., 2020). 

4.2. Bacterial core temporal patterns 

Core bacterial communities are thought to play a crucial part in 
holobiont survival. However, the composition and relevance of the core 
community varies across marine holobionts. For instance, both low and 
high microbial abundance sponges (LMA and HMA, respectively) have a 
rich core community with relative abundances above 50 % of the bac
terial community (Turon et al., 2018). Conversely, coral core commu
nities are highly diverse but are found at low relative abundances (D 
Ainsworth et al., 2015; Hernandez-Agreda et al., 2018). Ascidian cores 

comprise a few taxonomic units (either assessed as OTUs or ASVs), with 
relatively high abundances (Dror et al., 2019; Erwin et al., 2013; Galià- 
Camps et al., 2023). Interestingly, in our study, no ASV was present in all 
samples, neither was in all seawater or all ascidian samples separately. 
This fact is surprising, as previous studies of S. plicata claimed that this 
species has few yet abundant core bacteria (Dror et al., 2019; Erwin 
et al., 2013; Galià-Camps et al., 2023). The absence of a 100 % core may 
result from the higher number of samples and the temporal scale of our 
study. Nevertheless, a less strict 95 % threshold to delineate core com
munities detected an overall core comprising a single component, 
ASV76 (Staphylococcus sp.). This taxon was not recovered as core in the 
two previous studies, probably due to its low relative abundance (0.2 % 
in ascidian samples and 0.03 % in seawater samples). Staphylococcus is a 
bacterial genus found to have beneficial activities such as immune sys
tem enhancement and wound healing in model organisms (Brown and 
Horswill, 2020). The enrichment of Staphylococcus ASV76 in the 
ascidian compared to seawater samples suggests that it may play a role 
for the host. 

When analysing each compartment independently, a rich 95 % core 
was found for seawater samples (45 ASVs), whereas each ascidian 
compartment had reduced cores (4 for tunic and 9 for gills, respec
tively), smaller than previously found in this species (Dror et al., 2019; 
Erwin et al., 2013; Galià-Camps et al., 2023). We attribute this effect to 
seasonality, which makes core communities more restricted as the 
bacteria must persist during cold and warm periods. For the tunic, 3 out 
of 4 ASVs were coincident with the adult core microbiomes identified in 
a previous study (Galià-Camps et al., 2023) and for gills there were 8 
common ASVs with that previous work, emphasising the relevance of 
these ASVs for the holobiont survival. Among tunic core bacteria, we can 
highlight ASV0 (Methyloceanibacter sp.), found at high relative abun
dance. Methyloceanibacter, a facultative anaerobic bacteria, is also 
highly abundant in seawater samples. Therefore, S. plicata likely acquire 
this bacterium from the environment where it could play a role in carbon 
cycling as found in other environments (Ramírez et al., 2023; Takeuchi 
et al., 2014). Among the gill core bacteria, ASV1 (Gammaproteobac
teria), ASV2, and ASV3 (Indeterminate) are found at high abundances, 
while ASV5 (Endozoicomonas sp.) and ASV6 (Bacteroidales) have low 
frequencies. Gammaproteobacteria ASV1 and Indeterminate ASV2 are 
abundant in gills and tunics, although they are infrequent in surround
ing seawater samples, suggesting enrichment in the tissues. Gammap
roteobacteria ASV1 and Indeterminate ASV2 should be studied in detail 
in future studies since their abundance and prevalence among samples, 
and their enrichment in adults vs. juvenile individuals, point to them as 
potentially relevant bacteria for adaptation, survival, and therefore in
vasion success of Styela plicata (Galià-Camps et al., 2023). 

Finally, many ASVs are detected when considering tissue-specific 
cores separately in warm and cold periods. However, only ASV3 
(Indeterminate) for gills during warm periods is highly abundant. The 
absence of taxonomic assignment for ASV3 hampers the identification of 
possible functions of this bacterium, but its high abundance points to a 
possible adaptive role related to warm conditions, extending the host’s 
evolutionary potential. Conversely, other period-specific gill ASVs that 
appear at lower abundance could be identified at the genus level (Cas
tellaniella sp. ASV10, Parapusillimonas sp. ASV24, Stenotrophomonas sp. 
ASV31). These bacteria are more abundant during warm periods, coin
ciding with higher portuary activities linked to leisure boats that spill 
combustible to the water. Interestingly, Castellaniella species (ASV10) 
have a strong detoxifying and denitrifying potential (Amanze et al., 
2023; Spain et al., 2007), whereas Parapusillomonas species (ASV24) 
appear to be powerful crude oil-degrading microbes (Preeti et al., 2015). 
Thus, although at low abundances, season-specific beneficial core ASVs 
could be as important as the highly abundant ones, and imbalances in 
their abundances may result in physiologically altered states of the hosts 
(Henry et al., 2021). Finally, Stenotrophomonas species (ASV31) have 
beneficial roles in plant interactions by contributing to sulphur and ni
trogen cycles and degrading pollutants (An and Berg, 2018). However, 
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Stenotrophomonas species have also been reported to be opportunistic 
pathogens that usually infect respiratory systems in a wide variety of 
organisms, including, among others, deep-sea invertebrates (Brooke, 
2012; Ryan et al., 2009). Although we don’t know the role played by this 
bacterium in S. plicata, a potential pathogenic role as found in other 
invertebrates cannot be ruled out. It would not be surprising to see an 
increase in the prevalence of pathogenic bacteria in warm periods, since 
high temperatures, in combination with a high abundance of harbour 
organic material, can negatively affect water quality and potentially 
contribute to an easier infection of S. plicata by pathogens, as also found 
in other species (Heron et al., 2010; Wang et al., 2021). 

4.3. Indicator species highlight strong seasonality 

Many ASVs were characterised as indicators for each compartment 
associated with cold and warm periods. This fact is of prime interest 
since it indicates that tissue-specific microbiome adaptive shifts for cold 
and warm periods might be important for the correct functioning of the 
holobiont and that this potential plasticity is restricted to a few selected 
bacterial taxa rather than to the whole microbiota. Furthermore, tunic 
seasonal indicator ASV profiles highlighted two different trends. On the 
one hand, the abundance of ASV52 (Vibrionaceae) and ASV772 (Snea
thiella sp.), both bacteria associated with cold periods in tunics, fluctu
ated in parallel to abundances in seawater, suggesting a quick horizontal 
transfer of potentially adaptive bacteria. Sneathiella species have been 
reported to degrade polycyclic aromatic hydrocarbons (Sauret et al., 
2014), whose proliferation in both environment and tunics might pro
mote the establishment of detoxification pathways. On the other hand, 
the abundance trends of the other tunic period-associated bacteria are 
independent of those found in seawater, even opposite in some cases, 
suggesting that the ascidian tunic might be capable of regulating its 
symbionts’ relative abundances by promoting the proliferation of those 
specific ASVs that might be seasonally beneficial. 

Among indicator ASVs in gills, Candidatus Hepatoplasma sp. ASV11 
had abundance peaks in the ascidian gill during the warm periods, 
without parallel abundance trends in seawater samples. This bacterium 
has been demonstrated to be a beneficial symbiont species in many ar
thropods, possibly playing a role in nourishment during harsh seasons 
(Chen et al., 2015; Wang et al., 2004; Zamora-Briseño et al., 2020), and 
we expand here its symbiotic potential to marine non-arthropod inver
tebrate species. Similarly, ASV50 (Endozoicomonas sp.) showed the same 
abundance trends as Candidatus Hepatoplasma sp. ASV11. Interestingly, 
Endozoicomonas species symbiotic relationships with other marine taxa 
have been widely reported, in which they play potential roles in carbon 
sugar transport and utilisation, and in protein secretion (Neave et al., 
2017; Pogoreutz et al., 2022). We also found specific gill warm period 
indicator bacteria ASV98 (Helicobacteraceae), and ASV117 (Vibrio sp.) 
that have been reported as pathogenic and usually infect marine in
vertebrates (Nakagawa et al., 2017; Neu et al., 2021; Stabili et al., 2012). 
Furthermore, we found ASV374 (Flaviflexus sp.) associated with warm 
periods and reported to have antimicrobial functions (Nathani et al., 
2020). All these gill warm indicator ASVs abundances, except Vibrio sp. 
ASV117, displayed abundances independent from seawater concentra
tions. Although the functions of these ASVs might be essential 
throughout the year, their relevance could be increased during warm 
periods, as high temperatures and high anthropic activity result in 
stressful conditions for the host (Palladino et al., 2022; Pineda et al., 
2012). 

Interestingly, the abundance over time of the four cold period indi
cator ASVs in gill (Cyanobacteriia ASV4, Rhodobacteraceae ASV7, Pir
ellulaceae ASV8, and Cyanobacteriia ASV37) showed a pattern similar 
to their abundance in the seawater. This suggests that the host feeds on 
these species or that the host is capable of obtaining these bacteria by 
horizontal transmission when abundant in the environment. It is worth 
noting that Rhodobacteraceae species (ASV7) seem to have beneficial 
functions against pathogenic elements such as Vibrio species (Dong et al., 

2021). Similarly, Pirellulaceae species (ASV8) have been reported to 
synthesise antibacterial compounds (Vitorino et al., 2022). Overall, each 
tissue seems to host specific bacterial communities that might help them 
to face pathogenic bacteria and toxic elements, as well as to optimise 
tissue-specific functions. Only Cyanobacteriia ASV37 is an indicator ASV 
associated with the cold period of both gill and tunic, indicating its 
potential importance for the whole organism. Another exception is 
Rhodobacteraceae ASV7, indicator of tunic during warm periods and 
indicator for gills during cold periods. Although at very low concen
trations, this intercompartmental bacterium could play a dual role in the 
adaptation and survival of Styela plicata over the seasons. 

4.4. Environmental and anthropogenic effects shape microbiomes 

In a climate change scenario in which human activities shape and 
modify most natural environments, it is of major relevance to find as
sociations between the adaptive mechanisms of species and environ
mental conditions (Zenni et al., 2014). Furthermore, as invasive species 
are about to increase in numbers and extent with globalisation, one key 
aspect is to investigate how they overcome human-related adverse 
conditions, a knowledge key to understand evolutionary processes and 
that may also open options for controlling new colonisation events 
(Giakoumi et al., 2019; Havel et al., 2015; Roy et al., 2023). 

Our study found that the seawater bacterial community and its as
sociation with anthropic trace element conditions presented a clear di
chotomy between warm and cold periods. Seasonal natural selection 
operates freely on seawater microbes since they are directly subjected to 
external environmental factors (Auladell et al., 2022). Conversely, 
environmental buffering can occur inside ascidian tissues as they shelter 
the microbial community against toxic trace element shifts (Kiran et al., 
2018). 

Human pollution is a major disruptor of community organisation at 
many levels, including changes in the hosts’ microbiomes (Palladino 
et al., 2022; Stock et al., 2021). We detected higher contamination levels 
of zinc, lead, selenium, aluminium, vanadium, iron, and copper in the 
spring and winter of 2020, as explained by the first and second axes of 
the PCA respectively. An episode of exceptional rainfall occurred in the 
studied area at the beginning of 2020 due to the passage of the Storm 
Gloria (Sala et al., 2022; Vez-Garzón et al., 2023). Terrestrial runoff 
increased many-fold, carrying pollutants to the sea, and wastewater 
treatment plants became saturated. A combination of these factors could 
increase the harbours’ pollutant levels (Parker et al., 2010; Silva et al., 
2004). Rainfall and its runoff can affect environmental bacteria (Sala 
et al., 2022; Vez-Garzón et al., 2023), as well as marine bivalves’ 
microbiomes (Milan et al., 2019). In our case, the tunic microbiome 
showed no clear association with seawater TE levels. However, gill 
bacterial communities presented a dichotomy in warm seasons in which 
some Vilanova samples were associated with iron, whereas a mixture of 
Vilanova and Blanes’ samples was associated with Arsenic. This di
chotomy may be indicative of microbiome local adaptation in gills as 
they are widely exposed to the environment and therefore the effect of 
anthropogenic changes may impact harder on gill microbiomes. Similar 
patterns have been described in corals (Kelly et al., 2014; van Oppen 
et al., 2018), whose polyps have feeding and respiratory functions 
comparable to those of the ascidian gills. 

Gills had more bacteria associated with TE, validating that this tissue 
is likely more prone to microbiome changes related to external condi
tions. Nonetheless, in the tunic, some bacteria associated with TE were 
also found. Interestingly, among the ASVs that could be correlated with 
TE concentrations, those shared between tunics and gills are those with 
higher abundance, although mostly associated with different TEs. For 
instance, Cyanobacteriia ASV4 is an aluminium-associated symbiont in 
gills, whereas it is vanadium-associated in tunics. The abundance of this 
ASV in gills mirrors that in the surrounding seawater, pointing to a 
potential acquisition from the environment. Among tissue-specific bac
teria associated with TE, we identified at the genus level Candidatus 
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Hepatoplasma sp. ASV11, Pseudomonas sp. ASV13, Streptococcus sp. 
ASV22, Acinetobacter sp. ASV25, Endozoicomonas sp. ASV50 and Graci
libacteria sp. ASV51 on gills, and Castellaniella sp. ASV10 and Pseudo
monas sp. ASV108 in tunics. The presence of Acinetobacter species, 
whose members have been repeatedly reported to be pathogens, could 
possibly represent infections of the host during immunosuppression 
periods driven by high abundance of TEs (Manchanda et al., 2010), 
while species of the genus Gracilibacteria seem to contribute to sulphur 
cycling on deep-sea anemones (Goffredi et al., 2021). Overall, these 
ASVs likely contribute to the adaptation process in these two chemically 
and environmentally different harbours. 

5. Conclusions 

The present study has revealed a clear differentiation between 
seawater bacterial communities and the tissues of Styela plicata, with 
both gills and tunic microbiomes composed of distinct communities 
defined by a few core bacteria thought to have a potentially high 
adaptive value. Furthermore, seasonal patterns at the microbial com
munity level have been unveiled, especially in seawater samples, fol
lowed by gills, and being almost absent in tunic samples. Interestingly, 
significant differences have also been found between localities separated 
by only ~ 100 km, likely reflecting that the different sizes and activity 
levels (fishing, leisure, commercial) of the harbours studied can be re
flected in differences in the microbiome of local S. plicata individuals. 
These results imply that fine-scale studies on invasive holobionts should 
consider compartment-specific spatio-temporal trends since different 
underlying dynamics can exist, and generalisation becomes difficult. 
Failure to perform low-level taxonomic assignments for many ASVs due 
to gaps in the reference databases has hampered the identification of the 
possible roles of some bacteria. This fact highlights the need to complete 
the reference databases to fully characterise symbiont microbial di
versity. Nevertheless, we have identified specific bacteria related to cold 
and warm periods with pathogenic, metabolic, and antibacterial activ
ities. We point out that seasonal adaptation and pathogen-antibiotic 
interplay are necessary processes for invasive success that likely rely 
on a few key bacterial species. Lastly, many ASVs are correlated with 
trace element concentrations, most likely driven by human activities. 
We encourage future studies to explore anthropogenic conditions other 
than trace elements to fully disentangle the potential of the adaptive role 
of bacteria in the holobiont fitness. We conclude that the microbial 
communities of S. plicata change as a response to environmental changes 
and harmful elements. This plasticity can turn this species into a well- 
adapted holobiont in highly anthropized areas, which may explain 
why it is one of the most successful invasive species worldwide. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.marpolbul.2024.116477. 
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