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Abstract

The vital role of host microbiota in shaping the development and resilience of organisms is
now widely recognized. With rising global populations placing a growing demand on food
security, aquaculture is increasingly crucial for sustainable food production. To further explore
this, we investigated the influence of the North Adriatic Sea's unique and challenging
environment on the tissue-specific microbiota of clams. This fragile ecosystem faces mounting
environmental pressures, making it crucial to understand how these factors influence the clams-
microbiota relationship, in order to optimize clam health and resilience within aquaculture
practices. To address this knowledge gap, we employed a bioinformatics approach to analyze
the composition and function of microbiota across clam tissues (gills and digestive gland) in
five sites throughout summer and winter 2019. This approach allowed for a detailed
examination of the complex bacterial communities within the clams. Our findings revealed
significant variations in the microbiota composition across both tissues and seasons. The
digestive gland, in particular, exhibited the most diverse and balanced bacterial communities,
also displaying the clearest seasonal shift between summer and winter. Additionally,
differential abundance analysis revealed that sites affected by pollution harbored distinct
microbiota compared to cleaner areas. Notably, the presence of the potential pathogenic Vibrio
was observed in polluted areas during summer, while Rickettsiella was found to be abundant
in the digestive gland during winter. This study provides valuable insights into the interplay
between environmental factors, tissue specificity, and the clam-microbiota relationship within
the Venice Lagoon's challenging environment. This knowledge can be instrumental in
developing sustainable aquaculture practices that promote healthy and resilient clam

populations, ultimately contributing to global food security.
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1. Introduction

1.1. Aquaculture

With our planet's population on a non-stop rise, the need for sustainable, nutritious food
sources becomes pressing. In order to meet the population’s needs, new sustainable ways
need to be implemented. Traditional land-based agriculture faces well-documented
limitations, including high costs, inadequate macronutrient profiles, and reliance on fertilizers
and pesticides (Carvajal-Mufioz & Carmona-Garcia, 2012). These practices can negatively
impact plant growth and development, raising concerns about long-term sustainability. For
this reason, aquaculture, the cultivation of aquatic organisms like fish, shellfish and algae, has
emerged as a crucial solution in ensuring global food security. It plays a vital role in solving
hunger and malnutrition by providing readily available sources of protein, essential fatty
acids, vitamins, and minerals (Subasinghe et al., 2009; Kawarazuka, 2010). In addition,
studies suggest that incorporating more seafood into our diets offers a multitude of health
benefits including a reduced risk of chronic diseases, weight management and even childhood
cognitive development (Lund, 2013). Aquaculture offers a distinct advantage over traditional
land agriculture in terms of seasonal availability. Unlike terrestrial crops that are subject to
the limitations of growing seasons, aquaculture allows for the year-round cultivation of
aquatic species. This leads to a consistent and reliable supply of diverse seafood products,
irrespective of the season (Islam, 2007). This consistency benefits both consumers who can
access a wider range of fish throughout the year and businesses involved in the seafood
industry who can maintain stable production cycles. Moreover, it is considered more
sustainable than traditional agriculture, as we utilize areas that are often unsuitable for

farming (Jayanthi et al., 2019; Subasinghe et al., 2009). This in turn reduces the use of land



and leaves a smaller environmental footprint compared to land-based animal farming (Jiang
et al., 2022). Notably, certain aquaculture practices, like shellfish farming, actually improve
water quality and clarity, contributing to a healthier ecosystem, due to the shellfish’s
characteristics of being filter-feeders, thus acting as natural biofilters, facilitating the removal
of nitrogen and other nutrients from coastal waters (Rice, 2001; Shumway et al., 2003). By
embracing sustainable aquaculture practices, a steady supply of nutritious seafood can be

secured, while safeguarding natural resources for future generations.

1.2. Manila Clams

1.2.1. History and aquaculture

Considered a rising star in the world of sustainable aquaculture, the Manila clam (Ruditapes
philippinarum) stands as the second most important bivalve species in fisheries and
aquaculture (Cordero et al., 2017; Yoon et al., 2013). This is due to many reasons: i) they
have minimal resource requirements to be cultivated; ii) they demonstrate remarkable
adaptability to diverse coastal environments, and even thrive in some previously unsuitable
aquatic areas (Dang et al., 2010); ii) in addition, they provide a source of protein, vitamins,
minerals, and omega-3 fatty acids (Venugopal & Gopakumar, 2017). Finally, clams play a
vital role in maintaining clean and healthy water ecosystems. Indeed, nutrient levels in
aquatic environments can lead to excessive growth of microalgae. This is known as algal
blooms, and it can disrupt the ecological balance and lead to oxygen depletion on the seafloor
(Frascari et al., 1988). Since clams act as natural biofilters, they efficiently remove excess

nutrients from the water column through filter feeding. By consuming phytoplankton, clams



help to regulate nutrient levels and prevent algal blooms, therefore contributing to a cleaner
and healthier aquatic environment. All of these characteristics make them a highly suitable
species for aquaculture, providing a healthy source of nutrients but also a more sustainable

and environmentally conscious food system.

Manila clams originated from the Indo-Pacific region and quickly found their way to many
countries for aquaculture purposes (Chiesa et al., 2011). In Europe, they were first introduced
in France in the 1970s (Coelho et al., 2021), not reaching Italy until 1983, but despite that,
Italy quickly became the leading European country for their production, accounting for 95 %

of the total European yield, with an annual output of 33,500 tonnes of clams (Chiesa et al.,

2011; FAO, 2020).

1.2.2. Manila clams and the North Adriatic Sea

Italy's shellfish farming industry thrives on two main bivalves: the Manila clam (Ruditapes
philippinarum) and the Mediterranean mussel (Mytilus galloprovincialis) (Robert et
al.,2013). These cultivated shellfish are perfect for the unique environmental conditions of
the Northern Adriatic Sea. The heart of Italian clam farming lies within the highly productive
coastal lagoons that border this sea (Bordignon et al., 2021; Sladonja et al., 2011). The key to
the North Adriatic's success as a clam farming hotspot lies in the captivating complexity of
the Venice Lagoon. This dynamic ecosystem presents a blend of complexity and uniqueness.
Internal water movements and a diverse range of shapes and depths combine to create a
constantly evolving ecosystem. Channels, shallow flats, and connections to the open sea all
contribute to this dynamic characteristic. The lagoon is linked to the Adriatic Sea through a

network of three narrow channels, ensuring a healthy exchange of water for the lagoon's



ecosystem (Bellafiore et al., 2008). This exchange of freshwater and saltwater brings a
constant flow of nutrients, creating a rich feeding ground for clams, and making the north
Adpriatic Sea a hotspot for sustainable clam aquaculture.

However, this region faces a number of complex challenges. The North Adriatic Sea and, in
particular, the Venice Lagoon, have faced significant pollution challenges for decades
(Frascari et al., 1988), and these challenges remain a concern today (Pizzini et al., 2024;
Basili et al., 2022). While the high sediment load carried by the Po River can dilute some
pollutants (Riminucci et al., 2022), the primary source of the problem lies with the
continuously growing human population around the lagoon. Waste from homes and
industries, rich in nutrients like nitrogen and phosphorus, flows into the lagoon from
surrounding cities (Cevirgen et al., 2020). Consequently, intensified agricultural practices to
feed this population further deepens the problem by adding even more nutrients to the aquatic

ecosystem.

The complex ecosystem is witnessing the effect of centuries of human activity (Bellucci et
al., 2002). The industrial area of Porto Marghera stands out as a major source of
contaminants, with heavy metals and persistent organic pollutants like PCDDs/Fs, PCBs, and
HCB accumulating in the lagoon's sediments (Ravera, 2000; Bellucci et al., 2002; Frignani et
al., 2004, 2005). Industrial activity in Porto Marghera began in the early 20th century,
following World War I (Bellucci et al., 2002), coinciding with the reported increase in lagoon
sediment contamination (Pavoni et al., 1992). While clam fishing practices may have
contributed by redistributing some of these contaminants within the lagoon (Bellucci et al.,
2002), the industrial activity remains the primary culprit. Mercury released during this period
has also left a lasting impact (Rosati et al., 2020), leading to highly toxic sediments with

documented DNA damage in marine organisms (Losso & Ghirardini, 2010).



The challenges that the Venice Lagoon is facing are due to profound human influence for the
longest time (Ravera, 2000). The Venetian Republic itself significantly altered the lagoon's
landscape through various modifications like expanding the canals, or making the city more
attractive to tourists (Ravera, 2000), and today, the lagoon stands as a global example of the
impact humans can have on their surrounding environment (Gieskes et al., 2015). The diverse
industrial activities concentrated around Porto Marghera, ranging from chemical production
to oil refining, has contaminated the air, soil, and water for decades, and it continues to
challenge the health of the lagoon and its inhabitants (Pavoni et al., 1992; Bellucci et al.,
2002; Guarino & Sciarrillo, 2017).

With the presence of these various contaminants in the habitat of Italy's valuable Manila
clams, investigating the impact of these pollutants on clam health and potential human health

risks becomes of great importance.

1.3. Microbiome

1.3.1. Definition

In order to maintain the health of clams and ensure the sustainability of clam aquaculture, it is
crucial to understand the composition and function of their microbiome.

Although the idea of microbial communities existing within an organisms has been studied
for centuries, the term “microbiome” did not appear until 2001, after Joshua Lederberg,
microbiologist and Nobel Laureate, first used it to describe “an ecological system of
commensal, symbiotic, and perhaps pathogenic microorganisms that reside in the human

body” (Lederberg & McCray, 2001). Today, it is widely known that the microbiome goes



beyond just the human body, and the term is used to describe the microscopic organisms
inhabiting a particular environment and the organisms themselves, typically including
bacteria, fungi, and archaea (Liu, 2016). This community of microbes, referred to as
“microbiota”, forms a relationship with the host it inhabits, along a spectrum that ranges from
mutualism, where both the bacteria and the host benefit, to pathogenicity, where the bacteria
harm the host. Under the broader category of mutualism, we can define symbiosis and
commensalism, where both parties gain some advantage or neither is harmed (Hooper &
Gordon, 2001). These relationships can be observed across all organisms in the animal
kingdom, some examples include on one end of the spectrum, the mutualistic symbiosis
between squids and the bioluminescent bacteria Vibrio fischeri, where these bacteria provide
the squid with light for anti-predation tactics, while the squid presents the bacteria with
nutrients (Visick & McFall-Ngai, 2000). And on the other end of the spectrum, the
relationship between Xylella fastidiosa and plants, that can range from commensalism, where
the bacteria colonize the plant without causing harm, to pathogenicity, where the bacteria
cause devastating plant diseases (Roper et al., 2019).

Several previous reserarch helped identify the numerous functions that microbiota plays
within animals’ physiology. These micro-organisms contribute significantly to their host's
metabolism and fitness (Moran & Baumann, 2000), acting as nutritional supplements by
synthesizing essential vitamins and amino acids (Wu et al., 2006). This partnership also
extends to defense mechanisms, with the microbiome aiding the host in adapting to changing
environmental conditions and even resisting disease (O’briend et al., 2019; Zilber-Rosenberg
& Rosenberg, 2008). Research has even linked variations in gut microbiota to size and weight

development in certain marine invertebrates (Sha et al. 2016).

An important feature of the microbiome is that is not static but rather dynamic. It is



constantly evolving throughout an organism's life in response to various factors, including
maturation, dietary changes, environment, illnesses, and medical treatments (van Oppen &
Blackall, 2019; Gerber, 2014). Microbial colonization is known to begin at birth and is
shaped by a multitude of influences, establishing a foundation for the complex and vital
functions it performs (van Oppen & Blackall, 2019; Zhou et al., 2017; Lema et al., 2014). A
significant disruption in this composition, termed dysbiosis, can manifest as a loss of
beneficial bacteria, reduced overall diversity, or an increase in potentially harmful pathogens
within the microbiome (Walker, 2017), often leading to disease expression (Petersen &
Round, 2014).

The following sections will delve deeper into the factors that can influence this delicate

balance within the microbiome.

1.3.2. Microbiome of the Manila Clam

Similar to other organisms, the clam’s microbiota plays a crucial role in their health and well-
being, forming a mutually beneficial relationship. Studies have revealed that Proteobacteria
are the dominant phylum within the clam microbiome, typically accounting for over 80% of
the bacterial community (Leite et al., 2017). Other phyla commonly found include
Firmicutes, Bacteroidetes, and Chlamydiae (Milan et al., 2018). At the genus level,
Mycoplasma is often the most abundant, with Arcobacter and representatives from families
such as Rhodobacteraceae and Endozoicimonaceae also frequently identified (Milan et al.,
2018). Research also suggests that the composition of the microbiota can vary significantly
between different clam tissues (Meisterhans et al., 2016). This variation likely reflects the
specific functions performed by each tissue, with the microbiota composition adapting to

support these functions.



1.3.3. The effect of the environment and the diet on microbiome biodiversity

1.3.3.1. Environmental Impact

The environment plays a crucial role in shaping animal microbiomes, with various stressors
significantly affecting these microbial communities. For instance, during the warmer months,
rising temperatures can increase the concentration of inorganic nitrogen compounds due to
the rapid decomposition of organic matter, leading to decreased dissolved oxygen and pH
levels in water. Such changes were found to impact bacterial communities in aquatic systems
(Liet al., 2017). Moreover, pollution has a marked influence on intestinal bacterial
communities. In heavily polluted environments, such as Jakarta Bay, there is a dominance of
Vibrionales in wild shrimp, while cleaner environments and aquaculture facilities show a
higher abundance of Alteromonadales, along with an overall higher alpha diversity in

comparison with the polluted site (Oetama et al., 2016).

Environmental stressors can lead to bacterial dysbiosis, where the normal microbial balance
is disrupted, potentially resulting in disease. For example, high mortality rates in aquatic
animals have been linked to concurrent heat stress and changes in bacterial community
structure, favoring opportunistic pathogens like Arcobacter and Vibrio (Green et al., 2019).
This shift is often accompanied by a decrease in beneficial bacteria, allowing opportunistic
microbes to become infectious (Boutin et al., 2013). The microbiome's role in an organism's
adaptation to changing environments is increasingly recognized, with evidence suggesting
that a stable host-microbiome association is vital for adaptation (Alberdi et al., 2016).
Overall, both field and experimental studies indicate that environmental stressors can induce

bacterial dysbiosis, leading to health issues in animals (Infante-Villamil et al., 2021).



1.3.3.2. Dietary Influence

Diet also has a profound effect on the microbiome composition and, as a consequence, on the
host’s health. For instance, in the shrimp Penaeus vannamei, partial replacement of fish meal
with dehulled oil-extracted soybean meal negatively affected growth, feed efficiency, and
innate immunity, while also leading to the development of an unfavorable gut microbiome
(Hu et al., 2019). Similarly, in the Chinese mitten crab Eriocheir sinensis, the anti-nutritional
factor glycinin found in soybean disrupted gut microbiome balance and impeded growth (Han
etal., 2019, 2020). Researches also agree that the levels of proteins, lipids, and carbohydrates
in an animal's diet can significantly impact both the microbiome and overall animal

performance (Qiao et al., 2017; Sun et al., 2018).

Diet-induced dysbiosis is a notable concern. Diets high in soybean oil have been associated
with decreased bacterial alpha-diversity and an increased abundance of potentially pathogenic
bacteria like Mycoplasma and Vibrio, while reducing beneficial bacteria such as Bacillus and
Lactococcus, and conversely, diets rich in long-chain fatty acids have a beneficial effect,
promoting the growth of these beneficial bacteria in the carnivorous marine fish golden
pompano (7rachinotus ovatus), (You et al., 2019). Additionally, dietary copper has been
shown to increase the abundance of potential pathogens like Vibrio in the gut of shrimp, even

if it does not affect the shrimp’s performance directly (Zhou et al., 2017).

1.3.3.2. Effect of environment and diet on Manila Clams microbiome

The Manila clam exemplifies how environmental factors and diet interact to influence the
microbiome. It has been known for decades, that the growth of Manila clams is primarily
determined by water temperature and food availability (Chew, 1989; Shpigel & Fridman,

1990). Laboratory studies have shown that meat growth in clams is highest at 12°C and



decreases at higher temperatures, with no significant differences noted in shell growth (Mann
& Glomb, 1978; Mann, 1979). More recent studies also agreed that seasonal changes affect
the microbiome, with higher bacterial diversity observed in winter compared to summer

(Milan et al., 2018; Meisterhans et al., 2016).

Environmental pollutants also have a significant impact on the clam microbiome. Clams from
contaminated sites exhibit distinct transcriptomic signatures related to drug metabolism,
detoxification processes, and immune response (Milan et al., 2013). This pollution can also
open the doors to several opportunistic pathogens to infect the clams. Changes in the
microbiome composition have been noted from many studies that investigated clams in
polluted zones, and the most concerning finding was the abundance of Vibrio is several of the
samples collected (Zhu et al., 2023; Zampieri et al., 2020). Moreover, the microbiota in
clams' digestive glands can be modified by environmental fluctuations and direct acquisition
of microbial species from the surroundings (Beleneva & Zhukova, 2009; Dubilier et al.,
2008). Geographic variations also significantly influence microbial composition, with distinct
bacterial communities observed in different habitats (Meisterhans et al., 2016).

Overall, the interaction of seasonality and exposure to toxicants substantially affects clam
microbiota, mirroring the host's response to environmental changes (Milan et al., 2018). This
complex interplay between environment and diet reveals how crucial they are for maintaining

a healthy and balanced microbiome in Manila clams.

1.3.4. Effect of disease on the microbiome

The impact of health status on the microbiome has been extensively documented,
highlighting that disease states often correlate with reduced microbial diversity. A decrease in

alpha diversity is commonly associated with diseased conditions (Infante-Villamil et al.,

10



2021). Also, the overall microbiome diversity can be affected by health status (Wang et al.,
2019). For instance, in the Pacific oyster Crassostrea gigas, heat stress alone did not cause
mortality, but when combined with infection by the pathogen Vibrio, it triggered infections by
opportunistic pathogens such as Arcobacter. In these cases, diseased individuals showed a
high abundance of Arcobacter and reduced bacterial diversity, whereas infected survivors and
control groups did not exhibit such a dramatic decrease in diversity (Lokmer & Wegner,
2015). Similarly, in the sea cucumber Apostichopus japonicus, animals suffering from Skin
Ulceration Syndrome exhibited dysbiosis characterized by decreased alpha diversity as well
as changes in beta diversity (Zhang et al., 2018). Interestingly, it was found that bacterial
diversity did not decline at the onset of disease but often decreases as the disease progresses

(Xiong et al., 2017).

For clams, the health condition significantly affects microbiome composition, especially in
polluted environments. Being bivalves, Manila clams are sedentary, filter-feeding organisms
that tend to accumulate metals and other pollutants in their tissues, particularly the gills and
digestive gland (Milan et al., 2013). This accumulation can lead to significant health impacts,
including the upregulation of genes involved in xenobiotic metabolism, as observed in clams
from Porto Marghera, a highly polluted area (Iannello et al., 2021; Matozzo et al., 2010;
Apitz et al., 2007). The interaction between toxicant exposure and microbiota changes in

clams often mirrors the host's response to environmental variations (Milan et al., 2018).

In the Venice Lagoon, Porto Marghera's sediments were found to have some of the highest
contaminant levels among the sites studied (Apitz et al., 2007). Such extreme levels of
pollution significantly affect the microbiota associated with clams, with notable differences in
the hepatopancreas-associated microbiota between clams from Porto Marghera and those

from less polluted areas (Iannello et al., 2021). The exposure to these contaminants not only

11



impacts microbial diversity but also drives the upregulation of genes involved in
detoxification processes, highlighting a complex interplay between the clams' health and their

microbiome composition (Iannello et al., 2021).
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1.4. Aim of the thesis

This thesis aims to investigate the impact of environmental factors, including pollution, on
the Manila clam microbiome in the North Adriatic Sea. Utilizing a bioinformatics approach,
we will analyze the composition of bacterial communities within both the digestive gland and
gills of clams collected from five sites during summer and winter of 2019. The research
focuses on comparing alpha and beta diversities, alongside differential abundance analyses, to
understand how spatiotemporal variations influence the health and balance of the clam
microbiome in relation to several environmental variables (i.e., Oxygen, Temperature,
Conductivity, Salinity and pH). Understanding these interactions can ultimately be used to
develop strategies for promoting healthy clam populations and safeguarding the balance of

marine ecosystems.
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2. Materials and methods

2.1. Data Collection

This study investigated the bacterial communities from Manila clams (Ruditapes
philippinarum) collected in different farming sites and one polluted area. Clams were
collected across two seasons (summer 2019 and winter 2019) from five locations within the
Venice Lagoon and surrounding areas (Figure 1). At each location, approximately 100 clams
were collected from four different farming areas (Chioggia (CH), Colmata (CO), Marano
Lagunare (MA) and Scardovari (SC)), and one polluted site (Porto Marghera (PM)), using a
mechanical rake, adhering to regulations for commercial bivalve harvesting. After collection,
the clams were placed in a depuration center for at least 16 hours. Here, they were kept in a
flowing seawater system with mechanical, biological, and ultraviolet (UV) filtration.
Following depuration, the clams were transported to the laboratory where gill (GL) and
digestive gland (DG) tissues were carefully dissected from each clam using sterilized
scalpels. These tissue samples were immediately transferred to tubes containing 90% ethanol

and refrigerated for further analysis.

r

E Marano Lagunare (MA)

>
Porto Marghera (PM)
Colmata [(£)]

[ D |Scardovari (s€)

Chioggia (CH)

Figure 1. North Adriatic sea and Venice Lagoon: areas of study
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2.2. DNA extraction and 16S gene Sequencing

For DNA analysis, tissues from 5 samples (each one composed of 10 individuals) within the
same location and sampling period (either gill or digestive gland) were extracted and purified
using a commercial kit (QIAGEN DNA Power Soil) with an additional proteinase K
treatment to enhance cell disruption (Table 1). The quality and quantity of extracted DNA
were assessed using gel electrophoresis and a NanoDrop 1000 instrument. Finally, DNA
aliquots were sent to BMR Genomics (Padua, Italy) for sequencing. This sequencing process
targeted a specific region of the 16S ribosomal RNA gene (V3-V4) using MiSeq technology,

generating paired-end reads of 300 base pairs each.

CH co MA PM SC Total
Winter Summer Winter Summer Winter Summer Winter Summer Winter Summer
DG 5 5 5 5 5 5 5 5 5 5 50
GL 5 5 5 5 5 5 5 5 5 5 50
SED 3 3 3 3 3 3 3 3 3 3 30
Total 13 13 13 13 13 13 13 13 13 13 130

Table 1. Number of samples analysed for each tissue type in each site and season

2.3. Environmental data

In order to investigate the possible association between clam microbiome and environmental
conditions in 2019, we collected various environmental variables for the summer and winter
months, which were available via the “Agenzia Regionale per la Prevenzione e Protezione

Ambientale del Veneto” (ARPAV; https://www.arpa.veneto.it/). The ARPAV pursues two

closely related objectives: (i) protection, through environmental controls that protect the
health of the population and the safety of the territory; (ii) prevention, through research,
training, information, and environmental education. For the present study we considered the
following variables: Temperature, conductivity, salinity, dissociated oxygen level and pH of

the water.
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2.4. Bioinformatics analyses

All subsequent analyses were performed in R (v4.3.3) using mainly the phyloseq package

(v1.46.0) and other relevant packages mentioned below.

2.4.1. Analysis of environmental variables

Descriptive statistics were calculated, and preliminary graphs were generated to compare
environmental parameters within and across sampling sites using dp/lyr and ggplot packages
in R. Additionally, the Kruskal-Wallis and Wilcoxon tests were used to compare the different
groups of interest: The Kruskal-Wallis test is a non-parametric alternative to ANOVA, to
compare if medians of a variable differ significantly across multiple groups defined by
another variable, (McKight & Najab, 2010), while the Wilcoxon test is used to compare a
variable between all possible pairs of groups defined by another variable (Rosner et al.,
2006). The obtained p-value would determine how significant the difference between the
studied groups is. Both tests were performed using functions from the base R package stats:

Kruskal.test and Wilcox.test.

2.4.2. Alpha diversity

In an ecological context, alpha diversity serves as an important measure of biodiversity
within a habitat. It helps us identify the richness of species: the number of different species
present (i.e., Observed index), but also its evenness, their relative abundance (i.e., Shannon
index). A more specific index used to quantify alpha diversity is the Shannon index. It is
based on the distribution of the individuals within a species and takes the proportion of each
species into account, giving an accurate description of the diversity in an ecosystem

(Konopinski, 2020). Hence, a higher Shannon value indicates greater diversity in terms of

16



species present and their relative abundances. Alpha diversities were calculated between
seasons (summer, winter), between tissues (DG, GL, SED) and between sites for each tissue
(CH, CO, MA, PM, SC). In this study, alpha diversity was calculated using the phyloseq

function estimate richness.

2.4.3. Beta diversity

On a broader scale, beta diversity becomes more useful, as it measures the relation among
different habitats based on their microbiome composition, helping us identify how similar or
dissimilar the different areas are. Metrics such as Bray-Curtis dissimilarity, Jaccard similarity
are used to quantify the beta diversity. In this study, Bray-Curtis dissimilarity index was used.
This index is used to quantify the compositional dissimilarity between two different sites or
samples, based on the abundances of species (Bray & Curtis, 1957). Several visualization
techniques are then used to visualize the results obtained from the previously mentioned
metrics such as Principal Coordinates Analysis (PCoA). It projects the dissimilarity data onto
orthogonal axes, with each axis representing a principal coordinate. Sites or samples with
similar species composition will cluster together in the plot, while those with dissimilar
composition will be farther apart (Xia, Y., & Sun, J., 2023). Beta diversity was calculated
using the phyloseq functions ordinate and distance. Three-dimensional plot of beta diversity
was generated using the plotly package (v4.10.4) (Sievert et al., 2021). Then a beta diversity
plot was generated for each tissue type alone, with samples colored by site and shaped by
season. Finally, Permutational Multivariate Analysis of Variance Using Distance Matrices
(PERMANOVA) was calculated using adonis2 from the vegan package (v2.6-4) (Oksanen et

al., 2013).
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2.4.4. Differential Abundance Analysis

Differential abundance analysis is a technique used to identify microorganisms that exhibit
significant differences in abundance between different conditions within a dataset. It was
performed in our study to determine which bacterial populations responded differently to
seasonal changes across the three studied tissues. We used the R package DESeq?2 (v1.42.1)
to statistically assess these differences while accounting for potential variations in sequencing
depth. DESeq? is a package that helps scientists identify significant differences in gene
expression levels. It does this using a special type of statistical model that accounts for
variations in how genes are expressed (Love et al., 2014). This allows us to pinpoint key
bacterial taxa that may contribute to the observed seasonal shifts within the digestive gland,

gill, and sediment microbiomes.

2.4.5. Phylum and Genus composition

To quantify bacterial community composition within the tissues, the abundance of each genus
and phylum was determined by summing the reads assigned to those taxonomic ranks. To do
that, the data was first grouped by the taxonomic rank "Genus", the smallest taxonomic level
we are interested in, using the tax_glom function from the phyloseq package. Normalization
was then performed to account for variations in sequencing depth across samples. This
involved calculating the relative abundance for each genus and phylum by dividing their read
counts by the total number of reads per sample using another phyloseq function,
transform_sample_counts. Finally, these normalized abundances were used to construct box
plots, visualizing the distribution of each genus and phylum proportion by site and season
within the digestive gland and gill tissues, and the sediment substrates. Several functions of

the dplyr package were used (v1.1.4) to manipulate the data (filter, group by, mutate, select,
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summarise, ungroup) (Wickham et al., 2023).

2.4.6. Correspondence analysis

To understand how bacterial communities interact with their environment within the tissues,
correspondence analysis (CA) was employed. This method is particularly useful because it
can visualize relationships between different variables, which is exactly what we need
(Greenacre, 2010). In this context, CA will create a biplot, where samples and bacterial
genera are positioned based on their abundance patterns. By analyzing the relative positions
of samples and genera in the biplot, we can identify potential correlations between specific
environmental variables (season and site) and the observed bacterial communities. This
allows us to explore which environmental factors are associated with the presence or absence
of particular bacterial genera. For statistical comparisons and interactive visualizations, a list
of R packages was used: for comparison and interactive visualization: digest (v0.6.35) and
ranacapa (v0.1.0), for ecology and microbiome data analysis: phyloseq (v.1.46.0),
microbiome (v1.24.0) and vegan (v2.6-4), (Eddelbuettel et al., 2024; Kandlikar et al., 2018;

McMurdie & Holmes, 2013; Lahti & Shetty, 2018; Oksanen et al., 2013)

2.4.7. Data visualization

All graphs and visualizations were created using several functions from the ggplot2 package

(v3.5.0) in R, (Wickham et al., 2016).
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3. Results

3.1. Analysis of environmental variables:

3.1.1. Analysis of environmental and seasonal differences during 2019.

Wilcoxon signed-rank tests revealed significant seasonal changes in several environmental
parameters across all sites in 2019 (Table 2). Water temperature exhibited the most dramatic
shift, with a highly significant difference (p-value < 2.22e-16) between summer (average:
21.36 °C) and winter (average: 11.81 °C). Similarly, dissolved oxygen levels displayed a
significant decrease (p-value = 5.7e-16) from winter (average: 7.76 mg/L) to summer
(average: 6.33 mg/L). Water pH also showed a significant rise (p-value < 2.22e-16),
averaging 8.09 in winter and 8.44 in summer. Conversely, no significant seasonal differences
were observed for conductivity (p-value = 0.12) and salinity (p-value = 0.25). In conclusion,
the year 2019 witnessed significant seasonal variations in temperature, oxygen levels, and pH

across all sites studied.

Year Variable Summer Winter p-value Significance
Temperature (°C) 21.36 11.81 p<2.22e-16 kel
Conductivity (uS/cm) 44 45.43 0.12 ns
2019 Salinity (psu) 28.35 30.01 0.25 ns
Oxygen (mg/l) 6.33 7.76 5.70E-16 *AHk
pH 8.44 8.09 p<2.22e-16 ook ok

Table 2. Averages and significance of the environmental variables between seasons in 2019
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3.1.2. Analysis of environmental and seasonal differences for Chioggia (CH)

Similar to the overall trend across all sites, CH exhibited significant seasonal variations in
several environmental parameters in 2019 (Table 3). Water temperature displayed the most
dramatic change, with a highly significant difference (p-value = 8.7e-10) between winter
(average: 10.85 °C) and summer (average: 20.08 °C), representing a near 10-degree increase.
pH also showed a significant rise (p-value = 5.8e-10), averaging 8.14 in winter and 8.57 in
summer. Interestingly, unlike the overall trend, conductivity and salinity displayed significant
seasonal decreases at site CH. Conductivity dropped from an average of 54.63 uS/cm in
winter to 47.37 uS/cm in summer (p-value = 2.4e-09), and salinity decreased from 33.79 to
30.50 (p-value = 6e-06). Finally, dissolved oxygen levels showed a slight but significant
decrease (p-value = 0.04), averaging 7.36 mg/l in winter and 7.10 mg/l in summer. These
observations suggest unique seasonal patterns in conductivity and salinity specifically at site

CH compared to the overall trend across all sites.

Site Variable Summer Winter p-value Significance
Temperature (°C) 20.08 10.85 8.70E-10 kel
Conductivity (uS/cm) 47.37 54.63 2.40E-09 Fkkk
CH Salinity (psu) 30.5 33.79 6.00E-06 Rk
Oxygen (mg/l) 7.1 7.36 0.04 *
pH 8.57 8.14 5.80E-10 Hxkk

Table 3. Averages and significance of the environmental variables between seasons in CH
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3.1.3. Analysis of environmental and seasonal differences for Colmata (CO)

Out of the measured environmental variables in CO, only conductivity, oxygen levels, and pH
exhibited significant changes between summer and winter (Table 4). While temperature
showed a decrease from a summer average of 20.10°C to 13.33°C in winter, this difference
was not statistically significant (p-value = 0.049). Similarly, salinity variations between
seasons (winter average: 33.45 psu, summer average: 31.72 psu) were not significant (p-value
= 0.45). In contrast, conductivity, oxygen levels, and pH all displayed highly significant
seasonal differences. Conductivity was higher in winter (average: 52.41 uS/cm) compared to
summer (average: 49.09 uS/cm) with a p-value of 6.2e-14. Likewise, oxygen levels were
significantly higher in winter (average: 7.65 mg/I) than in summer (average: 6.43 mg/l) with a
p-value of 5.4e-15. Finally, pH levels were also significantly higher in summer (average:

8.53) compared to winter (average: 7.87) with a p-value of 4.2e-15.

Site Variable Summer Winter p-value Significance
Temperature (°C) 20.1 13.43 0.049 *
Conductivity (uS/cm) 49.09 52.41 6.30E-14 Fdkdkk
(010)] Salinity (psu) 31.72 33.45 0.45 ns
Oxygen (mg/l) 6.43 7.65 5.40E-15 *kkk
pH 8.53 7.87 4.30E-15 *kkk

Table 4. Averages and significance of the environmental variables between seasons in CO

3.1.4. Analysis of environmental and seasonal differences for Marano Lagunare (MA)

In MA, temperature displayed the most significant seasonal change, with a p-value of 8.3e-

07. The summer average of 23.24°C dropped considerably to an average of 11.62°C in
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winter. Conductivity also exhibited a significant difference between seasons (p-value =
0.0018), decreasing from a summer average of 37.85 uS/cm to 29.92 uS/cm in winter, which
were the lowest conductivity values across all sites. Similarly, winter witnessed a slight but
significant increase in oxygen levels (p-value = 0.017), with the average rising from 5.23
mg/l in summer to 5.92 mg/I in winter. Interestingly, pH showed a significant decrease (p-
value = 0.0095) from a summer average of 8.36 to 8.07 in winter. Unlike the other variables,

salinity remained unchanged between seasons (p-value = 0.45), with averages being around

24.73 psu in summer and 25.56 psu in winter (Table 5).

Site Variable Summer Winter p-value Significance
Temperature (°C) 23.24 11.62 8.30E-07 *kkk
Conductivity (uS/cm) 37.85 29.92 0.0018 *x
MA Salinity (psu) 24.73 25.56 0.45 ns
Oxygen (mg/l) 5.23 5.92 0.017 *
pH 8.36 8.07 0.0095 *x

Table 5. Averages and significance of the environmental variables between seasons in MA

3.1.5. Analysis of environmental and seasonal differences for Porto Marghera (PM)

In PM, all measured environmental variables except for pH exhibited significant seasonal
changes (Table 6). Summer temperatures (average: 20.28°C) dropped significantly in winter
(average: 12.65°C) with a p-value of 0.0058. Similarly, conductivity increased significantly
from a summer average of 42.99 uS/cm to 49.68 uS/cm in winter (p-value = 5.8e-08).
Salinity also displayed a significant rise between seasons (p-value = 5.6e-08), with winter

values (average: 31.44 psu) being higher compared to summer (average: 27.43 psu).
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Interestingly, unlike the other variables, pH remained relatively stable across seasons, with
summer and winter averages at 8.30 and 8.25, respectively. Finally, dissolved oxygen levels
followed the opposite trend, with a significant decrease (p-value = 4e-08) from a summer

average of 8.43 mg/1 to only 4.78 mg/1 in winter, the lowest conductivity level across all sites.

Site Variable Summer Winter p-value Significance
Temperature (°C) 20.28 12.65 5.80E-03 *%
Conductivity (uS/cm) 42.99 49.68 5.80E-08 *kkk
PM Salinity (psu) 27.43 31.44 5.60E-08 Ak
Oxygen (mg/l) 4.78 8.43 4.00E-08 ekl
pH 8.3 8.25 1 ns

Table 6. Averages and significance of the environmental variables between seasons in PM

3.1.6. Analysis of environmental and seasonal differences for Scardovari (SC)

SC exhibited the most significant seasonal temperature change (p-value < 2.22e-16), with
summer temperatures (average: 23.12°C) dropping considerably to winter averages
(10.39°C). This represents the lowest summer temperature average across all sites. Unlike
PM, pH in SC also showed a significant seasonal decline (p-value = 1.2e-09), going from a
summer average of 8.48 to 8.18 in winter. Interestingly, winter witnessed a significant
increase in oxygen levels (p-value = 5.8e-06) compared to summer. Oxygen levels rose from
an average of 8.09 mg/l in summer to 9.47 mg/l in winter. In contrast to these significant
changes, salinity and conductivity levels in SC remained relatively stable across seasons.

Summer salinity (average: 27.39 psu) and conductivity (average: 42.69 nS/cm) did not differ
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significantly from winter values (salinity: 25.81 psu, conductivity: 40.55 uS/cm), with p-

values of 0.045 and 0.079, respectively (Table 7).

Site Variable Summer Winter p-value Significance
Temperature (°C) 23.12 10.49 p<2.22e-16 kel
Conductivity (uS/cm) 42.69 40.55 0.079 ns
SC Salinity (psu) 27.39 25.81 0.045 *
Oxygen (mg/l) 8.09 9.47 5.80E-06 *R A
pH 8.48 8.15 1.20E-09 *xkk

Table 7. Averages and significance of the environmental variables between seasons in SC
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3.2. Alpha Diversity:

Alpha diversity was calculated for all the different tissues, seasons, and sites. We used two
different indices: (i) the Observed richness, which reflects the total number of unique species

identified, and (i1) the Shannon index, which incorporates both species richness and evenness.

3.2.1. Alpha diversity analysis by tissue:

Investigating alpha diversity across tissue types revealed pronounced patterns. Notably,
significant differences were observed between clam tissues (DG and GL) and the surrounding
sediments. Within the clam tissues, the digestive gland displayed a higher observed species
richness, evident by its elevated mean value. This trend was mirrored by the Shannon index,
showing both higher values and less variation in the DG compared to the gills. Interestingly,
the alpha diversity of the sediments far exceeded that of both clam tissues. The observed
species richness in the sediments presented a mean well above 1000, further supported by a
high and tightly clustered Shannon index. These findings suggest that the digestive gland
harbors a greater number of unique and more evenly distributed species compared to the gills.
Furthermore, the sediment environment exhibited a remarkably higher richness and evenness
of species compared to both clam tissues. To validate these observations, a Kruskal-Wallis
test was employed, aligning with the initial visual assessment. The test yielded statistically
significant p-values (p < 0.05) for all comparisons between tissues and sediment for both
observed and Shannon indices. Notably, the p-values were particularly low (p < 0.001) when
comparing the sediments to the clam tissues, highlighting the substantial difference in

diversity between these environments (Figures 2 and 3).
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Figure 2. Kruskal-Wallis and Wilcoxon tests of alpha diversity by Figure 3. Kruskal-Wallis and Wilcoxon tests of alpha diversity by
tissue - Observed tissue - Shannon

3.2.2. Alpha diversity analysis by season:

Observed species richness displayed minimal variation between summer and winter (Figure
4). The mean values for both seasons were nearly identical, suggesting that the studied areas
harbored a very similar number of unique species irrespective of the season. However, the
Shannon diversity index, showed a slightly more pronounced seasonal difference, but it is
still not statistically significant (Figure 5). While the mean Shannon index remained
relatively close between summer and winter, summer exhibited a marginally higher value.
This indicates that while the total number of species found might be similar across seasons,
summer displayed a slightly greater evenness in species distribution compared to winter. To
statistically verify these observations, a Wilcoxon signed-rank test was conducted. The test
results agreed with our findings, demonstrating no significant differences in observed species

richness (p-value = 0.79) and Shannon diversity index (p-value = 0.20) between summer and
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winter. This suggests that the observed seasonal patterns may not be statistically robust.

Season E Summer Winter Season E Summer Winter
0.79 ‘ 0.2 1
-
2000 . . St
R .
6
1500
. .
. -
Rl c
g 2a
3
@ 3 .
2 1000 d 2
o e
l. .. *
. T e
500 .. a 2 S
» s .
L] l. " . '.
MR 2 ..
!- ‘._- .,
0 .
Summer Winter Summer Winter
Season Season
Figure 4. Wilcoxon test of the alpha diversity by season - Figure 5. Wilcoxon test of the alpha diversity by season -
Observed Shannon

3.2.3. Alpha diversity analysis by site and tissue:

3.2.3.1. DG:

Analysis of alpha diversity within the DG revealed no significant variation between sampling
sites (CH, CO, MA, PM, and SC). Both observed species richness (Figure 6) and the Shannon
diversity index (Figure 7) displayed minimal fluctuations across locations. Notably, all sites
exhibited similar species richness and evenness, with MA and PM showing a slight, but non-
significant, tendency towards higher values. A Kruskal-Wallis test confirmed this observation,
with all p-values exceeding 0.05, except for the comparison between CO and SC (p-value =
0.033). However, the overall significance level for both observed and Shannon indices

remained non-significant (0.15 and 0.47, respectively).
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Figure 7. Kruskal-Wallis and Wilcoxon tests of alpha diversity by site (DG) — Shannon
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3.2.3.2. GL:

In contrast, alpha diversity within the GL yielded more intriguing results. The Kruskal-Wallis
test (Figure 8) revealed a significant overall difference between sites (p-value = 0.013). There
appears to be significant differences specifically between SC and the remaining sites: PM: p-
value = 0.0047, CO: p-value = 0.0073, and MA: p-value = 0.028. These findings suggest that
SC exhibits the most distinct alpha diversity compared to other locations. The Shannon
diversity index (Figure 9) presented even stronger statistical significance (p-value = 3.6e-006),
with all pairwise comparisons between sites significant except for CH and SC, CO, and MA

and finally PM and MA.
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Figure 8. Kruskal-Wallis and Wilcoxon tests of alpha diversity by site (GL) - Observed
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3.3. Beta Diversity:

3.3.1. Beta-Diversity analysis on the entire dataset:

A Principal Coordinate Analysis (PCoA) plot revealed a clear separation of microbial
communities across the three tissue types (DG, GL, and SED). The plot depicted three
distinct clusters, with no overlap between groups, suggesting significant dissimilarity in
species composition between the tissues (Figure 10). This observation was confirmed with a
PERMANOVA test resulting in a significant p-value of 1e-04. However, to gain a more

comprehensive understanding of the community structure, we employed a 3D PCoA plot for

further analysis.
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Figure 10. Bray-Curtis PCoA on the entire dataset

32



The 3D PCoA plot incorporating seasonality provided a more nuanced view of beta diversity
within each tissue (Figure 11). For GL, winter samples exhibited tighter clustering compared
to summer samples, indicating potentially more similar bacterial communities between
samples in the winter. However, microbial communities in both seasons remained relatively
close within the GL tissue. Conversely, SED samples displayed minimal separation by
season. The most striking observation emerged from the DG analysis. Here, summer and
winter samples formed distinct clusters, with summer exhibiting significantly higher
dispersion compared to winter. This suggests a pronounced seasonal influence on the beta
diversity of the DG microbial community. Interestingly, the 3D plot also revealed a revised
perspective on overall beta diversity. Unlike the initial 2D plot, DG samples displayed the
loosest clustering, indicating potentially the highest difference in microbial communities
between summer and winter between the three tissues. Despite this, the distinct separation
between all three tissue clusters remained evident. Notably, GL and SED samples formed a
more uniform and tightly clustered structure, contrasting with the scattered distribution
observed in DG. This reinforces the notion of distinct microbial communities within each

tissue type.
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Figure 11. 3D Bray-Curtis PCoA on the entire dataset
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3.3.2. Beta diversity by tissue:

After having a broad picture on bacterial communities in clams and sediments, we will now
delve deeper into the beta diversity, to understand how these bacterial communities within

each tissue respond to seasonal variations in each site.

3.3.2.1. DG:

It is possible to observe the existence of multiple summer and winter sub-clusters across
every site among the DG samples (Figure 12). Notably, the distribution of samples within
each cluster indicates similar microbial communities within seasons. Interestingly, sites from
Venice (CH, PM, and CO) displayed comparable microbial communities with distinct but
closely positioned summer and winter clusters. In contrast, MA and SC exhibited more
pronounced seasonal differences, with summer samples showing greater dispersion compared
to winter: Microbial communities in samples from MA and SC were the most different
between summer and winter. Overall, PERMANOVA confirmed these observations, revealing
significant seasonal and spatial effects (p-value = 0.001) on the DG microbial community

composition (Table 8).
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Figure 12. Bray-Curtis PCoA on the DG tissues

3.3.2.2. GL:

GL displayed a less pronounced seasonal pattern compared to DG (Figure 13). While some

separation between summer and winter samples was observed, there were also overlaps,

particularly in Venetian sites (CH, CO, and PM). These sites exhibited remarkably similar
microbial communities across seasons, with CH showing the tightest clustering. Conversely,

SC and MA displayed distinct patterns. Winter samples in SC clustered with winter samples

from Venice, suggesting similar communities. However, summer samples from SC were

highly scattered, distinct from all other sites. MA also showed a clear seasonal difference,
with winter and summer samples forming separate clusters and both being distant from other

sites: When it comes to gills, microbial communities in MA were the most different from
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microbial communities in all other sites, but also the most different from each other between
summer and winter. These observations were supported by a significant PERMANOVA test
result (p-value = 0.001), indicating a strong influence of seasonality and geographic location

on the gill microbial community structure (Table 8).
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Figure 13. Bray-Curtis PCoA on the GL tissues

3.3.2.3. SED:

Sediment samples revealed yet another pattern (Figure 14). Here, CH, PM, and MA displayed
closer clustering, suggesting more similar microbial communities compared to other sites.
Seasonality also led to distinct groupings across all locations. Each site appeared to have its
own cluster for summer and winter samples, although these clusters remained separate. This

highlights the unique composition of sediment microbial communities at each site, further
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confirmed by a significant PERMANOVA test result for both season (p-value = 0.001) and

site (p-value = 0.001).
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Figure 14. Bray-Curtis PCoA on the SED substrates

Overall, these findings highlight the distinct microbial communities within each tissue
type (DG, GL, and SED). The influence of seasonality also varied across tissues,
indicating that both variables studied, season and site, appear to have an influence on the

microbial communities within the three tissues.

DG GL SED
Season 0.001 0.001 0.001
Site 0.001 0.001 0.001

Table 8. PERMANOVA p-value results for each tissue
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3.4. Microbiome composition at Phylum level:

3.4.1. Phylum composition in DG tissue:

DG displayed the most notable seasonal variation in bacterial composition (Figure 15).
Summer samples were dominated by three phyla: Firmicutes, Proteobacteria, and
Bacteroidota, with their abundance exhibiting minimal spatial variation across all sites.
Notably, only SC displayed the emergence of Fusobacteriota during summer. Winter,
however, revealed a shift in community composition. While Firmicutes and Proteobacteria
remained dominant, the abundance of Bacteroidota declined. Additionally, new phyla
emerged in winter, with Verrucomicrobiota and Desulfobacterota appearing in MA and
Actinobacteriota in CO. These findings suggest that seasonal fluctuations have a stronger
influence on the digestive gland microbiota compared to spatial factors. The full list of phyla

can be found in Table 9.
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Figure 15. Phylum composition - DG
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Summer
Site Phylum Abundance
CH Firmicutes 3.818849901
CH Proteobacteria 0.740482446
CH Bacteroidota 0.369550442
CH Fusobacteriota 0.020891542
CH Campylobacterota 0.015414637
CH Verrucomicrobiota 0.012877281
CH Desulfobacterota 0.010840298
CH Bdellovibrionota 0.004747082
CH Actinobacteriota 0.003395439
CH Spirochaetota 0.00102861
CcO Firmicutes 3.81556547
CcO Proteobacteria 0.826105014
CO Bacteroidota 0.290801529
CcO Desulfobacterota 0.016019039
CO Fusobacteriota 0.015040995
CcO Verrucomicrobiota 0.012335942
CO Campylobacterota 0.006378217
CcO Fibrobacterota 0.006297085
CcO Bdellovibrionota 0.00398502
CcO Spirochaetota 0.002792418
CO Actinobacteriota 0.00279025
MA Firmicutes 3.272443084
MA Proteobacteria 0.998098976
MA Bacteroidota 0.627695805
MA Desulfobacterota 0.037184244
MA Fusobacteriota 0.016768081
MA Bdellovibrionota 0.01193012
MA Spirochaetota 0.010015379
MA Actinobacteriota 0.009830313
MA Acidobacteriota 0.007690309
MA Verrucomicrobiota 0.002931228
MA Campylobacterota 0.002559756
MA Nitrospirota 0.001338161
PM Firmicutes 3.014881288
PM Proteobacteria 1.419113895
PM Bacteroidota 0.435872789
PM Campylobacterota 0.033674017
PM Desulfobacterota 0.030023439
PM Fusobacteriota 0.018664166
PM Actinobacteriota 0.012151794
PM Fibrobacterota 0.01005442
PM Bdellovibrionota 0.006996184
PM Verrucomicrobiota 0.005136735
PM Planctomycetota 0.004755589
PM Spirochaetota 0.00423926
PM Acidobacteriota 0.00354053
SC Firmicutes 3.112551869
SC Proteobacteria 1.357717176
SC Bacteroidota 0.296543644
SC Fusobacteriota 0.111776917
SC Desulfobacterota 0.038919128
SC Spirochaetota 0.01927743
SC Verrucomicrobiota 0.018812744
SC Bdellovibrionota 0.018704507
SC Actinobacteriota 0.008916045
SC Campylobacterota 0.008280583
SC Acidobacteriota 0.003774857
SC Myxococcota 0.001841683
SC Fibrobacterota 0.001565341

Table 9. Most abundant phyla by site and season — DG.

Winter
Site Phylum Abundance
CH Firmicutes 4.232982094
CH Proteobacteria 0.629177733
CH Bacteroidota 0.051381293
CH Desulfobacterota 0.025635638
CH Verrucomicrobiota 0.018566954
CH Campylobacterota 0.010197386
CH Spirochaetota 0.00875951
CH Planctomycetota 0.007435353
CH Fusobacteriota 0.006206186
CH Actinobacteriota 0.006045932
CH Acidobacteriota 0.001940685
co Firmicutes 2.73678334
CcO Proteobacteria 1.4948231
CO Actinobacteriota 0.319630075
CcO Bacteroidota 0.218225788
CcO Verrucomicrobiota 0.065094553
CcO Desulfobacterota 0.058608662
CcO Campylobacterota 0.05320304
CcO Spirochaetota 0.02137004
CcO Acidobacteriota 0.012921802
CcO Planctomycetota 0.007763999
CcO Fusobacteriota 0.005795602
CcO Bdellovibrionota 0.002285687
CcO Deferrisomatota 0.001160093
MA Firmicutes 2.077009336
MA Proteobacteria 1.906138556
MA Verrucomicrobiota 0.368641
MA Bacteroidota 0.353091747
MA Desulfobacterota 0.199621709
MA Acidobacteriota 0.024138459
MA Actinobacteriota 0.019366857
MA Campylobacterota 0.014658074
MA Fusobacteriota 0.011938444
MA Spirochaetota 0.009300456
MA Planctomycetota 0.005849962
MA Calditrichota 0.004482421
MA Bdellovibrionota 0.002795359
MA Myxococcota 0.00130992
PM Firmicutes 3.882796495
PM Proteobacteria 0.855416498
PM Bacteroidota 0.094327391
PM Verrucomicrobiota 0.052466279
PM Desulfobacterota 0.04138152
PM Campylobacterota 0.025638108
PM Actinobacteriota 0.013157127
PM Spirochaetota 0.010835134
PM Acidobacteriota 0.009674234
PM Planctomycetota 0.004013007
PM Fusobacteriota 0.002527546
PM Bdellovibrionota 0.002421063
PM Calditrichota 0.002024338
SC Proteobacteria 2.66745535
SC Firmicutes 2.105742091
SC Verrucomicrobiota 0.116372441
SC Bacteroidota 0.081300969
SC Actinobacteriota 0.007543338
SC Fusobacteriota 0.005356007
SC Desulfobacterota 0.004227787
SC Campylobacterota 0.003667571
SC Spirochaetota 0.002815124
SC Planctomycetota 0.001444018
SC Bdellovibrionota 0.001325082
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3.4.2. Phylum composition in GL tissue:

GL displayed less evident seasonal differences at Phylum level (Figure 16). Proteobacteria
consistently dominated across all sites and seasons, with a much higher abundance compared
to DG. Bacteroidota displayed a site-specific seasonal pattern, with a notable presence only in
summer for MA and a minimal presence in other sites and seasons. Verrucomicrobiota was
scarce in GL, with slight detections in CH and CO during summer. The full list of phyla can

be found in Table 10.
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Figure 16. Phylum composition - GL
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Summer

Site Phylum Abundance
CH Proteobacteria 4.717973616
CH Bacteroidota 0.18344724
CH Firmicutes 0.034932168
CH Spirochaetota 0.021430926
CH Actinobacteriota 0.020119839
CH Campylobacterota 0.006931474
CH Verrucomicrobiota 0.00483544
CH Desulfobacterota 0.004138992
CH Bdellovibrionota 0.003119062
CH Fusobacteriota 0.001123808
CcO Proteobacteria 4.79156936
CcO Bacteroidota 0.137893158
CcO Firmicutes 0.018286191
CcO Fusobacteriota 0.011812839
CcO Fibrobacterota 0.00926304
CcO Spirochaetota 0.00916961
CO Actinobacteriota 0.005742699
CcO Desulfobacterota 0.005639428
CcO Campylobacterota 0.005015647
CcO Bdellovibrionota 0.002780916
CO Verrucomicrobiota 0.002494426
MA Proteobacteria 3.214102835
MA Bacteroidota 0.975441331
MA Actinobacteriota 0.204614973
MA Firmicutes 0.201442523
MA Spirochaetota 0.191312818
MA Bdellovibrionota 0.071848599
MA Desulfobacterota 0.045859529
MA Fibrobacterota 0.03695531
MA Campylobacterota 0.028801654
MA Fusobacteriota 0.014873718
MA Verrucomicrobiota 0.004932832
MA Acidobacteriota 0.003937742
MA Myxococcota 0.002019025
MA Calditrichota 0.001045227
PM Proteobacteria 4.839513087
PM Bacteroidota 0.09276707
PM Firmicutes 0.025611341
PM Campylobacterota 0.01336485
PM Spirochaetota 0.008218097
PM Fusobacteriota 0.006470668
PM Actinobacteriota 0.004893012
PM Fibrobacterota 0.004787556
PM Bdellovibrionota 0.002060757
PM Desulfobacterota 0.00128772
SC Proteobacteria 4.178838618
SC Spirochaetota 0.298246931
SC Bacteroidota 0.235891618
SC Firmicutes 0.125789981
SC Desulfobacterota 0.05779439
SC Actinobacteriota 0.031992753
SC Bdellovibrionota 0.020041942
SC Fusobacteriota 0.010119219
SC Campylobacterota 0.008993972
SC Verrucomicrobiota 0.006061925
SC Acidobacteriota 0.005840931
SC Fibrobacterota 0.005280715
SC Calditrichota 0.004872345
SC Myxococcota 0.004530483
SC Deferrisomatota 0.002500093
SC Latescibacterota 0.001016684
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Winter
Site Phylum Abundance
CH Proteobacteria 4.83944097
CH Bacteroidota 0.077732931
CH Spirochaetota 0.037490639
CH Fusobacteriota 0.028373665
CH Campylobacterota 0.008550107
CH Firmicutes 0.004398779
CH Desulfobacterota 0.001901009
CH Actinobacteriota 0.001154267
CcO Proteobacteria 4.856985252
(e]6] Bacteroidota 0.077653555
CcO Spirochaetota 0.034870492
CcO Campylobacterota 0.014211905
(e]6] Desulfobacterota 0.005858717
CO Verrucomicrobiota 0.002224591
(e]6] Firmicutes 0.002035371
CO Acidobacteriota 0.001945399
CcO Actinobacteriota 0.001346469
CcO Fusobacteriota 0.00123609
MA Proteobacteria 4.4104948
MA Bacteroidota 0.451929226
MA Spirochaetota 0.091607409
MA Desulfobacterota 0.016350996
MA Firmicutes 0.008589493
MA Campylobacterota 0.005754568
MA Acidobacteriota 0.004773055
MA Actinobacteriota 0.00368201
MA Bdellovibrionota 0.002835312
MA Verrucomicrobiota 0.001279158
MA Fusobacteriota 0.001019875
PM Proteobacteria 4.861525333
PM Bacteroidota 0.058597827
PM Spirochaetota 0.050318164
PM Campylobacterota 0.013088342
PM Desulfobacterota 0.006123066
PM Verrucomicrobiota 0.004844414
PM Fusobacteriota 0.00136743
PM Acidobacteriota 0.001033595
SC Proteobacteria 4.842135117
SC Firmicutes 0.066718776
SC Bacteroidota 0.047509275
SC Desulfobacterota 0.015628195
SC Campylobacterota 0.010238547
SC Spirochaetota 0.007690353
SC Bdellovibrionota 0.003152229
SC Actinobacteriota 0.00207865
SC Acidobacteriota 0.001602162
SC Calditrichota 0.001274041

Table 10. Most abundant phyla by site and season — GL




3.4.3. Phylum composition in SED substrates:

SED samples exhibited the most diverse phylum composition and the least seasonal variation
at Phylum level. Bacteroidota, Proteobacteria and Desulfobacterota, maintained a high
abundance throughout both seasons at all sites (Figure 17). Additionally, phyla like
Campylobacterota, and Acidobacteriota were also detected. Notably, CO displayed a unique
presence of Spirochaetota in both seasons. Overall, the phylum composition in sediments
remained remarkably consistent across seasons, contrasting significantly with the more

dynamic patterns observed in the clam tissues. The full list of phyla can be found in Table 11.
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Figure 17. Phylum composition - SED

Overall, these findings highlight significant variations in phylum composition: seasonally,
with DG exhibiting the most pronounced changes, spatially, with slight variations in
dominance patterns between sites for the same tissue, and by tissue type, with sediments

displaying the most diverse and seasonally stable community compared to the clam tissues.
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Summer Winter
Site Phylum Abundance Site Phylum Abundance

SedCH Proteobacteria 1.045684143 SedCH Proteobacteria 1.205659148
SedCH Desulfobacterota 0.744685072 zzgg: S:gz)r/(l)ci)::tc;erota g:gg?,gg;g
SedCH Bacteroidota 0.563353872 SedCH  Desulfobacterota 0.314390905
SedCH  Campylobacterota 0.352535453 SedCH  Acidobacteriota 0.056714812
SedCH Spirochaetota 0.06947919 SedCH Spirochaetota 0.0439981
SedCH Calditrichota 0.05019254 SedCH Firmicutes 0.029746923
SedCH Verrucomicrobiota 0.049363588 SedCH Calditrichota 0.020428428
SedCH Fusobacteriota 0.031381581 SedCH Verrucomicrobiota 0.014100783
SedCH Acidobacteriota 0.019588015 SedCH Myxococcota 0.0130224
SedCH Actinobacteriota 0.015253639 SedCH _|Fusobacteriota 0.011781555
SedCH Chloroflexi 0.013006593 SedCH Actinobacteriota 0.009975526

A SedCH Bdellovibrionota 0.009823383
SedCH Firmicutes 0.01281568 SedCH Chloroflexi 0.005452236
SedCH Myxococcota 0.011049034 SedCH Deferrisomatota 0.001586582
SedCH Bdellovibrionota 0.007900474 SedCH Altiarchaeota 0.001529608
SedCH Latescibacterota 0.003553478 SedCH Latescibacterota 0.001177413
SedCH Altiarchaeota 0.003305191 SedCO Desulfobacterota 1.195033095
SedCH Planctomycetota 0.002599558 SedCO Proteobacteria 0.488131147
SedCH Sumerlaeota 0.002504089 SedCO Spirochaetota 0.448242247
SedCO Proteobacteria 1.024478119 SedCO Bacteroidota 0431628893
SedCO Desulfobacterota 0.769743506 SedCO  Campylobacterota 0.14289358
SedCO Bacteroidota 0.622507937 SedCO Latescibacterota 0.084057061
SedCO Campylobacterota 0.174001187 2:328 ‘éirl;ﬂz‘:lr:x'icmb'ma g:giziig;i?
SedCO Spirochastota 0.149473502 SedCcO  Calditrichota 0.040067216
SedCO Actinobacteriota 0.052311546 SedCO Eirmicutes 0.021342227
SedCO Fusobacteriota 0.044061398 SedCO Acidobacteriota 0.019128237
SedCO Firmicutes 0.041256025 SedCO Actinobacteriota 0.009665123
SedCO Verrucomicrobiota 0.030102916 SedCO Altiarchaeota 0.006684286
SedCO Chloroflexi 0.027221564 SedCO Bdellovibrionota 0.006158097
SedCO Calditrichota 0.027150596 SedCO Myxococcota 0.003968693
Sedco Acidobacteriota 0.011409485 SedCO  Planctomycetota 0.002139201
SedCO Myxococcota 0.006870301 SedCO Deferrisomatf)ta 0.001814078
SedcO  Bdellovibrionota 0.006358493 e {ceofacterls Bpessass
SedCO Sumerlaeota 0.003841342 SedMA Desulfobacterota 0.387525721
SedCO Fibrobacterota 0.0036278 SedMA  Campylobacterota 0.086995462
SedCO Planctomycetota 0.001432008 SedMA Acidobacteriota 0.071721994
SedCO Elusimicrobiota 0.001249958 SedMA Calditrichota 0.030410103
SedCO Deferrisomatota 0.001096799 SedMA Spirochaetota 0.025857397
SedMA Proteobacteria 1.319778446 SedMA Verrucomicrobiota 0.024561504
SedMA Bacteroidota 0.806989542 SedMA Firmicutes 0.016919282
SedMA Desulfobacterota 0538236794 SedMA __|Actinobacteriota 0.014701481
SedMA Campylobacterota 0.058481371 gzgm ziilr‘:\;'l:;'ionma 0062;2322421{;
SedMA Spirochaetota 0.054168932 SedMA Myxococcota 0:0061 61934
SedMA Firmicutes 0.052908883 SedMA Planctomycetota 0.003603977
SedMA Calditrichota 0.04215269 SedMA Sumerlaeota 0.003375053
SedMA Acidobacteriota 0.029557748 SedMA Deferrisomatota 0.002814495
SedMA Actinobacteriota 0.026866124 SedMA Altiarchaeota 0.002128681
SedMA Verrucomicrobiota 0.018727217 SedMA Latescibacterota 0.001845093
SedMA Fusobacteriota 0.012326507 SedMA Fusobacteriota 0.001424033
SedMA Bdellovibrionota 0.012125789 SedPM Proteobacteria 1.58095575
SedMA Myxococcota 0.010815647 SedPM Desulfobacterota 0.523416329
SedMA Chloroflexi 0.008292551 SedPM Bacteroidota 0.495504581
a_Camoewmo __0sto
SedMA Planctomycetota 0.002227953 SedPM Spirochaetota 0.040386913
SedMA Latescibacterota 0.001279431 SedPM Fusobacteriota 0.03470896
SedPM Proteobacteria 1.390894368 SedPM Calditrichota 0.034035508
SedPM Bacteroidota 0.837621438 SedPM Verrucomicrobiota 0.02183088
SedPM Desulfobacterota 0.428879737 SedPM Myxococcota 0.020637426
SedPM Campylobacterota 0.0876555 SedPM Latescibacterota 0.007344755
SedPM Spirochaetota 0.049747161 SedPM Deferrisomatota 0.007320559
SedPM Acidobacteriota 0.036236166 SedPM Actinobacteriota 0.007166408
SedPM Verrucomicrobiota 0.031508597 :ng ﬁ‘;f:r‘;‘;'l:;'i"”"‘a gggii;‘zgz
SedPM Myxococcota 0.027315679 SedPM Firmicutes 0.00180041
SedPM Calditrichota 0026819142 SedPM  Altiarchaeota 0.001255589
SedPM Fusobacteriota 0.02468494 SedSC Proteobacteria 1.504719849
SedPM Bdellovibrionota 0.015291603 SedSC Bacteroidota 0.874835042
SedPM Deferrisomatota 0.014700578 SedSC Desulfobacterota 0.217636987
SedPM Actinobacteriota 0.01328309 SedSC Campylobacterota 0.200295439
SedPM Firmicutes 0.004479305 SedSC Acidobacteriota 0.079880918
SedPM Chloroflexi 0.004043604 SedSC Bdellovibrionota 0.028192099
SedPM Latescibacterota 0.002671551 SedSG lActinobacteriota 0.026805613
SedPM Fibrobacterota 0.00122985 SedSC Planctomycetota 0.012737703

SedSC Verrucomicrobiota 0.012303145

SedPM Sumerlaeota 0.001100094 SedSC Firmicutes 0.01199876
SedSC Proteobacteria 1.456134513 SedSC Myxococcota 0.011158694
SedsC Bacteroidota 1.312360391 SedsC Spirochaetota 0.010919422
SedSC Desulfobacterota 0.07121539 SedSC Calditrichota 0.005017805
SedSC Campylobacterota 0.052211626 SedSC Chloroflexi 0.001226732
SedSC Acidobacteriota 0.020552279
SedSC Myxococcota 0.018806325
SedSC___|Actinobacteriota 0.0149