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Plasticity of the Anemonia viridis
microbiota in response to
different levels of combined
anthropogenic and
environmental stresses
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Despite their recognized primary importance, marine coastal ecosystems

around the globe are currently under threat, being subject to continuous

local and global anthropogenic stressors. In this frame, understanding the

response of coastal habitat-forming species to multiple stressors and their

resilience is fundamental for the sustainable management of coastal

ecosystems. In the present study, to provide some glimpses in this direction,

we explored the response of the Anemonia viridis-associated microbiota to the

combined anthropogenic stressors, which typically affect touristic hotspots at

Mediterranean coastal sites. To this aim, two case studies have been carried

out, the first in the Riccione coastal site (Italy, Center Mediterranean) and the

second at Cap de Creus (Spain, North-western Mediterranean), where the A.

viridis microbiota was assessed under the conditions of both high and low

anthropogenic pressure. According to our findings, the A. viridis microbiota

showed a relevant degree of plasticity in response to combined anthropogenic

and environmental stressors, with changes that also mirrored variations in the

surrounding seawater, thus indicating a close connection with the

environment, from which potential symbiotic partners are selected. However,

this potentially adaptive process also has a limitation, as observed in the highly

anthropogenic impact site of Cap de Creus, where A. viridis-associated

microbiota appeared completely unstructured, as demonstrated by an

increased dispersion according to the Anna Karenina principle. This raises the
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question about the resilience of the A. viridis-associated microbiota under

combined climate and anthropogenic threats, as well as of the anthropogenic

factors driving the observed dysbiosis changes.
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Introduction

Being the connection between land and open sea, the marine

coastal environment has a role of primary importance for the

health of marine and terrestrial ecosystems, with direct

implications on human health and wellbeing (Barbier et al.,

2011; Wilkins et al., 2019). Marine coastal ecosystems are known

to provide a wide range of ecological and economically

important services, including habitat provision, nutrient

cycling, coastal protection, fisheries enhancement, and, of

course, tourism (Trevathan-Tackett et al., 2019). However, the

current and future climate change scenarios are jeopardizing the

health of coastal ecosystems, which are already extremely

vulnerable, due to the continuous threats from various

anthropogenic pressures (Crain et al., 2009; Wambua et al.,

2021). In this scenario, it is extremely important to better

understand the response of coastal habitat-forming species to

local and global stressors, dissecting their inherent limit of

adaptability to the anthropogenic pressures, thus allowing the

implementation of sustainable practices for the management,

preservation, and restoration of coastal ecosystems (Santoro

et al., 2021).

Habitat-forming species—such as cnidarians, sponges,

seagrasses, and mangroves—represent the foundation of the

coastal ecosystems, being at the basis of the coastal trophic

webs (Lemieux and Cusson, 2014), where they contribute to

primary productivity and create the structural habitat, providing

key resources to support the entire ecosystem (Vanwonterghem

and Webster, 2020). These marine holobionts live in close

association with microbial communities—known as microbiota

(Palladino et al., 2021)—representing an integral component of

the host biology and providing strategic functionalities, which

favor nutrition, protection from diseases, and development

(Rohwer et al., 2001; Rosenberg et al., 2007; Morrow et al.,

2012; McFall-Ngai et al., 2013; Mcdevitt-Irwin et al., 2017;

O’Brien et al., 2018). Being inherently and rapidly adaptable

even to extreme environmental conditions, microbiomes are

strategic to boost the host ’s adaptive performance,

complementing the delay in the host genome adaptation

(Kolodny and Schulenburg, 2020; Marangon et al., 2021;

Rampelli et al., 2021). Therefore, to provide a holistic
02
understanding of the responses of coastal marine organisms to

global changes and anthropogenic pressures, the analysis of their

associated microbiome is mandatory, assessing its dynamic

variations in response to local and global stressors (Trevathan-

Tackett et al., 2019).

Among cnidarians, anemones are soft habitat-forming

species that have a worldwide distribution in marine coastal

environments, with species inhabiting all climate zones and

habitat types, providing shelter and food for a wide variety of

mobile fauna, including endangered species (Wilkins et al., 2019;

Steinberg et al., 2020). Anemones are among the most resistant

marine organisms, being able to respond to several stressors,

such as shifts in temperature, pH, salinity, and organic and

inorganic compounds (Steinberg et al., 2020). It has been shown

that the microbiome associated with anemones is characterized

by a high taxonomic level core, with local adaptation for what

concerns the specific constituents at lower phylogenetic ranks

(Brown et al., 2017). Indeed, anemones show local patterns of

microbial OTUs (operational taxonomic units), which are not

related to latitude or longitude but rather to differences in global

and local environmental factors, playing important roles in

sorting the compositional structure of the anemone-associated

microbiome (Mortzfeld et al., 2016; Morelan et al., 2019). This

makes the microbiome of the anemones an extremely fluid

partner, possibly complementing the limits of the host

physiology and allowing its adaptation or acclimatization to a

vast range of environmental conditions, including multiple

anthropogenic stressors.

Using A. viridis as a model of soft habitat-forming species

(Muller et al., 2016), here, we explored the response of the

anemone microbiota to the combined anthropogenic and

environmental stressors that typically characterize the touristic

hotspots of the Mediterranean coastal sites and that can act

synergistically with environmental factors (Danovaro, 2003;

Drius et al., 2019). Particularly, the Riviera Romagnola (Italy)

and Costa Brava (Spain) represent the important touristic

hotspots of the Mediterranean coasts, where the summer

tourism peak has been associated with serious threats to the

coastal ecosystems (Andolina et al., 2021). Indeed, the close link

between growing anthropogenic pressure and increased inputs

of nutrients and contaminants in marine coastal systems
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(including plastics, marine debris, and emerging contaminants

such as pharmaceuticals, surfactants, and personal care products

like sunscreens), as well as organic enrichment and

microbiological pollution induced by sewage discharge, is well

recognized (Clark et al., 2001; Craig-Smith et al., 2006; Tovar-

Sánchez et al., 2019). In addition, the increased temperature and

the consequent lower oxygen levels observed during summer

have been reported to exacerbate the negative effects of

anthropogenic impacts on marine life and ecosystems.

To highlight the response of the A. viridis microbiota to the

combined action of these multiple pressures, we assessed two

different case studies. In the former case, we investigated changes

in the A. viridis microbiome composition between individuals

sampled at the Riccione site (Riviera Romagnola, North Adriatic

Sea, Central Mediterranean) in February—with no tourism

inflow, low temperature, and high oxygen levels—and in

August, with very high tourism inflow, as well as increased

temperature and low oxygen levels. Riccione is one of the main

coastal tourism hotspots for the Mediterranean Sea (Drius et al.,

2019), with a local population increasing from 30,000 people in

the winter to 650,000 in August, which is the peak of the touristic

summer season (Istat reports 2018-2020). In the latter case, we

investigated compositional differences in the A. viridis

microbiota from Cap de Creus, Costa Brava (Spain, North-

western Mediterranean), where two sites with different impact

levels were explored in the same summer season. The first site

was considered slightly impacted by tourism and anthropogenic

activities, being located near a partial natural reserve where only

artisanal fishing and diving activities are allowed, whereas the

second site was considered highly impacted by multiple tourism-

associated stressors, including wastewater discharge, being
Frontiers in Marine Science 03
located near the urban center Roses (Sardá et al., 2012).

Overall, the results obtained from the microbiome analyses in

these two case studies provided new insights into the responses

of the A. viridis microbiota to the increasing levels of combined

anthropogenic and environmental pressures in two different

coastal sites and sectors of the Mediterranean Sea.
Materials and methods

Sampling areas and sample collection

Two study areas were considered (Figure 1). The Riccione

coastal site is located only 100 km south of the Po delta and

receives water discharge from the Po River through the

Adriatic Western Coastal Layer (Pettine et al., 1998;

Palinkas et al., 2005; Spillman et al., 2007). The Po River,

the largest Italian river, accounts for one-third of the total

riverine freshwater input in the Adriatic Sea (Spillman et al.,

2007). Since the Po valley is one of the most productive

agricultural areas in Italy, this river also accounts for

approximately 50% of the total nutrients transported into

the northern Adriatic Sea (Spillman et al., 2007), also

including anthropogenic contaminants collected from the

river basin and its tributary (Pettine et al., 1998). Peak flow

occurs in the spring and autumn, primarily due to snowmelt

and rainfall (Palinkas et al., 2005). Riccione—Riviera

Romagnola—is one of the main Italian sites for mass beach

tourism since 1960 and, at the peak of the touristic season in

August, can reach up to 650,000 presences, while the winter

local population is 30,000 (Istat reports 2018-2020). At Cap
FIGURE 1

Sampling site description. Maps of the Riccione site (A) at the WMesh location (lat. 43.99049, lon. 12.686993) and of the Cap de Creu site (B) near
Cadaqués (lat. 42.282752, lon. 3.291442) and near Roses (lat. 42.243116 lon. 3.198715). Sampling sites are represented as blue dots. All maps were
created with the QGIS open-source tool (https://www.qgis.org/it/site/).
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de Creus (Spain, North-western Mediterranean), two sites

were investigated. The first, the low-impact site, was located

next to Cadaqués, a small and isolated city with a population

of 2,800 inhabitants and no more than 8,000 in summer.

Sampling at Cadaqués was performed near a partial natural

reserve, where only artisanal fishing and diving activities are

allowed. The second, a high-impact site, was located at Roses.

Roses has approximately 70,000 inhabitants in the high

season, and it is located around 10 km away from

Cadaqués, outside the marine protected area, where the

beach is commonly highly populated during the touristic

season. Moreover, the discharge from wastewater treatment

plants is close to the city area and there is a wide recreational

port where activity is highly increased in summer due to

tourism. Further, several uncontrolled outfalls and associated

eutrophication processes were also detected in Roses (Sardá

et al., 2012).

The sampling was performed similarly in the two study

areas. In the coastal site of Riccione, samples were collected in

two different periods (winter, February 2020, and summer,

August 2020) along a 100-m-long submerged barrier of

reinforced concrete placed approximately 200 m offshore.

This framework, referred to as WMesh, was originally

designed to prevent coastal erosion, but, thanks to its

complex geometry, has provided a hard substrate that

ended up hosting a wide variety of marine fauna, including

fish, crustaceans, mollusks, and sessile cnidarians (https://

www.wmesh.it) (Figure 1A). A total of 20 anemone specimens

(10 for each season) were randomly collected by scuba divers

and placed into sterile plastic containers. At the same time,

five seawater samples (two in winter and three in summer)

were collected in sterile 2 L plastic bottles. During the

summer sampling, 10 surface sediment samples (0–10 cm)

were also collected and placed into sterile Falcon tubes.

Environmental parameters at sampling are provided in

Supplementary Table S1. In the coastal site of Cap de

Creus, a total of 24 A. viridis individuals were collected

during the summer period (July 2020) at two different

locations: 10 individuals were collected in the protected

marine area near Cadaqués, and 14 individuals were

collected in the highly touristic site of Roses; the collection

was performed in shallow coastal shelves of approximately 50

m2. One seawater sample per site (2 L) was collected alongside

anemone individuals (Figure 1B). As described above,

anemone samples were placed into sterile plastic containers

and seawater samples into sterile 2 L plastic bottles.

Environmental parameters at sampling are provided in

Supplementary Table S1. Samples collected in Riccione were

transported in ice to the laboratory and frozen at -80°C until

further processing, whereas samples from Cap de Creus were

transported in ice to the laboratory at the University of

Barcelona, frozen at -20°C for shipment, then frozen at -80°

C until further processing.
Frontiers in Marine Science 04
Sample processing and DNA extraction

Whole anemones were homogenized using mortar and

pestle, and the total bacterial DNA was extracted using the

DNeasy PowerBiofilm Kit (Qiagen, Hilden, Germany)

(Palladino et al., 2021) following the manufacturer’s protocol

with minor adjustments: the homogenization step was

performed with a FastPrep instrument (MP Biomedicals,

Irvine, CA, USA) at 5.5 movements per second for 1 min,

with a 5-min incubation in ice between treatments, and the

elution step was preceded by a 5-min incubation at 4°C

(Palladino et al., 2021). Each 2 L of the seawater sample was

processed via vacuum filtration under sterile conditions using

MF-Millipore (Darmstadt, Germany) membrane filters with 0.2-

mm pore size, a 47-mm diameter, and a mixed cellulose ester

membrane. Each membrane filter was folded using sterilized

forceps and placed into a PowerWater DNA Bead Tube and then

stored at -80°C until further processing. Seawater microbial

DNA extraction was carried out using the DNeasy

PowerWater Kit (Qiagen, Hilden, Germany) following the

manufacturer’s instructions. Finally, 0.25–0.35 g of sediment

was weighed into PowerBead Tubes, and total bacterial DNA

was extracted using the DNeasy PowerSoil Kit (Qiagen, Hilden,

Germany) following the manufacturer’s instructions with the

same minor adjustments described for anemone samples. Total

microbial extracted DNA was quantified using NanoDrop ND-

1000 (NanoDrop Technologies, Wilmington, DE, United States)

and stored at -20°C until further processing.
16S rRNA gene amplification
and sequencing

The V3–V4 hypervariable region of the 16S rRNA gene was

PCR-amplified in 50-ml final volume containing 25 ng of

microbial DNA, 2X KAPA HiFi HotStart ReadyMix (Roche,

Basel, Switzerland), and 200 nmol/L of 341F and 785R primers

carrying Illumina overhang adapter sequences. For anemone

and sediment samples, the thermal cycle consisted of 3 min at

95°C, 25 cycles of 30 s at 95°C, 30 s at 55°C, and 30 s at 72°C, and

a final 5-min step at 72°C (Palladino et al., 2021). Seawater

samples followed the same PCR amplification protocol with a

total of 25 amplification cycles (Musella et al., 2020). PCR

products were purified using Agencourt AMPure XP magnetic

beads (Beckman Coulter, Brea, CA, United States). Indexed

libraries were prepared by limited-cycle PCR with Nextera

technology and cleaned up as described above. Libraries were

then quantified using a Qubit 3.0 fluorimeter (Invitrogen,

Waltham, MA, United States), normalized to 4 nM, and

pooled. Finally, the library pool was denatured with 0.2 N

NaOH and diluted to 6 pM with a 20% PhiX control.

Sequencing was performed on the Illumina MiSeq platform

using a 2 × 250-bp paired-end protocol, according to the
frontiersin.org
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manufacturer’s instructions (Illumina, San Diego, CA,

United States)
Bioinformatics and biostatistics

Raw sequencing outputs for a total of 61 samples were

processed with a pipeline combining PANDAseq (Masella

et al., 2012) and QIIME 2 (Bolyen et al., 2019). The “fastq

filter” function of the Usearch11 algorithm (Edgar, 2010) was

applied to retain high-quality reads (min/max length = 350/550

bp). In particular, based on the phred Q score probabilities, reads

with an expected error per base E = 0.03 (i.e., three expected

errors every 100 bases) were discarded. The retained reads were

then binned into amplicon sequence variants (ASVs) using

DADA2 (Callahan et al., 2016). A taxonomy assignment was

performed using the VSEARCH algorithm (Rognes et al., 2016)

and the SILVA database (December 2017 release) (Quast et al.,

2012). All the sequences assigned to eukaryotes or unassigned

were discarded.

All statistical analyses were performed using the R software (R

Core Team; www.r-project.org - last access: March 2021), v. 4.1.2,

with the packages “Made4” (Culhane et al., 2005), “vegan” (https://

cran.r-project.org/web/packages/vegan/index.html), and MaAsLin2

(Multivariate Association with Linear Models 2, Version 1.8.0)

(Mallick et al., 2021). Beta diversity was estimated by computing

different metrics, i.e., unweighted UniFrac distance, weighted

UniFrac distance, and Bray–Curtis distance. The data separation

in the principal coordinate analysis (PCoA) was tested using a

permutation test with pseudo-F ratios (function “adonis” in the

vegan package). A procrustean randomized test (function “protest”

in the vegan package) was performed to highlight significant

concordance between different beta-diversity metrics. The

Wilcoxon rank-sum test was used to assess significant differences

in alpha diversity and taxon relative abundance between groups. P-

values were corrected for multiple testing using the Benjamini–

Hochberg method, with a false discovery rate (FDR) ≤ 0.05

considered statistically significant. We used MaAsLin2, a

modified general linear model for feature-wise multivariate

modeling, to identify differentially abundant taxa responsible for

possible microbiota-mediated adaptive responses in A. viridis

individuals facing multiple and combined anthropic stressors.
Results

Changes in the microbiota of A. viridis
with increasing level of multiple impacts:
The Riccione case study

The sequencing of the V3–V4 hypervariable region of the 16S

rRNA gene from the total microbial DNA resulted in 34 samples
Frontiers in Marine Science 05
producing high-quality output (i.e., 19 anemone, 10 sediment, and

5 seawater samples). The number of high-quality reads in the

samples ranged between 1,115 and 14,000 per sample. High-

quality reads were subsequently normalized to the lowest

number of reads per sample (1,115), resulting in 4,666 ASVs.

According to our findings, at the phylum level, the A. viridis

microbiota was dominated by Proteobacteria, Bacteroidetes, and

Firmicutes, while the corresponding dominant phyla in the

surrounding seawater and sediment were, respectively,

Proteobacteria, Bacteroidetes, Actinobacteria, Verrucomicrobia,

and Cyanobacteria and Proteobacteria, Acidobacteria, and

Actinobacteria (Supplementary Figure S1A). At the family level,

the dominant members of the A. viridis microbiota were

Rhodobacteraceae, Flavobacteriaceae, an unassigned family of the

Alphaproteobacteria order, Vibrionaceae, Campylobacteraceae,

and Pseudoalteromonadaceae but showing characteristic

abundance patterns in the winter and summer samples

(Supplementary Figure S2A). Confirming these observations, the

PCoAs of the variation of the A. viridis microbiota in the samples

set highlighted a significant segregation (permutation test with the

pseudo-F ratio, p-value = 0.001) between winter and summer

samples, both clustering apart from the corresponding seawater

and sediment microbiota samples (Figure 2A). The concordance

between A. viridismicrobiota variations in different PCoA models

was highlighted using a procrustean randomized test (“protest”)

(unweighted vs. weighted UniFrac distance and unweighted vs.

Bray–Curtis distance resulted in p-value = 0.0001 for both tests,

and correlation in a symmetric rotation = 0.8873 and 0.8851,

respectively). When we assessed for alpha-diversity patterns, A.

viridis microbiota samples were less diverse compared to the

corresponding seawater and sediment ecosystems, whereas the

diversity of anemone microbiota samples in the different seasons

was comparable (Figure 2B). To highlight the compositional

differences between the A. viridis microbiota in winter

and summer samples, the MaAsLin2 general linear model

was app l i ed . Accord ing to our find ings , s evera l

microbiota components were significantly differently represented

between winter and summer samples (Supplementary Table S2).

The box plots of the relative abundance of the microbial families

showing a significantly different distribution between winter and

summer samples according to MaAsLin2 are reported in Figure 3.

Winter samples were characterized by a higher relative abundance

of the families Rhodobacteraceae , Flavobacteriaceae ,

Lactobacillaceae, Thiotrichaceae, and Xanthomonadaceae, while

summer samples were more abundant in Campylobacteraceae,

Pseudoalteromonadaceae, Vibrionaceae, Rickettsiaceae and family

XII of the order Clostridiales.

To explore the connections between the A. viridis microbiota

and seawater and sediment microbiota, the metacommunity

bubble plot was carried out (Figure 4). In the bubble plot, the

compositional structure of the winter and summer A. viridis

microbiota was compared with the corresponding compositional

structure of the surrounding seawater and sediment ecosystems.
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FIGURE 3

Microbial families responsible for significant compositional differences between the A. viridis microbiota in winter and summer samples
collected at the Riccione site. Box-and-whisker plots showing the relative abundance of bacterial families whose differential distribution was
significantly different in the A. viridis microbiota in winter (“darkolivegreen1”) and summer (“darkgreen”) samples according to MaAsLin2
(Multivariate Association with Linear Models 2, Version 1.8.0). The central box represents the distance between the 25th and 75th percentiles.
The median is marked with a black line. Whiskers identify the 10th and 90th percentiles. P-values are reported below each box plot (Wilcoxon
rank-sum test controlled for multiple testing using FDR).
A B

FIGURE 2

Overall microbiota compositional structure of Anemonia viridis and the surrounding environment in the Riccione site. (A) Principal coordinate
analysis (PCoA) based on the unweighted UniFrac distance, weighted UniFrac distance, and Bray–Curtis distance between the microbial profiles
of A. viridis and the environmental samples in the Riccione site shows a strong separation between the groups (permutation test with pseudo-F
ratio, p-value = 0.001). Concordance between A. viridis microbiota variations in different PCoA models was highlighted using a procrustean
randomized test (“protest”) (unweighted vs. weighted UniFrac distance and unweighted vs. Bray–Curtis distance resulted in p-value = 0.0001 for
both tests, and correlation in a symmetric rotation = 0.8873 and 0.8851, respectively). The first and second principal components (PCo1 and
PCo2) are plotted, and the percentage of variance in the data set explained by each axis is reported. Ellipses include a 95% confidence area
based on the standard error of the weighted average of the sample coordinates. A. viridis samples are represented in green (“darkolivegreen1”
circles for winter, “darkgreen” triangles for summer), seawater samples are represented in light blue (“lightskyblue1” circles for winter,
“lightskyblue1” triangles for summer), and sediment samples are represented in “darkgoldenrod1” triangles. (B) Box-and-whiskers distribution of
the alpha diversity metrics Faith’s phylogenetic diversity (PD) and number of observed ASVs. Significant p-values (Wilcoxon rank-sum test
controlled for multiple testing using FDR, p-value ≤ 0.05) are reported in the figure with the following symbols: p-value ≤ 0.05 *; p-value ≤ 0.01
**. The color code is the same as in panel A.
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Interestingly, several bacterial members of the A. viridis

microbiota were shared with the microbiota of the surrounding

seawater and/or sediments. For instance, an unassigned family

of the Gammaproteobacteria order and the bacterial

families Campylobacteraceae, Flavobacteriaceae, Halieaceae,

Planctomycetaceae, Rhodobacteraceae, Verrucomicrobiaceae, and

Vibrionaceae were all shared among the microbiotas of the three

systems, while an unassigned family of the Alphaproteobacteria and

Rhizobiales orders and the bacterial families Alteromonadaceae,

Comamonadaceae, Oceanospirillaceae, Pseudoalteromonadaceae,

and Rhodospirillaceae were shared between the microbiotas of the

anemones and seawater. Finally, focusing on theA. viridismicrobiota

components, which were responsible for a different assemblage

composition between winter and summer samples, some were

shared with the microbiotas of water and/or sediment, such as

Flavobacteriaceae, Pseudoalteromonadaceae, Rhodobacteriaceae,

Campylobacteraceae, and Vibrionaceae, all showing a winter-to-

summer variation in seawater and sediment microbiotas

corresponding to the one observed for the A. viridis microbiota.

On the contrary, the family XII of Clostridiales, Lactobacillaceae,

Thiotrichaceae, and Xantomonadaceae were exclusive to the A.

viridis microbiota.
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The sequencing of the V3–V4 hypervariable region of the 16S

rRNA gene from the total microbial DNA in 24 samples (including

22 anemones and 2 seawater samples) produced a high-quality

output. The number of high-quality reads in the samples ranged

between 1,358 and 14,090 per sample. High-quality reads were

subsequently normalized to the lowest number of reads per sample

1,115, resulting in 4,666 ASVs. As previously observed at the

Riccione site, the dominant phyla of the A. viridis microbiota

were Proteobacteria, Firmicutes, and Bacteroidetes, while the

seawater microbiota was dominated by Proteobacteria,

Bacteroidetes, Planctomycetes, Actinobacteria, Verrucomicrobia,

and Cyanobacteria (Supplementary Figure S1B). At the family

level, the most represented families in the A. viridis microbiota

were an unassigned family of the Alphaproteobacteria order and the

families Ruminococcaceae, Lachnospiraceae, Moraxellaceae,

Pseudoalteromonadaceae, Rhodobacteraceae, Campylobacteraceae,

Vibrionaceae , Flavobacteriaceae , and Spirochetaceae ,
FIGURE 4

Metacommunity bubble plot at family level in the Riccione site. Bubble plot of the compositional structure of winter and summer A. viridis
microbiota samples compared with the surrounding ecosystems (seawater and sediments) at the Riccione site. A. viridis microbiota components
showing a differential distribution between winter and summer samples according to the MaAsLin2 model are indicated by red arrows. The size
of the bubbles represents the percentage of relative abundance according to the legend on the right.
frontiersin.org

https://doi.org/10.3389/fmars.2022.956899
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Palladino et al. 10.3389/fmars.2022.956899
demonstrating an overall family-level structure different from the

one observed at the Riccione site (Supplementary Figure S2B). The

PCoA of the microbiota compositional structure resulted in a

significant segregation (permutation test with pseudo-F ratio, p-

value = 0.001) among A. viridis microbiota samples depending on

the site (Figure 5A), with the A. viridis microbiota collected at the

high-impact site of the Cap de Creus (Roses) showing a higher

dispersion in the PCoA plot. A. viridis microbiota variations in

different PCoA models using a procrustean randomized test

(“protest”) were concordant (unweighted vs. weighted UniFrac

distance and Unweighted vs. Bray–Curtis distance resulted in p-

value = 0.001 and 0.0001, and correlation in a symmetric rotation =

0.5663 and 0.6665, respectively). For what concerns the alpha

diversity, no differences between microbiota at both sites were

observed, neither in terms of ASV richness nor Faith’s

phylogenetic diversity (PD) index (Figure 5B). To identify the A.

viridis microbiota members characteristic from the low- and high-

impact sites, the MaAsLin2 test was applied. According to our

findings, 11 microbial families were responsible for the significant

differences between the microbiota of the two sites (Supplementary

Table S3). The corresponding box plot of the relative abundances of

bacterial taxa at the low- and high-level impact sites is reported in

Figure 6. More specifically, the microbiota of anemones from the
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low-impact site was characterized by an increased abundance in

Clostr idia les (vadinBB60 group) , Lachnospiraceae ,

Ruminococcaceae, Campylobacteriaceae, Alteromonadaceae,

Pseudoalteromonadaceae, Oceanospirillaceae, and Moraxellaceae

compared to the microbiota of the high-impact site. On the

contrary, the microbiota of anemones growing at the high-impact

site was characterized by a higher abundance of the clade DEV007

belonging to the family Vibrionaceae and Verrucomicrobiaceae.

When exploring the connections between the A. viridis

microbiota and the corresponding seawater microbiota

by metacommunity bubble plots (Figure 7), we successfully

identified several groups shared between the different

ecosystems, such as an unass igned fami ly of the

Alphaproteobacteria, Gammaproteobacteria, and Rhizobiales

orders, the families Alteromonadaceae, Cyanobacteria,

Flavobacteriaceae, Halieaceae, the JTB255 marine benthic

group (part of the gammaproteobacterial Woeseiaceae),

Moraxellaceae , Planctomicetaceae , Rhodobacteraceae ,

Ruminococcaceae, Vibrionaceae, and Verrucomicrobiaceae,

with Alteromonadaceae, Moraxellaceae, and Ruminococcaceae

characterizing anemones at the low-impact site and

Verrucomicrobiaceae characterizing anemones at the high-

impact site.
A B

FIGURE 5

Overall microbiota compositional structure of A. viridis and the surrounding environment in the Cap de Creus site. (A) PCoA based on the
unweighted UniFrac distance, weighted UniFrac distance, and Bray–Curtis distance between the microbial profiles of A. viridis and the
environmental samples in the Cap de Creus site shows a strong separation between the groups (permutation test with pseudo-F ratio,
p-value = 0.001). A. viridis microbiota variations in different PCoA models using a procrustean randomized test (“protest”) were in concordant
(unweighted vs. weighted UniFrac distance and unweighted vs. Bray–Curtis distance resulted in p-value = 0.001 and 0.0001 and correlation in a
symmetric rotation = 0.5663 and 0.6665, respectively). The first and second principal components (PCo1 and PCo2) are plotted, and the
percentage of variance in the data set explained by each axis is reported. Ellipses include a 95% confidence area based on the standard error of
the weighted average of the sample coordinate. A. viridis samples are represented in pink shades (“lightpink” circles for Cadaqués, “orchid4”
triangles for Roses), and seawater samples are represented in light blue (“lightskyblue1” circles for Cadaqués, “lightskyblue1” triangles for Roses).
(B) Box-and-whiskers distribution of the alpha diversity metrics Faith’s PD and number of observed ASVs. No significant p-values were found
(Wilcoxon rank-sum test controlled for multiple testing using FDR). The color code is the same as in panel (A).
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FIGURE 6

Microbial families responsible for significant compositional differences between the A. viridis microbiota in Cadaqués and Roses samples at the
Cap de Creus site. Box-and-whisker plots showing the relative abundance of bacterial families whose differential distribution was significantly
different in the A. viridis-associated microbiota in Cadaqués (“lightpink”) and Roses (“orchid4”) sampling sites according to MaAsLin2. The central
box represents the distance between the 25th and 75th percentiles. The median is marked with a black line. Whiskers identify the 10th and 90th
percentiles. P-values are reported below each box plot (Wilcoxon rank-sum test controlled for multiple testing using FDR).
FIGURE 7

Metacommunity bubble plot at the family level in the Cap de Creus site. Bubble plot of the compositional structure of Cadaqués and Roses A.
viridis microbiota samples compared with the respective surrounding seawater at the Cap de Creus site. A. viridis microbiota components
showing a differential distribution between Cadaqués and Roses samples according to the MaAsLin2 model are indicated by red arrows. The size
of the bubbles represents the percentage of relative abundance according to the legend on the right.
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Discussion

In the present study, we found that theA. viridismicrobiota was

characterized by a conserved compositional structure at high

phylogenetic levels while showing a site-specific layout at lower

phylogenetic ranks. Indeed, the A. viridis microbiota at Cap de

Creus was characterized by several dominant families, such as

Lachnospiraceae, Spirochetaceae, Ruminococcaceae, and

Moraxellaceae, which were not detected in anemones at the

Riccione site. Interestingly, both at the Riccione and the Cap de

Creus site, several dominant families of the A. viridis microbiota

were shared with the respective surrounding water microbiota.

Overall, these findings confirm the local adaptation of the A.

viridis microbiota, which remained highly connected with the

seawater microbiota, suggesting a strong host filtering, which

allows the selection of the symbiont components from a local

pool of marine bacteria. Anyway, at both sites, the A. viridis

microbiota was characterized by the presence of heterotrophic

anaerobes, such as Rhodobacteriaceae, Oceanospirillaceae,

Alteromonadaceae, and Pseudoalteromonadaceae, being able to

cycle S (sulfur) and N (nitrogen) with possible benefits for the

host and the surrounding local ecosystem (Muller et al., 2016).

The A. viridis microbiota showed a relevant degree of plasticity

in response to combined anthropogenic and environmental

stressors. Indeed, in the Riccione case study, the A. viridis

microbiota changed in the same site when subject to increasing

multiple impact levels from winter to summer. Interestingly, several

changes in the A. viridis microbiota mirrored changes in the

microbiota of the surrounding water, such as the increase in

Vibrionaceae, Campylobacteraceae, and Pseudoalteromonadaceae,

with a parallel decrease in Rohodobacteriaceae and

Flavobacteriaceae. The observed increase of Vibrionaceae,

Campylobacteraceae, and Pseudoalteromonadaceae in the seawater

microbiota (Liu et al., 2011; Luna, 2015; Gutierrez-Barral et al., 2021)

might be explained by the synergic action of the organic inputs from

the Po River, likely exerting a strong influence on the Adriatic Sea in

the summer season, when stratification and eddy circulation make

the northern Adriatic a semi-enclosed basin (Spillman et al., 2007),

and the enrichment of anthropogenic nutrients in the coastal

seawater during the summer tourism peak, as observed by

Andolina et al. (2021). This condition may also explain the

observed increase in Clostridiales and Rickettsiaceae in the

anemone microbiota since these microorganisms have been all

previously detected in association with marine holobionts growing

in eutrophic conditions (Klinges et al., 2019). Taken together, our

findings from the Riccione case study suggest the ability of the A.

viridismicrobiota to respond to changing environmental conditions

and combined anthropogenic and environmental stressors while

keeping a close connection with the surrounding environment

through the selection of potentially symbiont partners.
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In the Cap de Creus case study, the A. viridis microbiota was

investigated in two sites with different anthropogenic impact levels

(Cadaqués, close to a natural park, and Roses, near an urban

center). While the microbiota of A. viridis from Cadaqués was

characterized by a compositional structure generally coherent with

the one observed for the anemones from the Riccione site, including

copiotroph anaerobic Firmicutes (such as Clostridiales,

Lachnospiraceae, and Ruminococcaceae), Pseudoalteromonadaceae,

and Campylobacteraceae, in Roses, the anemone microbiota

appeared to be completely unstructured, as demonstrated by the

increased dispersion in the PCoA plot. According to the Anna

Karenina principle (Zaneveld et al., 2017), a dysbiotic response of

the holobiont microbiome involves its stochastic dispersion, with

the microbiome acquiring a random configuration as a result of an

impaired host selection. According to other studies (Ahmed et al.,

2019), anemones growing under stressed conditions show

analogous dysbiotic dispersions. Our data thus indicate that A.

viridis growing at the high-impact site in the Cap de Creus case

study develops a dysbiotic state, possibly as a result of a maladaptive

response to the local environmental conditions.

Although our data need to be confirmed in a wider context

(for example, expanding the number of case studies to other

geographic sites) and by shotgun functional metagenomics,

these suggest the relevant degree of plasticity of the anemone

microbiota, which allows the adaptation of the host to different

environmental changes and multiple anthropogenic stressors.

Microbiome dynamics and strong environmental connections

may indeed represent ancestral evolutionary microbiome–host

selection systems, based on a continuous and dynamic

interplay with changing environmental ecosystems, from

which the best available symbionts are selected. In this

scenario, it is of great importance to understand the

mechanisms involved in this “microbiome gardening”

process implemented by the holobiont, as well as the

resilience threshold of this ancestral holobiont system, and

the possible external factors compromising the host selection

processes and resulting in detrimental dysbiotic dispersions, as

observed in the Roses site. This information will be

instrumental to educate policies to preserve and, eventually,

restore coastal holobionts, with cascade benefits for the entire

coastal health and ecosystem services.
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