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ABSTRACT

Today, there is a lot of interest to optimize aquaculture production due to its overexploitation of marine resources, ocean
pollution and habitat destruction. Since feed production is one of the greatest costs in aquaculture production and one of
the greatest issues in term of overexploitation of marine resources, feeding strategy optimization is becoming increasingly
important. For this reason, the study of several different feed additives or supplementation is taking an increasing interest
in the scientific community to secure optimal growth, gut health and function, and generally a wellbeing in farmed fish.
Generally, feed additives are used for their nutritional value and for their promoting and disease preventing properties.
These functional feeds are typically supplied to ensure good health and to help the animal ward off pathogens during both
normal and challenging conditions, the latter of which could stress the animals and promote the insurgence of pathologies
or pathogens invasions. In this context has an increasing interest the study of host associated microbiome to better
understand the influence of novel functional feed on the health and physiology of farmed fish. In addition to achieve a
more sustainable and efficient aquaculture sector, also show a great importance the understanding of the environmental
impact of this human activity in terms of habitat destruction, ocean pollution and reduction marine environments
biodiversity. Marine microbiomes either free-living or associated with multicellular hosts, is acquiring an increasing
interest in marine biology because their determinant role in supporting the functioning and biodiversity of marine
ecosystems, providing essential ecological services, and promoting the health of the entire biosphere. Becoming
extremely important to understand how these potentially ecosystem-damaging activities can affect marine microbiomes
by altering their function and diversity.

In this thesis work, here we were able to present a comprehensive evaluation of different functional feeds, with different
feeds or supplementations, assessing their effects in terms of growth and gut health of farmed fish in normal or challenging
conditions, in three species Rainbow Trout (Oncorhynchus mykiss), Gilthead seabream (Sparus aurata) and Zebrafish
(Danio rerio). We also explored the impact of Aquaculture on the surrounding marine microbiomes, using Patella
caerulea as a model holobionts. Finally, we provided a synoptical study on the microbiomes of the water column and
surface sediments in a 130 km? located 13.5km afar from the coast in North-Western Adriatic Sea (ltaly), providing the

finest-scale mapping of marine microbiomes in the Mediterranean Sea.






~CHAPTER 1 ~
1. INTRODUCTION

1.1 Aquaculture and related environmental impact

The term aquaculture defines the farming of marine organisms such as fish, crustaceans, mollusks, and seaweed in
delimited environments controlled by humans. Based on the entity and type of human intervention were defined three
aquaculture types: extensive (fish feeding consist of only natural resources and farmer do not take part during the breeding
process, except for the seeding of juveniles’ individuals), intensive (fish are directly fed by farmer and are bred in marine
cage or artificial basin) and semi-intensive (Ottinger et al., 2016). In the last decades aquaculture was involved in a
remarkable development, with an increasing mean production per year of 8.3% from 1970 to 2008 (Martinez-Porchas &
Martinez-Cordova, 2012). Due the rapidly world demographic increase, in 2020 the world’s proteins consumption was
derived from foods of marine origin (Jones et al., 2020)., with global aquaculture production of fish and shellfish
providing around the 52% of the total fish human consumption (FAO, The State of World Fisheries and Aquaculture
2020), while in Europe is around 20%. The development of this sector is favored by the low feed conversion ratio (FCR),
defined as the ratio between the feed quantity and obtained biomass (Fraga-Corral et al., 2022). Taken together, these
aspects show that aquaculture could replace fishing for human needs in the future. However, a number of related issues
are to be overcome, including (1) the destruction of natural habitats and ecosystems to provide space for the construction
of aquaculture facilities, (11) the use of bioactive compounds on farms, such as antibiotics and hormones, which can cause
contamination of fresh or marine waters, (111) the changes caused by farms to the surrounding ecosystems mediated by
nutrient and organic discharge in waters (eutrophication) and chemical alterations of water and sediments, and (IV) the

overexploitation of marine resources for feed production (Ottinger et al., 2016) (Figure 1).
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This last aspect is one of the most important to improve the sustainability of aquaculture production and to reduce its

environmental impact since the produced feeds for aquaculture use are mainly constituted by ingredients derived from

fishing. Indeed, fish bred through aquaculture, especially carnivorous species, needed in their diet the presence of fishmeal

(FM) and fish oil (FO) as, respectively, source of protein and fatty acids (especially omega 3) (EUMOFA, Fishmeal and

Fish Qil: Production and Trade Flows in the EU, 2021). This implies that globally every year 15 million tons of fished
fish (over 90 million) are used for FM and FO production (EUMOFA, 2021). This emergency led in the last decades
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Figure 1. The ocean microbiome (centre) is composed of a range
of prokaryotes, eukaryotic microbes and viruses, which have a
range of different lifestyles driving microbial interactions. The
essential  ecosystem  services they provide, such as
biogeochemical cycling (for example CO, capture, O, generation
and carbon removal), mitigation of human activities,
bioresources, biodiversity and resources for the entire ocean food
web, are shown in green. Human impacts on the ocean are
indicated in orange. Other aspects of the ocean environment are
indicated in blue, and interconnections between different
components are shown with arrow

increasing research to reduce the use of FM and FO in fish feeds
to reduce the environmental impact of the aquaculture production,
through using of several replacement products (e.g., plant-based
products or insect-based products, used of by-products from
fishing and aquaculture) (Roques et al., 2020). However, these
plant-based products used as a substitute for FM and FO often
have some negative aspects, including an incorrect ratio of amino
acids needed for the animal's development, difficulties in
digestion, and reduced palatability (Serra etal., 2021). In addition,
the use of FM and FO for aquaculture production is becoming
more and more unsustainable due to their increasing price, indeed
in the last 12 years the price of FM grew by 37% while that of FO
grew by 85%, in Europe (EUMOFA, 2021). All these aspects
clearly show how it is now essential to find a way to progressively
reduce and eventually substitute these two ingredients in fish
feeds.

Another main aspect regarding the aquacultures’ environmental
impact are the direct negative effects on the surrounding waters
and sediments, including an organic pollution and eutrophication
(described as a buildup of excess nutrients, primarily organic
nitrogen, and phosphorus) of the surrounding environment and the
release of chemicals used during breeding (e.g., antibiotics,
pesticides, hormones, anesthetics, pigments, minerals, and
vitamins (Goldburg et al., 2001; JSA, 2007). For example, it was
described that sediments below aquaculture cages (and in the
proximity) showed an increase in organic matter, due to the
sedimentation of uneaten feed and fish feces (Kalantzi et al., 2021;
Moncada et al., 2019), causing shifts in nutrients and carbon
fluxes, pH decline, ammonia and hydrogen sulfide accumulation
(Holmer et al., 2003; San Diego-McGlone et al., 2008).
Concerning the chemicals used in aquaculture activities, the most
important on which it was posed more attention were antibiotics,

indeed a concern about antibiotic use is that it may leading to the
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diffusion of antibiotic resistance (across the environmental microorganisms) and other toxic effects (Brown, 1989; Cole
et al., 2009). These problems together can cause, in the surrounding environment, algal bloom, depletion of oxygen,
general reduction in water quality, death of corals and habitat destruction (Boesch et al., 2001; Aubin et al., 2006). In
addition, it was seen that certain microorganisms that thrive in these specific conditions could be directly harmful to fish
(both farmed and wild fish) through biologic and neurologic toxins (Aubin, 2006). Lastly, another crucial aspect of
aquaculture impact is the diseases and parasites which could proliferate in farms, and which could diffuse in wild fish
stock, causing a depletion of natural fish stocks (Finstad et al., 2000; Krkosek et al., 2007).

As described in the previous paragraphs, microbiome plays a crucial role as a life support system for the planet biosphere
(both animals and environments), there is now a huge attention to understanding the impact of local and global
anthropogenic factors on the planet microbiomes (Cavicchioli et al., 2019), making microbiome assessment a central
point for a holist evaluation of environmental health. Specifically, for what concern aquaculture, the impact on seafloor
microbiomes has recently been explored, highlighting the overgrowth of microbial groups able to live in anaerobic and
carbon enriched conditions, a general bacterial biodiversity reduction, as well as an accumulation of fecal bacteria (G. M.
Luna et al., 2013; Moncada et al., 2019; Zhang et al., 2020). Even the water column within and outside the aquaculture
cages appeared to be different in terms of microbial community (Haro-Moreno et al., 2020), however we knew very few
things about the effect of the presence of farming cages on the microbiome of nearby wild organisms. Knowing that host
microbiome is directly linked to microorganisms inhabiting the same ecosystem, so it is reasonable to hypothesize that
microbiome associated with marine organisms living near to the sea cages are affected by them. This influence could take
place both directly, by the transfer of fish microorganisms to the water column and/or sediments, and indirectly, by
changing the surrounding bacterial environmental community caused by chemical or organic alterations (Palladino et al.,
2021). Taken together, these events could be result in a compositional change of the microbiomes associated with wild
holobionts causing cascade impacts on the health and safety of the marine environment. For example, a study recently
reported that sponges living in proximity to fishing farm presents a microbial community enriched in microorganisms
involved in ammonia oxidation compared to the same sponge species sampled in pristine waters (Baquiran & Conaco,
2018).

All together these aspects pose the necessity to optimize aquaculture farms both in terms of feed production and direct
environmental impact. Clearly these optimizations must take place without affecting the fish health status and production,
in this context is emerging the study of microbiome associated with fish as a key aspect to evaluate the animals” wellbeing,

with a focus on the gut microbiome.

1.2 Fish gut microbiota and its importance

Living organisms are associated with million microorganisms which populate several niches defining different microbiota
associated with several tissues. For example, the human being offers multiple niches for these microbial communities
(e.g., skin, gastrointestinal tract, reproductive organs etc.), in which microorganisms have a symbiotic interaction offering
multiple features and functions to living organisms (Adair & Douglas, 2017). Similarly, fish host more than one
microbiota associated with different tissues (e.g., gills, skin, gastrointestinal mucosa, gastrointestinal tract etc.) and all
these microorganisms have a crucial role in several aspects of organisms” life (Vatsos, 2017). Among all of them, the gut
microbiota (GM) is one of the most studied in last years due to its important role in several animals’ physiological aspects

and the importance regarding the onset of pathological conditions (Nicholson et al., 2012). Indeed, GM have a strict
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symbiotic interaction with host, this interaction leads to positive aspects to both parts (both microorganisms and animal),
specifically host give to microorganisms habitat and nutrients for development and sustain, while microorganisms provide
to animals a set of additional functionalities (Nicholson et al., 2012). Among these, microorganisms exert functions
connected to host metabolism for the production of several secondary metabolites. For example, specific bacteria
denominates LAB, Lactic Acid Bacteria, are able to metabolize through fermentation plant origin carbohydrates and
transform them into secondary metabolites utilized by host such as SCFA, Short Chain Fatty Acids (Refstie et al., 2005).
Furthermore, bacteria of Fusobacteria phylum are able to synthesize B12 vitamin. In addition, the fish gut microbiome
acts directly to prevent the host invasion by pathogens with several mechanisms such as the secretion of antimicrobial
molecules, direct competition for nutrients and space, improvement of the host immune response and interaction with
endothelial cells with the main goal to modulate the cytokine expression (" Omez et al., 2008). The connection between
the GM and the host immune system is extremely intimate and begins to consolidate as early as the animal’s birth. The
GM is able to influence the development of the host immune system and the host susceptibility to several pathologies,
while at the same time the microbial composition is shaped by the host immune system itself (Nicholson et al., 2012). All
these aspects emphasize the crucial role of the GM to maintain the host physiological functions, so understanding the GM
composition and interaction with the animals are becoming essential, this knowledge could pose the basis for the
manipulation of GM to improve the growth performance and to boost the immune system of the host, especially for
aquaculture species (Vargas-Albores et al., 2021). The fish GM could be influenced by several factors including the
environment and the diet (especially through using of probiotics) (Egerton et al., 2018). This manipulation regards
generally the microbiome portion called “transient”, while the core gut microbiota is not affected by these changes
because are generally microorganisms essential for the host life (Serra et al., 2021). Indeed, thanks to several Next
Generation Sequencing (NGS) studies it was observed that the fish core GM is shared between individuals of the same
species, and in some cases even between different species (Ghanbari et al., 2015), represented by 5 dominant Phyla

Proteobacteria, Firmicutes, Actinobacteria, Bacteroidota and Fusobacteria (I1zvekova et al., 2007).



~CHAPTER 2 ~

2. The study of microbiomes in the aquaculture production and the
surrounding environment in the presented Thesis

2.1 Assessment of the effect of several diets in aquaculture production and related effect on the
surrounding environment

Nowadays there is an increasing interest in the evaluation of several feed additives or different diets in aquaculture to
both optimize the exploitation of marine resources and the growth and health conditions of fish species in aquaculture
production. To secure optimal growth, gut health and function in farmed fish, there is now particular focus on various
feed additives used for their nutritional value, and also for their health-promoting and disease-preventing properties.
Functional feeds are typically supplied to ensure good health and to help the animal ward off pathogens during both
normal and challenging farming conditions (Hernandez et al., 2012). In addition, feed production is the greatest cost in
the aquaculture sector and can account for up to 60-80% of the overall expenses (Hasan, 2007; M. Luna et al., 2019). So,
in the last decades there is an increasing interest to reduce feed cost and reduce the using of limited and expensive protein
ingredients in many farmed fish species including sea bass (Dicentrarchus labrax), rainbow trout (Oncorhynchus mykiss)
and gilthead sea bream (Sparus aurata) some of the most important finfish species farmed in the Mediterranean area
(Guillen, 2019).

In the presented thesis were assessed the effects of several feed additives on growth performance, feed utilization and gut
bacterial community in different fish species and related to different abiotic conditions which could affect the breeding
of these animals. Among these feed additives Organic Acids (OA), are well known to improve performance and health in
terrestrial livestock, especially swine and poultry (Dibner & Buttin, 2002; Lckstadt, 2007). However, their utilization as
potential growth promoters in aquaculture are more recent and less known (Ng & Koh, 2017). Many advantages are
reported in connection with lowered pH of feed and digesta owing to diet OA addition: (i) increase in feed hygiene by
inhibiting growth of microbial acid-intolerant species, (ii) increase in digestive enzyme activity, leading to higher nutrient
digestibility and feed utilization, (iii) modulation of the host gut microbiota and animal health (Lickstadt, 2008; Ng &
Koh, 2017). Another feed additives worth to be studied are tannins, which are important vegetable bioactive compounds
for both human and animal nutrition purposes (Das et al., 2020). Tannins are phenolic compounds, secondary chemicals
ubiquitous in woody plants. Recently, tannins have received more attention due to numerous beneficial actions such as
antioxidant (Okuda, 2005), anticancer (Cai et al., 2017), antimicrobial and antiviral (Arapitsas & Prado, 2008) activity.
However, the potential effects of tannins on animal health remain largely unexplored, especially on farmed fish.
Another crucial aspect during aquaculture production is the evaluation of abiotic factors variation during farming
condition which could affect several physiological aspects of animals. Among abiotic factors, water temperature is the
most important one, playing a crucial role on metabolism, nutrient utilization, fat deposition and welfare for species high
susceptible to thermal seasonal changes and fluctuations, such as gilthead sea bream (lbarz et al., 2010; S&nchez-Nufio,
Sanahuja, et al., 2018). For these reasons it’s very important to assess the best value of dietary lipid level during
temperature fluctuations, which could take place during fish farming, to prevent negative effects on fish metabolism,
digestive enzyme activity and gut bacterial community which at cascade may influence performance and fish health
(Couto et al., 2012; Garcia-Meilan et al., 2013; Guerreiro et al., 2016; Sepulveda & Moeller, 2020b; Zarkasi et al., 2016).
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At the end, in order to gain a better understanding of the impact of anthropogenic stressors (such as aquaculture
production) on marine host-associated microbiome response and environmental microbiome, we propose one holobionts
study model and a fine assessment of the diversity and distribution of the marine microbial community in an off-shore
area of the Northern Adriatic Sea. To assess the impact of anthropogenic activities and, in particular, of fish farming
cages on the microbiome of the surrounding wild holobionts, we select a common grazer gastropod from the genus Patella
as a representative fouling holobiont. Patella caerulea is a common seaweed grazing marine limpet in all Mediterranean
rocky shores (Della Santina & Chelazzi, 1991). As a result of their wide distribution, abundance, and sedentary lifestyle,
limpets of this species have been proposed as biomonitors for the local water quality in terms of heavy metal accumulation
and organic pollutants (Reguera et al., 2018; Vifias et al., 2018). In addition, limpets are considered keystone species for
the coastal ecosystem because they can regulate the degree of algal coverage and, consequently, succession processes in
rocky intertidal communities (Coleman et al., 2006). In the last study of this thesis, we have been able to map the variation
at the local scale of the pelagic and sediment microbiomes in the Northwestern Adriatic Sea, which could be influenced
by anthropogenic activities. The coupled investigation of the pelagic and benthic microbiomes from each sampling site
also allowed us to identify connections, exchanges, and isolation of microbial members in the two realms. Obtaining for
the first time a granular assessment of the marine microbiome changes at the local scale.

2.2 Technical aspects: sampling and molecular analysis

In order to avoid redundancy in the next paragraphs, common techniques which were repeatedly used throughout different
studies are illustrated in this section. In the “Materials and methods” section of each study, only a brief recall of the
appropriate protocol is mentioned, with the indication to look in this section for further details. Only techniques that are

particular of a specific study are not illustrated here, but in the correspondent study.
Sample collection and DNA extraction

Specimen collection is very different depending on the sample origin and type. Sterility is preserved at the best of the
sampling conditions by using sterile containers or previously sterilized tools. After specimen collection, all samples are
transported to the laboratory as fast as possible where they are kept at -80 °C until further processing, unless some
preliminary step is required before freezing. Total microbial DNA extraction protocols are also dependent on the sample
origin and type. Despite these differences, all the DNA extraction methods described in this thesis rely on Qiagen (Hilden,
Germany) spin column-based nucleic acid purification kits. Extracted DNA samples are quantified with NanoDrop ND-
1000 (NanoDrop Technologies, Wilmington, DE) and stored at -20 °C until further processing. 16S rRNA gene
amplification and sequencing Targeted gene sequencing is performed on the V3-V4 hypervariable region of the 16S
rRNA gene. PCR amplification of this region is carried out in a 50-pL 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. The thermal cycle consists of 3 min at 95°C, 30 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 (Biagi et al., 2020; Musella et al., 2020). PCR products are purified
with Agencourt AMPure XP magnetic beads (Beckman Coulter, Brea, CA). Indexed libraries are prepared by limited-
cycle PCR with Nextera technology and cleaned-up as above. Libraries are normalized to 4 nM and pooled. The sample

pool is denatured with 0.2 N NaOH and diluted to a final concentration of 6 pM with a 20% PhiX control. Sequencing is



performed on an Illumina MiSeq platform using a 2 x 250 bp paired-end protocol, according to the manufacturer's
instructions (Illumina, San Diego, CA).

Bioinformatics and biostatistics

A pipeline combining PANDAseq (Masella et al., 2012) and QIIME 2 (Bolyen et al., 2019) is used to process raw
sequences. The “fastq filter” function of the Usearchll algorithm (Edgar & Bateman, 2010) is applied to retain
highquality reads (min/max length = 350/550 bp), that are then binned into amplicon sequence variants (ASVs) using
DADA2 (Callahan et al., 2016). Taxonomy assignment was performed using the VSEARCH algorithm (Rognes et al.,
2016) and the SILVA database (December 2017 release) (Quast et al., 2013). All the sequences assigned to eukaryotes
(i.e., chloroplasts and mitochondria) or unassigned are discarded. Different metrics, depending on the dataset, are used to
evaluate alpha diversity, whereas beta diversity is estimated by computing the unweighted UniFrac distance. All statistical
analyses are performed using the R software (R Core Team), version 3.6.1., 6 with the packages “Made4” (Culhane et
al., 2005) and “vegan”7. When unweighted UniFrac distances are plotted using the vegan package, the data separation in
the Principal Coordinates Analysis (PCoA) is tested using a permutation test with pseudo-F ratios (function “adonis” in
the vegan package). Significant data separation was assessed by Kruskal-Wallis test or Wilcoxon rank-sum test, based
on the data. When necessary, p-values were corrected for multiple testing with Benjamini-Hochberg method, with a false

discovery rate (FDR) < 0.05 considered as statistically significant.
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2.3 Study | - Effects of increasing dietary level of organic acids and nature-identical compounds on
growth, intestinal cytokine gene expression and gut microbiota of rainbow trout (Oncorhynchus mykiss)
reared at normal and high temperature

Pelusio, N. F., Rossi, B., Parma, L., Volpe, E., Ciulli, S., Piva, A, ... & Grilli, E. (2020). Effects of increasing dietary level of organic acids and
nature-identical compounds on growth, intestinal cytokine gene expression and gut microbiota of rainbow trout (Oncorhynchus mykiss) reared at
normal and high temperature. Fish & Shellfish Immunology, 107, 324-335.

Introduction

To secure optimal growth, gut health and function in farmed fish, there is now particular focus on various feed additives
used for their nutritional value, and also for their health-promoting and disease preventing properties. Functional feeds
are typically supplied to ensure good health and to help the animal ward off pathogens during both normal and challenging
farming conditions [1]. Organic acids (OA) are any organic carboxylic acids with the general structure R—-COOH. These
OA (and their salts) are manufactured by chemical synthesis or fermentation systems [2], and their utilization as feed
additives is well known to improve performance and health in terrestrial livestock, especially in swine and poultry [3,4].
However, knowledge of their potential as growth promoters in aquaculture is more recent and less well-known due to
limited research but is expected to significantly increase in coming years [5]. Many advantages are reported in connection
with lowered pH of feed and digesta owing to diet OA addition: (i) increase in feed hygiene by inhibiting growth of
microbial acid-intolerant species, (ii) increase in digestive enzyme activity, leading to higher nutrient digestibility and
feed utilization, (iii) modulate host gut microbiota and animal health [5,6]. Among the large variety of OA, dietary
inclusion of citric acid was found to improve growth, feed intake, specific growth rate (SGR) and feed conversion rate
(FCR) of various aquaculture species such as red drum (Sciaenops cellatus), rainbow trout (Oncohrynchus mykiss), beluga
sturgeon (Huso huso), yellowtail (Seriola quinqueradiata), tilapia (Oreochromis niloticus), and red sea bream (Pagrus
major) [7-14]. Concerning rainbow trout, while some studies on dietary citric acid displayed a positive effect on growth
performance [9,12], a reduction in feed intake and no weight gain were found by other authors [15,16]. Another important
OA is sorbic acid, a long chain unsaturated fatty acid known for its antimicrobial activity by inhibiting the microbial
enzymatic apparatus and nutrient transport system [3]. Its growth-promoting effect was explored as combined in dietary
blends within formic and benzoic acids and their respective salts, resulting in a significant increase in weight gain in
rainbow trout [17]. During the past decade, botanicals and nature-identical compounds (NIC) have also gained great
interest as novel animal feed additives for the positive effects reported on feed palatability and control of gut microbiota
pathogens and for a possible direct effect on the immune system as recently reported in some fish species i.e. red hybrid
tilapia (Oreochromis niloticus Q@ X Oreochromis aureus &) [18], rainbow trout [19-21], tilapia [22] and zebrafish (Danio
rerio) [18]. Among the most studied NIC, thymol is a monoterpene proposed as a growth promoter, antimicrobial and
anti-inflammatory agent in mammals [23,24], whereas few studies have been conducted on fish species [18,25]. Similarly,
vanillin, known as food and feed flavouring, also has potential antimicrobial activity by causing loss of membrane
function and inhibiting cell respiration in several sensitive bacteria [26,27]. Using OA and NIC blends in aquafeeds could
be an optimal strategy to test their potential synergistic effects on growth, nutrient utilization and gut health. In addition,
the encapsulation process capable of protecting the compounds against interactions with the host, food ingredients, and
environment may increase the reliability and predictability of their beneficial actions [5,28]. Moreover, to the best of our
knowledge the combination of citric and sorbic acids, vanillin and thymol has only been tested in sea bass (Dicentrarchus
labrax) [29], while no data in rainbow trout are available. For this reason, the aims of the present study of rainbow trout
were: 1) to evaluate the effects of dietary increasing level of a blend of citric acid, sorbic acid, thymol and vanillin on

growth, feed utilization, intestinal cytokine gene expression and gut bacterial community; 2) to explore the effects of this
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blend on intestinal cytokine gene expression and gut bacterial community after one week exposure to high water

temperature conditions.
Materials and methods

Experimental diets

An extruded commercial diet (Ecofish 4, Veronesi SpA, Verona, Italy) (5 mm diameter pellet size - 42.1 + 0.2% crude
protein, 20.1 + 0.1% crude lipid) was coated with increasing dose (D) levels (DO, D250, D500 and D1000; 0, 250, 500
and 1000 ppm respectively) of a blend of OA and NIC (providing 25% citric acid, 16.7% sorbic acid, 1.7% thymol and
1% vanillin) microencapsulated in a matrix of hydrogenated fats (AviPlus®Aqua - Vetagro SpA, Reggio Emilia, Italy;
US patent # 7,258,880; EU patent # 1-391-155B1; CA patent # 2,433,484).

Fish and feeding trial

The experiment was carried out at the Laboratory of Aquaculture, Department of Veterinary Medical Sciences of the
University of Bologna, Cesenatico, Italy. Rainbow trout specimens were obtained from an Italian fish farm (Pescicoltura
Brenta snc, Vicenza, Italy). Animals were adapted to the facilities for 1 week before the start of the experiment. At the
beginning of the trial, sixty fish (initial weight average 100.5 + 0.4 g) were randomly distributed into each of twelve 800
L squared fibreglass tanks with a conical base. Each diet was randomly allocated and administered to triplicate groups
over a period of 82 days. During the experiment, tanks were provided with tap freshwater and connected to a closed
recirculation system (overall water volume: 15 m3). The rearing system consisted of a mechanical sand filter (PTK 1200,
Astralpool, Barcelona, Spain), ultraviolet lights (PE 25 mJ/cm?: 32 m® hl, Blaufish, Barcelona, Spain), a biofilter (PTK
1200, Astralpool, Barcelona, Spain) and an active carbon filter. The water exchange rate within each tank was 100%
every hour, while the overall water renewal amount in the system was 5% daily. During the trial, the temperature was
kept at 15.0 £ 1.0 °C and the photoperiod was maintained at 12 h light and 12 h dark through artificial light. The oxygen
level was kept constant (10.0 + 1.0 mg L) by a liquid oxygen system regulated by a software programme (B&G Sinergia
snc, Chioggia, Italy). Ammonia (total ammonia nitrogen < 0.1 mg L) and nitrite (<0.2 mg L) were daily monitored
spectrophotometrically (Spectroguant Nova 60, Merck, Lab business, Darmstadt, Germany). Sodium bicarbonate
(NaOHCO3) was added on a daily basis to keep pH constant at 7.1-7.5. Feed was provided to satiation by oversupplying
the feed via automatic feeders, twice a day (8:30, 16:30) for six days a week, while one meal was supplied on Sundays.
Each meal lasted 1 h, after which the uneaten pellets of each tank were gathered, dried overnight at 105 °C, and their

weight was deducted for overall calculation.

Suboptimal rearing temperature

After the end of the feeding trial, fish belonging to DO and D1000 groups were exposed to high rearing temperature of 23
°C for 7 days. The highest inclusion level (D1000) was chosen for comparison according to the results of growth and feed
utilization achieved during the feeding trial. To this purpose water temperature was gradually increased (4-degree day?)
up to 23 °C and then maintained over one week. During this period, the feed and feeding procedures were provided as

previously reported.

Sampling
At the beginning (day 0), in the middle (day 40) and at the end (day 82) of the feeding trial, all the fish were individually
weighed. Before each sampling procedures, fish were anaesthetised (100 mg L) or euthanized (300 mg L) by MS222.

Specific growth rate (SGR), feed intake (FI) and feed conversion rate (FCR) were calculated. The proximate composition
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of the carcasses was determined at the beginning of the trial on a pooled sample of 15 fish and on a pooled sample of 5
fish per tank at the end of the trial. Protein efficiency rate (PER), gross protein efficiency (GPE), lipid efficiency rate
(LER) and gross lipid efficiency (GLE) were calculated. Furthermore, total body length, wet weight, viscera and liver
weight were individually recorded for 5 fish per tank to determine condition factor (CF), viscerosomatic index (VSI) and
hepatosomatic index (HSI) at the end of the feeding trial. At the beginning (day 0, 15 fish in total), at the end of the
feeding trial (day 82, 5 fish per tank™), and after the high rearing temperature period (5 fish per tank), fish were sampled
for pro-inflammatory and anti-inflammatory cytokine gene expression from the distal intestine. At the same time, 5 fish
per tank were also sampled for gut bacterial community analysis. All experimental procedures were evaluated by the
Ethical-Scientific Committee for Animal Experimentation of the University of Bologna in accordance with European

directive 2010/63/UE on the protection of animals used for scientific purposes.

Analytical methods

Diets and whole body were analysed for proximate composition. Moisture content was obtained by weight loss after
drying samples in a stove at 105 C overnight. Crude protein was determined as total nitrogen (N*6.25) after performing
the Kjeldahl method. Total lipids were determined according to Bligh and Dyer’s [30] extraction method. Ash content
was estimated by incineration in a muffle oven at 450 “C overnight. Gross energy was determined by a calorimetric bomb
(Adiabatic Calorimetric Bomb Parr 1261; PARR Instrument, IL, U.S.A).

Calculations

The formulae employed for growth performances were as follows: Specific growth rate (SGR) (% day™) = 100 * (In
FBW- In IBW)/days (where FBW and IBW represent the final and the initial body weights). Feed conversion rate (FCR)
= feed intake/weight gain. Viscerosomatic index (VSI) (%) = 100 * (viscera weight/body weight). Hepatosomatic index
(HSI) (%) = 100 * (liver weight/body weight). Condition factor (CF) = 100*(FBW/length?). Protein efficiency rate (PER)
= (FBW-IBW)/protein intake. Gross protein efficiency (GPE) (%) = 100 * [(% final body protein * FBW) - (% initial
body protein * IBW)]/total protein intake fish. Lipid efficiency rate (LER) = (FBW-IBW)/lipid intake. Gross lipid
efficiency (GLE) (%) = 100 * [(% final body lipid * FBW) - (% initial body lipid * IBW)]/total lipid intake fish. Feed
intake (FI) (% ABW day')=((100 * total ingestion)/(ABW))/days)) (where average body weight, ABW=(IBW +
FBW)/2.

Cytokine gene expression analyses by real-time polymerase chain reaction

Total RNA was isolated from 50 mg of distal intestine samples stored in RNA Later (Sigma) using the NucleoSpin RNA
extraction kit following the manufacturer’s instructions. The RNA extraction protocol includes a treatment with DNAse
| in order to remove genomic DNA. The first strand of cDNA was synthesized by reverse transcription using the
GoScript® Reverse Transcriptase (Promega). cDNA concentration was quantified using a Qubit Fluorometer
(ThermoFisher). Real-time PCR was performed with an ABI PRISM 7300 instrument (Applied Biosystems) using BRYT
Green® GoTaq® gPCR (Promega). 10 ng of each cDNA sample was added to a reaction mix containing 2 x GoTag®
gPCR Master Mix (Promega), 300 nM of CXR and 200 nM of each primer. The primers used for p-actin (B-act),
Interleukin 1B (IL-1p), 6 (IL-6), 8 (IL-8), 10 (IL-10), Tumor necrosis factor o (TNF-a), Transforming growth factor
(TGF-B), are shown in Table 1.
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Table 1. Primer sequences used for gene expression analyses.

Gene Abbreviation GenBank ID Primer sequence (5°- 3°) Amplicon (bp) References

GCCGGCCGCGACCTCACAGACTAC

CGGCCGTGGTGGTGAAGCTGTAAC (Caipang etal.,

B-actin B-act EZ908974 73 2008)
CTCTACCTGTCCTGCTCCAAA (Caipang et al
Interleukin 1§ IL-1p AJ223954 ATGTCCGTGCTGATGAACC 194 2008)
) CAATCAACCCTACTCCCCTCT (Caipang et al.
Interleukin 6 IL-6 DQ866150 CCTCCACTACCTCAGCAACC 9 2008)
) AGAATGTCAGCCAGCCTTGT (Caipang et al.,
Interleukin 8 IL-8 AJ279069 TCTCAGACTCATCCCCTCAGT 69 2008)
_ CGACTTTAAATCTCCCATCGAC (Caipang etal
Interleukin 10 1L-10 AB118099 GCATTGGACGATCTCTTTCTTC 70 2008)
CCACACACTGGGCTCTTCTT
Tumor necrosis TNE-a AJ277604 GTCCGAATAGCGGGAAATAA 128 (Caipang et al.,
factor o AJ401377 2008)
TCCGCTTCAAAATATCAGGG
Transforming . TGATGGCATTTTCATGGCTA (Caipang etal.,
growth factor TGF-p X99303 e 2008)

Reaction mixtures were incubated for 2 min at 95 °C, followed by 50 cycles of 10 s at 95 °C, 30 s at 60 °C. Before the
experiments, the specificity of each primer pair was studied using positive and negative samples. A melting curve analysis
of the amplified products validated the primers for specificity. After these verifications, all cDNA samples were analysed
in triplicate. Negative controls with no template were always included in the reactions. For each sample, gene expression
was normalized against beta-actin (B-actin) gene and expressed as 244, where ACt is determined by subtracting the B-
actin Ct value from the target Ct. Gene expression of untreated and treated samples collected at time one (T1, day 82) and

two (T2, day 89) were expressed as “fold changes” relative to untreated controls sampled at time zero (T0, day 0).

Gut bacterial community DNA extraction and sequencing

At the end of feeding trial, total bacterial DNA was extracted from pools of hindgut content obtained from 5 fish per tank
(100 mg of hindgut content per fish) for a total of 12 (at day 82) and 6 (at day 89) samples, as previously reported in
Parma [31]. Afterwards, the VV3-V4 hypervariable region of the 16S rRNA gene was amplified, purificated and sequenced
as describe in paragraph 2.2. Sequencing was carried out on lllumina MiSeq platform using a 2 x 250 bp paired end
protocol, according to the manufacturer’s instructions (Illumina, San Diego, CA). After the sequencing process reads
were processed using a pipeline combining QIIME2 [35] and PANDAseq [36]. Then, using DADA2 [37] and VSEARCH
[38], reads were cleaned and clustered into OTUs at a 0.99 similarity threshold. Assignment was carried out by using the
RDP classifier against Greengenes database (May 2013 release). During the bioinformatic analysis, one of the samples
of D500 diet was excluded from the following analysis because of the low number of high-quality sequences obtained.
Alpha-diversity analysis were performed using OTU species count (observed_otus), Chaol index for microbial richness
and Shannon index for biodiversity. Beta-diversity was estimated by Bray-Curtis distances, which were used as input for

principal coordinates analysis (PCoA).

Statistical analysis
All data are represented as mean + standard deviation (SD). A tank was used as the experimental unit for analysing growth
performance, and a pool of five fish was considered as the experimental unit for analysing carcass composition, whereas

fifteen individual fish per treatment were used for analysing immunity response expression. Results on growth, nutritional
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indices and cytokine expression at the end of the feeding trial (day 82) were analysed by applying linear regression model
in order to measure the effect of the increasing doses of dietary OA and NIC on considered data, with a significance
attributed for p < 0.05. Cytokine expression data in fish treated with DO and D1000 on day 82 and 89 were analysed by
two-way analysis of variance (ANOVA) considering diet and time as independent factors, and in case of significance (p
< 0.05) Tukey’s post hoc test was performed. Gut microbial statistical analysis of gut bacterial community was carried
out as described in paragraph 2.2. The rest of the statistical analyses were performed using GraphPad Prism 6.0 for
Windows (Graph Pad Software, San Diego, CA, USA).

Results

Growth and proximate composition

Growth performances are reported in Table 2. No significant dose effect was found concerning FBW, weight gain, FCR,
SGR, FI and mortality during the first period of the trial (days 0-40). Regarding the second period (days 40-82), SGR (p
= 0.0294) increased at increasing OA and NIC level while a decreasing effect was observed on FCR (p = 0.0439). Results
on biometric indices, nutritional indices and proximate whole-body composition are summarized in Table 3. No
significant dose effects were found on VSI, HSI, CF and whole proximate composition. Concerning nutritional indices,
PER (p = 0.0202) and LER (p = 0.0156) increased significantly at increasing dietary OA-NIC dose level. No significant
dose effects were found in GPE and GLE.

Table 2. Growth performance and feed intake of rainbow trout fed increasing dietary level of organic acids and nature-identical

compounds
Experimental diets
DO D250 D500 D1000 P-value

Time range day 0 — 40

IBW (g) 100.1+35 100.8+4.0 100.1+3.1 1009+ 2.4 ns.
FBW (g) 193.9+50 200.6 + 8.4 193.4+12.6 193.6 +10.2 ns.
Weight gain (g) 93.7+7.9 99.8 + 4.4 93.3+12.1 92.7+11.4 ns.
SGR (% day™) 165+0.14 1.72 £0.01 1.64 £0.16 1.63+£0.17 ns.
FCR 1.06 £0.07 1.06 +0.01 1.08 +0.05 1.09 +0.05 ns.
FI 167+£0.03 1.73 £0.03 1.71£0.07 1.69 +0.05 ns.
Survival (%) 100.0£0.0 100.0 £0.0 99.4+1.0 99.4+1.0 ns.
Time range day 40 — 82

IBW (g) 190.8+3.4 199.2+9.7 194.4+11.4 193.7+11.0 ns
FBW (g) 296.9+6.6 319.7+8.0 309.8 +16.0 320.1+13.7 ns
Weight gain (g) 106.0+7.7 120.5+10.0 1154 %50 126.4+2.9 ns
SGR (% day™) 1.05+0.07 1.13+0.11 1.11+0.03 1.20+0.04 0.029
FCR 1.24+0.09 1.15+0.06 1.18+0.01 1.12+0.03 0.043
FI 1.27+0.07 1.26+0.05 1.27+0.01 1.27+0.02 ns
Survival (%) 97.2+0.96 99.4+0.1 99.0+1.0 98.3+0.6 ns

Data are given as the tanks mean (n=3) + SD. n.s.: non-significant (p > 0.05).

D= dose blend (citric acid 25%, sorbic acid 16.7%, thymol 1.7%, vanillin 1%, matrix of hydrogenated fats) inclusion in diet; DO = 0 ppm,
D250 = 250 ppm; D500 = 500 ppm; D1000= 1000 ppm).

IBW = Initial body weight.

FBW = Final body weight.

FI = Feed intake (FI) (% ABW' day')=((100 = total ingestion)/(ABW))/days)) (where average body weight, ABW=(IBW+FBW)/2;
FCR = Feed conversion rate = feed intake / weight gain.

SGR = Specific growth rate (% day-1) = 100 * (In FBW- In IBW) / days.
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Table 3. Biometric indices, body composition and nutritional indices of rainbow trout fed increasing dietary level of organic acids and
nature-identical compounds over 82 days

Experimental diets

DO D250 D500 D1000 P-value
Biometric indices
VSl 13.23+253 13.77+1.74 13.11+2.84 14.23+1.75 n.s.
HSI 1.27+0.28 142 £0.33 1.41+0.28 1.41+0.41 n.s.
CF 1.36 +0.48 1.28 +0.11 1.25+0.12 124 +£0.12 n.s.
Whole body composition, %
Protein 16.48 + 0.25 16.32+0.23 15.94 +0.54 16.30 £ 0.24 n.s.
Lipid 1574 +1.34 18.21+0.54 17.70+0.35 16.19 +0.85 n.s.
Ash 1.87 £0.27 2.10 +0.30 1.98 £0.30 1.94+0.19 n.s.
Moisture 63.59 +1.98 60.69 + 1.98 62.15+0.35 64.44 +1.01 n.s.
Nutritional indices
PER 2.05 +0.07 2.13+0.04 2.11+0.03 2.18 +0.07 0.020
LER 4.28+0.14 445 +0.09 442 +0.07 456 +0.14 0.015
GPE 32.98 £0.66 33.92+0.53 3243+2.14 34.68 +1.02 n.s.
GLE 81.21+7.11 99.29 +5.25 95.94 +2.42 88.32+6.19 ns.

Data are given as the mean (n=15 for VSI, HIS, CF) + SD. n.s.: not significant (p > 0.05).

D= dose blend (citric acid 25%, sorbic acid 16.7%, thymol 1.7%, vanillin 1%, matrix of hydrogenated fats) inclusion in diet; DO = 0 ppm,
D250 = 250 ppm; D500 = 500 ppm; D1000= 1000 ppm).

VS| = Viscerosomatic index (%) = 100*(viscera weight/FBW).

HSI = Hepatosomatic index (%) = 100*(liver weight/FBW).

CF = Condition factor = 100*(FBW/length?).

PER = Protein efficiency rate = ((FBW-IBW)/protein intake).

LER= Lipid efficiency rate = ((FBW-1BW)/lipid intake).

GPE = Gross protein efficiency = 100*[(%final body protein*FBW) - (%initial body protein*IBW)]/total protein intake fish.

GLE = Gross lipid efficiency = 100*[(%final body lipid*FBW) - (%initial body lipid*IBW)]/total lipid intake fish.

Immune and inflammatory gene expression in intestinal mucosa

The gene expression of six genes involved in the immune and inflammatory response are presented in Figs. 1 and 2. The
comparison of gene expression in the intestine of fish fed different diets and sampled at the end of the feeding trial (day
82, time 1, T1) showed slight variations of some target genes analyzed (Fig. 1), but no significant dose effect was
observed. The comparison of gene expression between DO and D1000 groups before (T1) and after (day 89, time 2, T2)
the exposure to high water temperature showed an upregulation of some pro-inflammatory genes analyzed (Fig. 2).
Particularly, 1L-8 was significantly upregulated (p < 0.001) after the exposure to a high water temperature in both DO and
D1000 groups, while TNF-a was significantly upregulated in D1000 group (p < 0.05). 3.3. Gut bacterial community
profiles Twelve pools (at day 82) and six pools (at day 89) of the content of fish distal intestine were analyzed to determine

the gut microbial community of fish fed with increasing inclusion levels of the dietary blend (OA + NIC).
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Figure 1. Immune and inflammatory cytokine gene expression in
intestinal mucosa of rainbow trout fed increasing dietary blend
(organic acids and natural identical compounds) levels over 82 days.
Data are given as 15 individuals per diet. In each graph, significance
is attributed to P < 0.05. D= dose blend (citric acid 25%, sorbic acid
16.7%, thymol 1.7%, vanillin 1%, matrix of hydrogenated fats)
inclusion in diet; DO = 0 ppm, D250 = 250 ppm; D500 = 500 ppm;
D1000= 1000 ppm. IL-1B = Interleukin 1p; IL-6 = Interleukin 6; IL-8
= Interleukin 8; TNFo = Tumor necrosis factor a; TGFB =
Transforming growth factor B; IL-10 = Interleukin 10.
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Figure 2. Immune and inflammatory cytokine gene expression in
intestinal mucosa of rainbow trout fed dietary blend (organic acids and
natural identical compounds) before (day 82, time 1, T1) and after (day
89, tme 2, T2) exposure to high water rearing temperature of 23°C for
7 days. Data are given as 15 individuals per diet. In each graph,
different superscript letters indicate significant differences among
treatments (P < 0.05). D= dose blend (citric acid 25%, sorbic acid
16.7%, thymol 1.7%, vanillin 1%, matrix of hydrogenated fats)
inclusion in diet; DO = 0 ppm, D1000= 1000 ppm. IL-1p = Interleukin
1B; IL-6 = Interleukin 6; IL-8 = Interleukin 8; TNFo = Tumor necrosis

factor a; TGFB = Transforming growth factor f; IL-10 = Interleukin
10.

In order to assess whether the different diets can influence fish gut bacterial community at day 82, the beta-diversity of
the GM ecosystem was evaluated by performing a Principal Coordinates Analysis (PCoA) based on the Bray-Curtis
distances among the gut bacterial community profiles (Fig. 3A). Even though no significant differences among dietary
groups were detected (permutation test with pseudo-F ratios (Adonis); p > 0.05), PCoA showed a tendency of sample
separation based on different diets, the DO group clustered separately from the other dietary groups (i.e. D250, D500,
D1000). More specifically, it was possible to identify a tendency of separation between DO group and D500 group
(pairwise Adonis permutation test; p < 0.1). In addition, compared to the other groups, D250 group showed better
clustering, indicating a greater uniformity of this group. Different metrics were used to estimate a-diversity of each
sample, and no significant differences, according to the different diets, were detected (Kruskal-Wallis test; p > 0.05) (Fig.
3B). In order to analyse further the GM composition of fish fed diets with different OA + NIC inclusions (i.e. DO, D250,
D500, D1000), phylogenetic characterisation was highlighted in Fig. 3C and D. The GM of each group showed a similar
profile in terms of phylum and genus taxonomic levels. In particular, at the phylum level, the most abundant taxa observed
were Firmicutes, Proteobacteria and Actinobacteria, which represented about 98% of the whole intestinal bacterial
ecosystem (Fig. 3C). On the other hand, the genera most represented, all belonging to Firmicutes phylum, were
Lactobacillus (mean relative abundance + SD; DO: 29.0% =+ 2.5%; D250: 29.3% + 1.6%; D500: 27.7% =+ 0.4%; D1000:
31.3% * 2.2%), Leuconostoc (DO: 18.2% + 4.8%; D250: 20.1% + 1.4%; D500: 19.7% * 4.7%; D1000: 18.7% + 4.7%)
and Streptococcus (DO0: 16.5% + 0.7%; D250: 13.6% =+ 0.9%; D500: 13.8% + 0.1%; D1000: 13.6% + 0.7%) (Fig. 3D).
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Figure 3 Gut microbiota diversity and composition of rainbow trout fed for 82 days with increasing dietary blend levels (organic acids and natural
identical compounds) (i.e. DO, D250, D500, D1000). Principal Coordinates Analysis (PCoA) based on Bray-Curtis distances between samples taken
from each diet groups is highlighted in panel A. No significant separation was observed among groups (permutation test with pseudo-F ratios
(Adonis); p > 0.05). (B) Boxplots showing alpha diversity values for each dietary group, measured by OTU species count (observed_otus), Chaol
index and Shannon index. No significant differences were observed among groups for all the metrics (Kruskal-Wallis test; p > 0.05). Barplots
showing the GM composition at phylum and genus taxonomic level for all the different dietary interventions are displayed in panel C and D
respectively. Only phyla with a relative abundance > 0.5% in at least 9% of samples, and genera with relative abundance > 0.5% in at least 9% of
samples are represented.

However, no significant differences (Wilcoxon rank-sum test; p > 0.05) among groups at phylum and genus level were
detected between different diets (Supplementary Fig. 1A). Despite these primary results, a paired statistical analysis
against each dietary group revealed several tendencies at the genus taxonomic level. Both Vagococcus and Peptoniphilus
genera appeared to be most abundant in D250 group compared to DO group (Wilcoxon rank-sum test; p < 0.1). On the
other hand, for the genera Streptococcus and Faecalibacterium a reduction trend was observed in the D250 and D1000
groups compared to DO group (Wilcoxon rank-sum test; p < 0.1). In addition, the Clostridium genus also seemed to be
less abundant in the D250 compared to DO group (Wilcoxon rank-sum test; p < 0.1) (Supplementary Fig. 1).
Subsequently, in order to understand whether the exposure to high water temperature can influence the gut bacterial
ecosystem of fish, beta diversity analysis based on the Bray-Curtis distances among both DO and D1000 groups in the
two timepoints was performed (Fig. 4A). In this case, the PCoA showed a significant separation between different groups
in the two-dimensional space (permutation test with pseudo-F ratios (Adonis); p = 0.003), principally driven by the
separation between DO (T2) vs DO (T1) (pairwise Adonis permutation test; p = 0.001), DO (T2) vs D1000 (T1) (p = 0.01),
D1000 (T2) vs DO (T1) (p = 0.001), D1000 (T2) vs D1000 (T1) (p = 0.007) and DO (T1) vs D1000 (T1) (p = 0.01).

Concerning the a-diversity of each sample, it was possible to observe a significant difference among groups before and
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after the exposure to high water temperature (Kruskall-Wallis test; p < 0.05) (Fig. 4B). All measures showed significantly
less GM diversity under high water temperature conditions (T2) compared to normal conditions (T1), for both types of
diets (Kruskall-Wallis test; p < 0.05). The overall composition of fish gut bacterial community from DO and D1000
groups before (day 82, T1) and after (day 89, T2) the exposure to high water temperature is represented in Fig. 4C and
D. In particular, Firmicutes, Proteobacteria and Actinobacteria phyla dominated the intestinal bacterial community in all
conditions and represented about 97% of the whole sample set (Fig. 4C). At the genus level, the most represented taxa
all belonging to Firmicutes phylum, were Lactobacillus, Leuconostoc, Streptococcus and Lactococcus, below indicated
as mean relative abundance £ SD. Lactobacillus: DO (T2), 30.9% * 0.6%; D1000 (T2), 29.0% = 0.4%; DO (T1), 29.0% +
2.5%; D1000 (T1), 31.3% + 2.2%). Leuconostoc: (DO (T2), 7.4% + 1.1%; D1000 (T2), 6.4% + 1.2%; DO (T1), 18.2% +
4.8%; D1000 (T1), 18.7% + 4.7%. Streptococcus: DO (T2), 9.6% + 2.5%; D1000 (T2), 9.7% + 2.8%; DO (T1), 16.5% =
0.7%; D1000 (T1), 13.6% + 0.7%. Lactococcus: DO (T2), 5.2% + 1.0%; D1000 (T2), 5.7% + 0.4%; DO (T1), 5.4% +
0.9%; D1000 (T1), 6.1% + 1.4% (Fig. 4D).
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Figure 4 Gut microbiota diversity and composition of rainbow trout fed with DO and D1000 diets before (day 82, T1) and after (day 89, T2) exposure
to highwater rearing temperature of 23°C for 7 days. Principal Coordinates Analysis (PCoA) based on Bray-Curtis distances between samples taken
from each group is displayed in panel A. A significant separation among groups was observed (permutation test with pseudo-F ratios (Adonis); p =
0.003). (B,) Boxplots showing alpha diversity values, measured by OTU species count (observed_otus), Chaol index and Shannon index. All metrics
showed lower GM diversity in groups exposed to a sub-optimal condition (T2) compared to groups in a standard condition (T1), for both type of diets
(D0 vs. D1000) (Kruskal-Wallis test; p < 0.05). Barplots highlighting the GM composition at phylum-and genus level of different conditions are
showed in panel C and D respectively. Only phyla with a relative abundance > 0.5% in at least 8% of samples, and genera with relative abundance >
0.5% in at least 8% of samples are represented.

A paired statistical analysis among groups did not highlight any significant difference at either phylum or genus level

(Wilcoxon rank-sum test; p > 0.05) (Supplementary Fig. 2). However, at genus phylogenetic level it was possible to
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identify certain tendencies: both Leuconostoc and Streptococcus genera were less abundant in DO (T2) and D1000 (T2)
groups, i.e. in a sub-optimal condition, compared to DO (T1) and D1000 (T1) groups (Wilcoxon rank-sum test; p < 0.1).
On the other hand, the Erwinia genus was found to be more abundant in the DO (T2) group compared to DO (T1) and
D1000 (T1) groups (Wilcoxon rank-sum test p < 0.1) (Supplementary Fig. 2).

Discussion

Feeding strategies addressing the use of organic acid and botanicals as potential growth and health promoters have
attracted increasing interest in fish production [5,28]. In the present study, feeding rainbow trout with increasing dietary
blend OA and NIC did not show a significant dose effect on growth performance in the first period of the trial. Similar
outcomes were found in other studies conducted on salmonids species. Gao’s study [39] did not report significant growth
improvement of rainbow trout (233.32 g initial body weight) fed fishmeal or plant protein-based diets added with 10 g
acid moiety/kg OA salt blends (mixture of sodium formate and butyrate, ratio 2:1) before and after feed extrusion. Another
study by Bjerkeng [40] on OA salts blend (sodium acetate, sodium propionate and sodium butyrate, weight (w)
concentration 5:5:2 w/w/w) at 0, 5 and 20 g kg™ dietary dose supplied to Atlantic salmon (Salmo salar) for 175 days
displayed no significant effects on growth or apparent digestibility of macronutrients. In the present work, even though
there was no significant evidence of growth changes in the first period of the feeding trial, a significant improvement in
performance was found in the second half of the study (days 40-82): Dietary OA and NIC inclusion led to a significant
improvement of SGR and FCR. These results are also reinforced by the significant increasing of protein and lipid
utilization as stated by PER and LER at the end of the trial. In agreement with the present findings, De Wet [17] found
an improvement in growth when rainbow trout fingerlings (40 g initial body weight) were fed diets supplemented with
10 or 15 g kg OA blends, compared to the non-supplemented treatment in a four-month trial. Pandey [41] reported
consistently better growth and mineral utilization in rainbow trout fed for 12 weeks with low fishmeal-based (15%) diets
supplemented with different OA at 1% (citric, lactic, fumaric, formic and acetic), especially for citric and fumaric acid.
More recently, Villumsen [42] found that the dietary supplementation of organic acids and B-glucan showed improved
FCR and LER in rainbow trout juveniles after 37 days of feeding. The work mentioned suggested that improved
performance and digestibility of OA supplementation may be explained by lowered pH resulting in a higher dissociation
of mineral compounds, reduced rate of gastric emptying and formation of chelated mineral complexes that can be easily
absorbed. In addition, an improvement in digestive enzyme activities was also reported when 0.6% humic acid sodium
salt supplementation was provided [43]. In Tran-Ngoc [44], Nile tilapias were fed with 2 g kg™ potassium diformate
(KDF), 2 g kg* calcium butyrate (CAB) and 4 g kg KDF and CAB mixture ration 1:1 dietary level inclusion for five
weeks in normoxic state (6 mg L), followed by another period of exposure to hypoxic (3 mg L) condition. Outputs
found significant differences only in the last 5 weeks under challenging conditions, where singular OAs feed inclusions
enhanced growth and nutrient digestibility by improving intestinal morphology. Interestingly, the same OA and NIC
blend of the present study showed induced significant higher average daily gain during the second half of a two-week
trial compared to a control diet also in pigs [45]. Organic acid and botanicals are known to modulate gut microbial
community in fish species as reviewed by Ng [5] and Sutili [28] with several beneficial properties including prebiotic-
like effect, direct action towards pathogens, reduced pathogen motility and invasion, interference with quorum sensing
communication processes operating in different signal components of the bacterial cells, reduction of biofilm formation,
and inhibition of extracellular protease activity and expression. Gut microbiota of rainbow trout using NGS technique

have been extensively studied in relation to vegetal or animal ingredients to replace FM [46-49], while no data concerning
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the application of the employed OA and NIC are available. Our finding displayed Firmicutes, Proteobacteria, and
Actinobacteria as the most abundant phyla while Lactobacillus, Leuconostoc and Streptococcus were the genus most
represented. These results are consistent with previous finding in rainbow trout, indicating that the inclusion of plant
ingredients favoured the presence of Firmicutes over Proteobateria, which were more abundant in marine-derived diets
[46,47]. In addition, different genera of lactic acid bacteria such as Lactobacillus and Leuconostoc, all belonging to
Firmicutes, are generally considered beneficial microorganisms associated with a healthy intestinal epithelium in trout
and other fish species [31,50,51]. Our finding showed only a moderate impact for the different OA + NIC inclusion levels
on the gut bacterial composition of rainbow trout as shown by PCoA analysis. However, even though no significant
differences among dietary groups were detected, PCoA showed a tendency to cluster in DO group separately from the
other dietary groups. Although there were no statistically significant differences affecting the relative abundance of
specific taxa, a reduction trend for Streptococcus spp. was observed in the D250 and D1000 groups. Up to date, several
bacterial species within the genus Streptococcus spp. have been reported as important pathogens of fish species including
salmonids [52,53]. Previous in vivo studies have found that dietary essential oils/plant extracts such as rosemary
(Rosmarinus officinalis), mangrove plant (Excoecaria agallocha), Aloe (Aloe vera), and Shirazi thyme (Zataria
multiflora) are able to counteract Streptococcus pathogens in fish species via inhibition of bacterial growth, repressing of
cytotoxin production, or by enhancing the non-specific immunity and disease resistance [54-56]. Interestingly, Soltani
[57] showed that Shirazi thyme was able to reduce growth of Streptococcus iniae from a rainbow trout disease outbreak
and had a stronger effect on down-regulating streptolysin S-related gene compared to rosemary. The authors attributed
this effect as being due to the higher content of monoterpenoid phenols such as thymol from the essential oil of thyme.
Temperature plays a key role in determining microbial diversity globally [58,59], and therefore may directly alter gut
microbiomes in animals, especially in those that are unable to thermoregulate. Although the effects of temperature-
induced changes in the gut microbiota on host colonization resistance have not been established yet, recent studies suggest
that disruption of animal gut microbiota by temperature may reduce the resistance of hosts to invasion and colonization
by pathogenic microorganisms [59]. In the present study, a significant reduction in the gut microbial diversity was
obtained in both dietary treatments after one week’s exposure to high water temperature conditions at 23 “C. A few studies
investigated the temperature effects and diet—temperature interactions on the diversity of gut bacteria in rainbow trout
using high-throughput sequencing. Among these, Huyben [60] evaluating the effects of dietary substitution of fishmeal
(FM) with live yeast, and increasing water temperature, reported a lower gut microbial diversity in trout reared at warm
temperatures (18 °C), compared to those reared in cold conditions (11 °C), while no effect on diet was obtained. In contrast,
in yellowtail kingfish Seriola lalandi (a warm water marine fish species) the temperature of 20 *C was associated with a
decrease in the richness and relative abundance of microbiota compared to fish kept at 26 “C [61]. The decreasing of
alpha-diversity indices in fish species may lead to reduced competition for opportunistic or invading pathogens which
may enter the gastrointestinal tract of fish via stressful conditions such as rearing density [51] and feeding competition
[63] and also characterized the GM of unhealthy rainbow trout experiencing bacterial kidney disease (BKD) [64]. The
intestine has an important immunological role and constitutes a physical barrier against pathogens [65]. The
gastrointestinal mucosal surface is a natural interface where the intestinal microbiota and antigens cross-talk with the host
fish [66]. The gut mucosa is rich in immune cells such as lymphocytes, plasma cells, eosinophilic granulocytes, and
macrophages which can elicit local responses [67]. Regulatory systems involved in acquired and innate immune systems
is brought about by direct cell-to-cell contact involving adhesion molecules and by the production of chemical

messengers. Chief among these chemical messengers are proteins called cytokines, which can induce a broad range of
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activities via multiple target cell types and through their redundancy, indicated by the overlap in activities among different
cytokines [68]. Cytokines released by activated phagocytes are key factors in the inflammation process, particularly IL-
1B, an important pro-inflammatory cytokine, interferons, tumor necrosis factor-a (TNF-a), transforming growth factor-f
(TGF-B) and several chemokines. When an inflammatory response is induced, the cascade of cytokine secretion begins
with the release of TNF-q,; this stimulates the release of IL-1p, which is then followed by the release of IL-6. The initiation
of inflammation leads to the release of a myriad of other cytokines, which include chemoattractants that signal neutrophils
and macrophages to migrate to the site of infection (e.g. chemokines) [69]. In our study, during the feed trial (82 days)
no significant differences were recorded in animals fed with increasing dose of OA and NIC. This finding proves that OA
and NIC do not have inflammatory activities, pointing out the lack of the cytokine secretion cascade activation
characteristic of the inflammation process. Accordingly, the growth performance and the gut microbiota composition
recorded during the feeding trial did not show differences among tested diets. Thus, the establishment of a healthy
microbiota plays an important role in the generation of immunophysiologic regulation in the host by providing crucial
signals for the development and maintenance of the immune system [70]. The groups exposed to high water temperature
showed no significantly different expression levels among the immune genes studied, except for IL-8 and TNF-a.
Particularly, IL-8 is a potent inflammatory cytokine, which is known as neutrophil chemotactic factor and is produced by
various immunocytes during oxidative stress and infections [71]. In addition, TNF-a is another inflammatory
multifunctional cytokine synthesized by various kinds of cells and involved in the proliferation of immunocytes and in
their migration, apoptosis, and phagocytic activity as well as in the expression of other pro-inflammatory cytokines [72].
The upregulation of IL-8 in DO and D1000 groups and of the TNF-a in D1000 suggests the activation of a stress-condition
triggered by the high temperature condition. In DO and D1000 groups slight modifications in gut microbiota after the
exposure to high temperature condition were also observed and these changes may have led to the upregulation of these
cytokines. In this context, the concomitant reduction of the lactic acid bacteria (LAB) Leuconostoc should be mentioned.
As single-strain probiotic, this genus showed to exert positive effects on growth performance in fish [73]. LAB are known
to be involved in the modulation of topical and systemic immune systems being able to suppress the production of pro-
inflammatory cytokines [74,75]. Contrary to our findings, rainbow trout exposed to stress conditions such as high stocking
densities for 30 days showed different expression levels of pro-inflammatory cytokines. Particularly, the fish reared at
high stocking densities (40 and 80 kg m%), showed a significant density-dependent downregulation in the expression of
IL-1p and IL-8 and the lowest level was observed in the highest stocking density group [76]. The differences in the results
between the present study with the findings of Yarahmadi [76] are supported by the fact that short-term stress (acute) and
long-term stress (chronic) have different effects on fish immune system [77]. However, in agreement with our findings,
Castillo [78] reported that adrenaline at a concentration of 1 mM caused increased expression of TNF-o gene but
suppressed the expression of IL-1pB in gilthead sea bream (Sparus aurata) head kidney cells. Moreover, Caipang [79]
reported that short-term overcrowding up-regulated several immune-related genes such as IL-1pB, IL-8 and g-type
lysozyme in the blood of Atlantic cod (Gadus morhua). In the present study temperature seems to exert a somewhat effect
on gut health status as supported by both reduced diversity of GM and increased intestinal inflammatory cytokine gene
expression. However, the up-regulation of IL-8 and TNF-o, and the absence of regulation of other pro- or anti-
inflammatory genes suggest the lack of a substantial inflammation process able to compromise the functional activity of
the intestine. The cytokine gene expression pattern obtained in this study may have been affected by the time course and

the persistence of the stressor as previously suggested [80]. Furthermore, available literature suggests that feed additives
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may regulate inflammatory effects in an inconsistent pattern, possibly depending on the differences of composition,
dosage, quality, route, and exposure time [81].

Conclusions

In conclusion, the dietary microencapsulated blend of OA and NIC employed at the tested inclusions improved growth
and feed utilization of rainbow trout. Significant dose effects on the improvement of SGR and FCR were evident during
the second half of the trial (days 40-82), probably indicating that the duration of feed administration plays a role in
inducing an improvement of digestive conditions or microbiome modulation. Gut microbiota (GM) diversity and
composition and cytokine gene expression analysis showed no significant differences in fish fed with increasing doses of
OA and NIC after 82 days, pointing out the lack of inflammatory activity in the intestinal mucosa of rainbow trout fed
increasing dietary blend. After exposure to high water temperature, a lower GM diversity and an increased intestinal
inflammatory cytokine gene expression were observed for both types of diets (DO vs. D1000) compared to groups in a
standard condition. Although further studies should be conducted to fully clarify this mechanism, cytokine up-regulation
seems to be concomitant to the reduction of GM diversity and particularly to the reduction of specific bacterial genera
such as Leuconostoc. The feeding of this microencapsulated blend of OA + NIC at the tested doses can be a useful strategy
to improve growth and feed utilization in rainbow trout under normal temperature conditions. According to the results,

organic acids and nature-identical compounds did not revert the effects triggered by the increased temperature of water.
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2.4 Study Il - Interaction between dietary lipid level and seasonal temperature changes in gilthead sea
bream Sparus aurata: effects on growth, fat deposition, plasma biochemistry, digestive enzyme activity
and gut bacterial community

Pelusio, N. F., Scicchitano, D., Parma, L., Dondi, F., Brini, E., D’Amico, F., ... & Bonaldo, A. (2021). Interaction between dietary lipid level and
seasonal temperature changes in gilthead sea bream Sparus aurata: effects on growth, fat deposition, plasma biochemistry, digestive enzyme activity,
and gut bacterial community. Frontiers in Marine Science, 8, 664701.

Introduction

Today, feeding strategy optimization related to environmental conditions is extremely necessary to pursue
more intensive and more efficient aquaculture production in the Mediterranean basin. Feed production is the
greatest cost in the aquaculture sector and can account for up to 60-80% of overall expenses (Hasan, 2007;
Luna et al., 2019). Dietary lipid supplementation has been largely developed to reduce feed cost and reduce
the need for limited and expensive protein ingredients in many farmed fish species (Bell & Koppe, 2010;
Bonaldo et al., 2010; Leaver et al., 2008) including gilthead sea bream (Sparus aurata) which is one of the
most important marine finfish species farmed in the Mediterranean area (Guillén, 2019). Currently,
commercial diet composition for the grow-out phase of this species consists on average of 43% protein and
20% fat (Arantzamendi et al., 2019; Koven, 2002; Vasconi et al., 2017). Among abiotic factors, water
temperature is the key environmental factor, playing a crucial role on metabolism, nutrient utilization, fat
deposition and welfare, in particular for this species which is highly susceptible to thermal seasonal changes
and fluctuation (Ibarz et al., 2010; Sanchez-Nufio, Eroldogan, et al., 2018). Although it is known that the
optimal temperature range is between 18 °C and 26 °C (Davis, 1988; Jobling & Peruzzi, 2010), this species is
yearly subjected to large temperature fluctuations (from 11 °C to 26 °C) in most farming conditions. Previous
works found that increasing dietary lipids from 16 to 24% produced no significant differences on final body
weight and specific growth rate at summer temperatures between 24 °C and 27 °C (Bonaldo et al., 2010;
Mongile, Bonaldo, Fontanillas, Mariani, Badiani, Bonvini, & Parma, 2014; Velazquez et al., 2006). On the
other hand, several studies have also been devoted to developing winter feeds for overcoming metabolic
alterations, immune suppression and nutritional disorders (Richard et al., 2016; Silva et al., 2014). While most
of these diets were formulated in order to test the effectiveness of functional ingredients such as
immunostimulants and antioxidants, their lipid content ranged from 17 to 19.7%. In addition, especially at
temperatures below 13 °C, if there is an excess of dietary lipid it can be accumulated as a fat depot in
perivisceral tissue due to low metabolic activity (Ibarz et al., 2010; Ibarz, Beltran, et al., 2007a). To the best
of our knowledge, few studies have been carried out to assess optimal lipid composition during water
temperature seasonal changes. (Sanchez-Nufio, Eroldogan, et al., 2018) found that dietary lipid content 18 vs
14% did not affect growth in fish subjected to temperature fluctuations from 22 to 14 °C; however the authors
suggested adopting lower lipid levels to avoid excessive fat deposition and putative oxidative stress during
recovery. Environmental temperature fluctuation during seasonal changes may also affect fish metabolism,
digestive enzyme activity and gut bacterial community, which may influence performance, tissue composition
and fish health (Couto et al., 2012; Garcia-Meilan et al., 2013; Guerreiro et al., 2016; Sepulveda & Moeller,

2020; Zarkasi et al., 2016). To date, very limited studies have investigated how seasonal changes of water
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temperature interact with diet in shaping the gut microbiome structure in teleost species, and none of them
deals with sea bream. The aim of the present study was to explore the effects of dietary lipid level and seasonal
temperature changes on growth, digestive enzyme activity, plasma biochemistry and gut microbiome structure
during the on-growing of gilthead sea bream.

Materials and methods

Experimental diets

Ingredients and proximate composition of the experimental diets are represented in Table 1. Two
isonitrogenous (43.7 %) extruded diets (sinking pellet size diameter 4.00 mm) were produced to contain a low
16% (L16) and high 21% (L21) dietary lipid level. Diets were formulated with fish meal and with a mixture
of vegetable ingredients currently used for sea bream in aquafeed (Parma et al., 2016). Diets were produced
by Sparos Lda (Olhéo, Portugal).

Table 1. Ingredients and proximate composition of the experimental diets

L16 L21
Ingredients, % of the diet
Fishmeal Super Prime 15.00 15.00
Soy protein concentrate 16.00 16.00
Wheat gluten 7.45 8.00
Corn gluten 9.00 9.00
Soybean meal 44 20.00 20.00
Wheat meal 16.65 12.00
Fish oil 6.50 8.55
Rapeseed oil 6.50 8.55
Vitamin and Mineral Premix INVIVO 1% 1.00 1.00
Antioxidant 0.20 0.20
Sodium propionate 0.10 0.10
MAP (Monoammonium phosphate) 1.00 1.00
L-Lysine 0.25 0.25
DL-Methionine 0.35 0.35
Proximate composition, % on a wet weight basis
Moisture 5.69 5.84
Protein 43.59 43.75
Lipid 16.30 20.81
Ash 6.29 6.24
Gross energy cal g*! 4819.12 5051.63

Vitamins and mineral premix (iu or mg kg-1 diet; invivo nsa,: portugal); dl-alpha tocopherol acetate, 200 mg; sodium menadione bisulphate, 10 mg;
retinyl acetate, 16,650 iu; dl-cholecalciferol, 2000 iu; thiamine, 25 mg; riboflavin, 25 mg; pyridoxine, 25 mg; cyanocobalamin, 0.1 mg; niacin, 150
mg; folic acid, 15 mg; l-ascorbic acid monophosphate, 750 mg; inositol, 500 mg; biotin, 0.75 mg; calcium panthotenate, 100 mg; choline chloride,
1000 mg, betaine, 500 mg; copper sulphate heptahydrate, 25 mg; ferric sulphate monohydrate, 100 mg; potassium iodide, 2 mg; manganese sulphate
monohydrate, 100 mg; sodium selenite, 0.05 mg; zinc sulphate monohydrate, 200 mg; yttrium oxide, 100 mg.

Seasonal temperature changes

Before the beginning of the trial, fish were adapted to the laboratory facilities at the constant water rearing
temperature of 20 °C for ten days. At the beginning of the trial, triplicate tanks were randomly divided into
two groups: one at high (H) temperature 23.17 + 1.11 °C and one at low (L) temperature 17.34 + 0.92 °C
respectively and maintained at these constant temperatures for 58 days.

On day 58 fish were exposed to a switch in temperature (fish kept at H were transferred to L , HL and the fish

kept at L were transferred to H (LH) while continuing to receive the same diet in each group. Thus, fish which
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were brought from 23 °C to 17 °C (HL) were subjected to summer-autumn variation, while fish brought from
17 °C to 23 °C (LH) underwent spring-summer changes.

Fish and rearing conditions

The experiment was carried out at the Laboratory of Aquaculture, Department of Veterinary Medical Sciences
of the University of Bologna, Cesenatico, Italy. Gilthead sea bream juveniles were obtained from Panittica
Pugliese (Torre Canne di Fasano, Brindisi, Italy). At the beginning of the trial 30 fish (initial average weight:
67.50 £ 1.66 g) per tank were randomly distributed into twelve 450 L square tanks. Experimental diets (L16
and L21) were administered to triplicate groups to visual satiation twice a day (h 8.30 and h 16.00) for six days
a week. While temperatures were switched after intermediate day sampling, each tank continued to receive the
same dietary treatment until the end of the trial. Tanks were provided with natural seawater and connected to
a closed recirculating aquaculture system (RAS) with an overall water volume capacity of 6000 L. The rearing
system consisted of a mechanical sand filter (0.4 m® of silica sand, 0.4-0.8 mm. PTK 1200, Astral Pool,
Servagua S.A. Barsareny, Spain), ultraviolet lights (SH-63, BLUGEO S.r.I., Parma, Italy) and a biofilter (PTK
1200, Astral Pool, Servaqua S.A. Barsareny, Spain). During the trial, photoperiod was maintained at 12 h light
and 12 h dark through artificial light (light intensity on the water surface 400 lux). The oxygen level was kept
constant (8.0 + 1.0 mg L™) by a liquid oxygen system regulated by a software program (B&G Sinergia snc,
Chioggia, Italy). Ammonia (total ammonia nitrogen, TAN < 0.1 mg L™), nitrite (NO2 < 0.2 mg L), nitrate
(NO3z <50 mg L) and salinity (25-30 g L) were daily monitored spectrophotometrically (Spectroquant Nova
60, Merck, Lab business, Darmstadt, Germany). Sodium bicarbonate was added daily to keep pH constant at
7.8-8.0. The feeding trial lasted a total of 121 days. In the RAS water temperature was maintained warmer in
six tanks by a heater (H03609-00.B-2012/01, Zodiac Pool Care, Saint-Barthélemy-d’Anjou, France), while the
water in the remaining tanks was kept cooler (AWP 16 SP R407C, GENCOLD S.r.l., Cesena, Italy) for the

whole experiment.

Sampling

At the beginning, half-way through and at the end of the experiment, all the fish in each tank were anaesthetised
by Tricaine Methanesulfonate at 100 mg L™ and individually weighed. The proximate composition of the
carcasses was determined on pooled samples at the beginning (10 fish per tank), at the half-way stage before
the temperature switch (3 fish per tank), and at the end of the trial (5 fish per tank).

Furthermore, wet weight of viscera, liver and perivisceral fat were individually recorded for intermediate (6
fish per tank) and final (5 fish per tank) pools to determine viscerosomatic index (VSI) hepatosomatic index
(HSI) and mesenteric fat index (MFI). Moreover, liver pooled samples (from 6 individuals per tank) were
taken out at the end of the trial and stored at -20 °C until analysed to access the fat liver content in animals
subjected to seasonal temperature change. At 5 hours post meal (hpm), 3 fish per tank (n=9/treatment) on day
58 (before temperature changes) and 5 fish per tank (n=15/treatment) on day 121 were sampled and dissected
to obtain their whole gastrointestinal tract, then they were first stored at —80 °C and subsequently freeze-dried

until digestive enzyme activity analysis according to (Busti et al., 2020).
30



Digesta content (n=3 fish per tank on intermediate sampling day 58, n=9 fish per diet treatment; n=3 fish per
tank on final sampling day 121%, n=9 fish per diet treatment) from posterior intestine was also individually
sampled and immediately stored at -80°C for gut microbiota investigation according to (Parma et al., 2016).
Blood was collected from the caudal vein in 3 fish per tank on intermediate sampling (n=9 fish per treatment),
and in 5 fish per tank (n=15 fish per treatment) on final sampling. Samples were then centrifuged (3000 g for
10 min at 4°C) and plasma aliquots were stored at -80°C until analysis according to (Bonvini et al., 2018).
All experimental procedures were evaluated and approved by the Ethical-Scientific Committee for Animal
Experimentation of the University of Bologna, in accordance with European directive 2010/63/UE on the

protection of animals used for scientific purposes.

Calculations
The formulae employed to calculate growth performance, somatic indices, nutritional indices and relative
variations were as follows:

Specific growth rate (SGR) (% day-1) = 100 * (In FBW- In IBW) / days (where FBW and IBW represent the
final and the initial body weights).

FI = Feed intake (g kg ABW—1 day—1) = ((1000*total ingestion)/(ABW))/days)).

Feed conversion ratio (FCR) = feed intake / weight gain.

Viscerosomatic index (VSI) (%) = 100 * (viscera weight / body weight).

Hepatosomatic index (HSI) (%) = 100 * (liver weight / body weight).

Mesenteric fat index (MFI) (%) = 100 * (mesenteric fat weight / body weight).

Protein efficiency rate (PER) = (FBW — IBW) / protein intake.

Gross protein efficiency (GPE) (%) = 100 * [(% final body protein * FBW) - (% initial body protein * IBW)]
/ total protein intake fish.

Lipid efficiency rate (LER) = (FBW — IBW) / lipid intake.

Gross lipid efficiency (GLE) (%) = 100 * [(% final body lipid * FBW) - (% initial body lipid * IBW)] / total
lipid intake fish.

Relative variation = (final considered value — initial considered value) / initial considered value.

Proximate composition analysis

Diets and whole bodies were analysed for proximate composition. Moisture content was obtained by weight
loss after drying samples in a stove at 105 °C overnight. Crude protein was determined as total nitrogen
(N*6.25) after performing Kjeldahl’s method. Total lipids were determined according to (Bligh & Dyer, 1959)
extraction method. The same method was performed also on final liver pools samples in order to estimate their
fat content. Ash content was estimated by incineration in a muffle oven at 450 °C overnight. Gross energy was
determined by a calorimetric bomb (Adiabatic Calorimetric Bomb Parr 1261; PARR Instrument, IL, U.S.A).

Digestive enzyme activity analysis

Stomach and proximal intestine, including the pyloric caeca, of each individual were separately homogenised
in distilled water (1:3 w/v), and were centrifuged at 4 °C, 13,000 g, for 10 min. Supernatants were stored at —
20 °C until being processed. Using the stomach homogenate, pepsin activity was measured according to the
methodology described in (Anson, 1938). In brief, 10 uL of the enzyme extract was diluted in 1 mL of 0.1 M

HClI-glycine buffer (pH 2.0) containing 0.5 % bovine haemoglobin. The mixture was incubated for 20 min at
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room temperature (approximately 25°C). The reaction was terminated by adding 0.5 mL of 20 %
trichloroacetic acid (TCA) and was cooled at 4 °C for 15 min to facilitate precipitation. After centrifuging at
13,000 g for 15 min at 4 °C, 200 pL of the supernatant was used to measure absorbance at 280 nm. One unit
of enzyme activity was defined as 1 ug tyrosine released per minute using a specific absorptivity of 0.008 ug
L cm™ at 280 nm. In the proximal intestine homogenate, trypsin and chymotrypsin activity were measured
using Na-Benzoyl-DL-arginine 4-nitroanilide hydrochloride (BAPNA) and N-Glutaryl-L-phenylalanine p-
nitroanilide (GAPNA) as substrates, according to Erlanger et al., (1961) and (1966) respectively. For each of
these enzymes, substrate stock (0.5 mM of BAPNA or GAPNA in dimethyl sulfoxide) was brought to the
working concentration by 1/10th dilutions using 50 mM Tris-HCI and 20 mM CacCl; buffer (pH 8.5). The
change in absorbance at 405 nm was measured over 10 min at room temperature, for 10 to 15 uL of the enzyme
extract and 200 pL of substrate per each microplate well. For these enzymes, one unit of activity was defined
as 1 pumol p-nitroaniline released per minute using coefficients of molar extinction of 8270 M™ cm™ at 405
nm. Amylase activity was measured following the 3,5-di-nitrosalicylic acid (DNSA) method (Bernfeld, 1955).
In brief, 30 uL of enzyme extract and 300 uL of substrate (2% soluble starch in 100 mM phosphate and 20
mM NaCl, buffer (pH 7.5) were incubated at 37 °C for 30 min. The reaction was stopped by the addition of
150 puL. DNSA and was heated in boiling water for 5 min. After cooling on ice, 1.5 mL of distilled water was
added to the mixture and the absorbance was measured at 530 nm. One unit of amylase activity was defined
as the amount of enzyme needed to catalyse the formation of 1 pug of maltose equivalent per minute. Lipase
activity was measured using 4-Nitrophenyl myristate as substrate, according to Albro et al., (1985). Briefly,
10 pL of enzyme extract was added to 50 pL Sodium taurocholate (0.4 mg mL ) and 130 pL of 100 mM Tris-
HCL buffer (pH 8.0) per each microplate well. The change in the absorbance at 405 nm was measured over 10
min at room temperature. One unit of amylase activity was defined as the amount of enzyme needed to catalyse
the production of 1 pg of p-nitrophenol per minute. All the activities were expressed in units per g of wet
weight of fish, considering both the total amount of tissue used for enzyme determination and the live weight

of each sampled fish.

Metabolic parameters in plasma

The levels of glucose (GLU), urea, creatinine (CREA), uric acid (Uric Ac), total bilirubin (Tot Bil), bile acid
(Bil Ac), cholesterol (CHOL), triglycerides (TRIG), high density lipoprotein (HDL), total protein (TP),
albumin (ALB), aspartate aminotransferase (AST), alkaline phosphatase (ALP), creatine kinase (CK), lactate
dehydrogenase (LDH), calcium (Ca*?), inorganic phosphorus (P), potassium (K*) sodium (Na*), iron (Fe),
chloride (CI), magnesium (Mg) and cortisol (CORT) were determined in the plasma using samples of 500uL
on an automated analyser (AU 400; Beckman Coulter) according to the manufacturer's instructions. The
albumin/globulin (ALB/GLO), Ca x P, and Na/K ratio were calculated.
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Gut bacterial community DNA extraction and sequencing

Total DNA was extracted and analysed from individual distal intestine content obtained from 3 fish per tank
(300 mg per fish) on day 58 and day 121, as previously reported in (Parma et al., 2020). Amplification.
Purification and sequencing of V3-V4 hypervariable region of the 16S rRNA bacterial gene was carried out as
described in paragraph 2.2. Sequencing was performed on Illumina MiSeq platform using a 2 x 250 bp paired-
end protocol according to the manufacturer's instructions (lllumina, San Diego, CA). Raw sequences were
processed as described in paragraph 2.2.

Statistical analysis

All data are represented as mean * standard deviation (SD). A tank was used as the experimental unit for
analysing growth performance, and a pool of three (on intermediate sampling, day 58) and five (on final
sampling, day 121) fish was considered as the experimental unit for analysing carcass composition, liver fat
content and nutritional indices, whereas nine (on intermediate sampling, day 58) and fifteen (on final sampling,
day 121) individual fish per treatment were used for analysing somatic indices, digestive enzyme activity,
blood biochemistry and gut bacterial community profiles. Data of growth performance, nutritional indices,
somatic indices, fat liver content, enzyme activity and plasma parameters were analysed by a two-way analysis
of variance (ANOVA) with Tukey's post hoc test. In order to assess the amplitude of variations occurring
before and after the temperature change, relative variations on growth parameters, morphometric indices,
nutritional indices, digestive enzyme activity and plasma biochemistry were calculated and analysed by a two-
way analysis of variance (ANOVA) with Tukey's post hoc test. All gut microbiota statistical analyses were

performed using R project (https://www.r-project.org/) as described in paragraph 2.2. PCoA plots were

generated using the “vegan” (http://www.cran.r-project.org/package-vegan/) and “Made4” packages (Culhane
et al., 2005), and for all PCoA betadisper and permutest functions were used to assess homogeneity of
dispersion of our data (in all tests p-value was > 0.05). A p-value <0.05 was considered statistically significant,

while a p-value between 0.05 and 0.1 was seen as a trend.

Results

Growth

Results on growth performance parameters and nutritional indices are summarised in Table 2. Concerning the
seasonal temperature change occurring in the overall experimental period (day 0-121 period), no significant
effects of diet nor temperature (p > 0.05) on growth (FBW, WG, SGR), FI and survival were detected, while
FCR was significantly influenced by temperature (p < 0.05) with lower values in LH (animals first exposed to
L temperature and then switched to H). At the same time diet and temperature had a significant effect on LER
and GLE (p < 0.05), both of which were found to be higher in animals fed L16, while among groups fed the
same dietary treatment, they were slightly lower in HL. Over day 0-58 period, no dietary effect was detected
on FBW, WG, SGR, FCR, FI and survival (p > 0.05) while temperature had a significant effect (p < 0.05) on
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Table 2. Growth performance and nutritional indices of gilthead seabream fed experimental diets and exposed to seasonal water temperature
changes.

Overall period day 0 — 121

L16 L21 P-value

HL LH HL LH Inte Temp Diet
Growth performances
IBW 66.83 + 1.07 68.13+0.64 67.27 £ 2.05 67.80+2.77 0.727 0.412 0.964
FBW 175.07 £9.91 181.01 +10.81 170.84 £ 19.28 169.65 +20.71 0.708 0.803 0.421
WG 108.24 + 8.89 112.88 +10.79 103.57 +£17.83 101.85 +19.33 0.721 0.870 0.388
SGR 0.80 +£0.03 0.81+0.05 0.77 £0.07 0.75+0.08 0.728 >0.999 0.311
FCR 1.34+0.01 1.30+0.04 1.32+£0.01 1.29 £ 0.03 0.750 0.036 0.352
Fl 1.01 £0.04 0.99 £0.05 0.96 +£0.09 0.92 +£0.05 0.930 0.391 0.162
Survival 78.89+1.92 78.89+1.92 76.67 £5.77 77.78 £3.85 0.805 0.805 0.457
Nutritional indices
PER 1.67+0.01 1.74 £0.02 1.70 £0.03 1.74 £ 0.08 0.624 0.062 0.466
GPE 295+1.34 30.8+041 29.9+0.88 29.6 £1.53 0.232 0.489 0.552
GLE 66.9+1.40° 76.5+1.91° 54.4+£5.932 56.0 £5.022 0.128 0.044 0.000
LER 447 £0.03° 4.64 £0.05° 3.58 £0.052 3.67+0.172 0.425 0.036 0.000

Before seasonal change day 0 — 58

H L H L Inte Temp Diet
Growth performances
IBW 66.83 +1.07 68.13+0.64 67.27 + 2.05 67.80+2.77 0.727 0.412 0.964
FBW 134.74 +13.45° 95.16 +4.132 136.12 £ 13.74° 99.44 +8.42°2 0.821 0.000 0.659
WG 67.91+12.53° 27.03+3.962 68.86 + 12.22° 31.64+5.662 0.745 0.000 0.622
SGR 1.20+0.15° 0.57 £0.072 1.21+0.13° 0.66 +0.082 0.558 0.000 0.527
FCR 1.25+0.04 1.35+0.09 1.23+0.05 1.28 £0.01 0.410 0.051 0.205
Fl 1.45+0.16° 0.77 £0.052 144 +£0.18° 0.84 +0.102 0.622 0.000 0.715
Survival 100.00 + 0.00 100.00 + 0.00 98.89+1.92 98.89+1.92 >0.999 >0.999 0.195
Nutritional indices
PER 1.83+0.07 1.69+0.11 1.85+0.06 1.78 £0.01 0.461 0.043 0.250
GPE 33.0+1.16° 28.1+0.472 30.8+1.17% 29.6 +2.55% 0.070 0.008 0.718
GLE 71.3+10.36 775+11.72 65.4 +£2.35 52.0 +15.36 0.163 0.586 0.039
LER 4.89+0.19° 452 +0.30° 3.89+0.132 3.73+0.022 0.360 0.044 0.000

After seasonal change day 59 — 121

L H L H Inte Temp Diet
Growth performances
IBW 134.74 +13.45° 95.16 +4.132 136.12 +13.74° 99.44 +8.422 0.821 0.000 0.659
FBW 175.07 £9.91 181.01+10.81 170.84 £ 19.28 169.65 +20.71 0.708 0.803 0.421
WG 40.33£4.502 85.85+6.94° 3471 +5.632 70.21+17.12° 0.407 0.000 0.100
SGR 0.42 £0.082 1.02+0.04" 0.36 £0.022 0.84 +0.15° 0.288 0.000 0.045
FCR 155+0.12° 1.30+0.022 153+0.12® 1.29+0.052 0.900 0.002 0.802
Fl 0.66 +0.082 1.29+0.07¢ 0.56 £0.042 1.07+£0.11° 0.193 0.000 0.008
Survival 98.6+2.4 98.6+24 97.1+5.0 98.6 +2.5 0.709 0.709 0.697
Nutritional indices
PER 1.45+0.092 1.75+0.04" 147 +£0.112 1.75+0.15" 0.850 0.001 0.892
GPE 245+4.88 31.6+0.41 28.6 +3.78 30.0+2.63 0.169 0.059 0.532
GLE 59.1+11.72% 76.2+5.94° 37.0+19.492 57.8+14.35% 0.822 0.044 0.034
LER 3.88 £0.245% 4.68+0.11¢ 3.10+0.222 3.68+0.32% 0.445 0.001 0.000

Data are given as the tanks mean (n=3) £ SD. In each line, different superscript letters indicate significant differences among treatments (P <
0.05). L16 = low lipid 16% diet ; L21 = high lipid 21% diet ; HL = constant temperature exposure to high (H) 23°C until seasonal thermic switch
(day 0-58™), then to constant low (L) 17°C until end of trial (day 59t -121%%) ; LH =. constant temperature exposure to low (L) 17°C until seasonal
thermic switch (day 0-58%), then to constant high (H) 23°C until end of trial (day 59% -121%) ; H = constant temperature exposure to high (H) 23°C
; L = constant temperature exposure to low (L) 17°C.

FBW, WG, SGR and FI with higher values in fish reared at 23 °C (H groups) compared to those at 17 °C (L
groups). FCR was moderately lower (p = 0.0505) at high temperature. A significant dietary effect was recorded
on LER and GLE (p < 0.05) but not on PER and GPE (p > 0.05). At the same time, significant temperature
effect (p < 0.05) was found on PER, GPE and LER, with lower levels in animals held at 17 °C (L).

In the period following the seasonal change (day 59-121), diet and temperature had a significant effect (p <
0.05) on SGR and FI, with higher values in animals fed diet L16 and maintained at H temperature. Significant

temperature effects (p < 0.05) were also found on WG and FCR showing higher WG and lower FCR in H
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temperature. At the same time significant (p < 0.05) dietary and temperature effects were found on GLE and
LER, with the highest values in fish fed L16 and kept at H and the lowest levels in individuals fed L21 and
reared at L (17 °C). No significant dietary effect (p > 0.05) was found on PER and GPE. A significant
temperature effect (p < 0.05) was noticed on PER, which showed higher in animals reared at H temperature.
No significant temperature effect was detected on GPE (p > 0.05). Relative variations of growth performance
and nutritional indices calculated between day 58 and day 121 (before-after seasonal change) are represented
in Supplementary Table 1. WG, SGR and FI showed a higher increment/lower reduction in L16 compared
to L21 (diet effect p <0.05). A significant temperature effect was found on the relative variation of FBW, WG,
SGR, FCR and FI with lower increment in HL compared to LH. In addition, the relative variation of Fl
displayed significant interaction effect (p < 0.05). Diet had no significant effect on the relative variations of
nutritional indices (p > 0.05) while temperature affected PER, GPE and LER relative variations showing
decreasing values in HL compared to LH (temperature effect < 0.05). No significant dietary nor temperature
effect were found on GLE relative variation (p > 0.05). Proximate body composition and somatic indices data
are shown in Table 3. Before seasonal change (day 58) protein displayed significant effects of diet,
temperature, and interaction (p < 0.05) with higher amounts in L16 and H temperature. For lipid content there
were significant effects of temperature and interaction (p < 0.05), where groups fed L21 retained both the
highest and the lowest percentages for H and L, respectively. Ash body percentage was significantly affected
(p > 0.05) only by diet, with higher values in groups fed L16. Significant dietary and temperature effects (p <
0.05) were also found for moisture. At the same time no significant dietary effect (p > 0.05) was found on HSI,
MFI and VSI while a significant temperature effect occurred on HSI (p < 0.05) with higher levels in fish kept
at low temperature (L 17 °C).
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Table 3. Body composition and somatic indices of gilthead sea bream fed experimental diets and exposed to seasonal water temperature changes

Before seasonal change — day 58

L16 L21 P-value

H L H L Inte Temp Diet
Whole body composition, %
Protein 17.54 +0.05" 16.90 +0.37 16.83 £0.072 16.89 +0.46° 0.008 0.022 0.007
Lipid 1313 +£1.11% 13.11 +£0.75% 14.21 £0.39° 12.39 £1.292 0.011 0.035 0.436
Ash 3.94+0.27 3.92 +0.08 3.64 +0.51 3.55+0.14 0.796 0.687 0.022
Moisture 64.37 +1.062 64.84 £0.28% 64.67 £0.48% 65.70 + 0.57" 0.316 0.013 0.044
Somatic indices
HSI 1.98+0.102 2.40+0.16° 1.90 +0.07 2 2.33+0.11° 0.934 0.000 0.396
MFI 1.42 +0.34 1.45+0.19 1.53+0.28 1.64 +0.81 0.846 0.673 0.421
Vsl 9.05 +0.62 9.62 +0.94 10.04 + 1.54 9.13+0.21 0.236 0.309 0.222

After seasonal change — day 121

L H L H Int. Temp Diet
Whole body composition, %
Protein 17.41£0.55 17.46 +0.12 17.36 +0.30 16.99 + 0.40 0.161 0.287 0.102
Lipid 13.68 £0.28 14.63 +0.41 13.81+1.26 13.78 £0.51 0.119 0.145 0.249
Ash 3.87+0.13 3.84+0.11 3.72+0.21 3.70 +0.20 0.977 0.782 0.099
Moisture 64.05 + 0.32 63.46 + 0.56 64.52 +1.25 64.61 +0.70 0.255 0.405 0.012
Somatic indices
HSI 2.42 £0.54b 1.74 £0.262 2.56 +0.38" 1.60 +0.222 0.141 0.000 0.993
MFI 1.11+0.39 1.23+0.55 1.38 +0.49 1.52 +0.41 0.924 0.301 0.022
VSl 8.38+1.262 9.46 +1.19% 9.92+1.23"b 8.84+2.602 0.015 0.299 0.012
Lipid liver 10.80 + 0.66 13.25 +4.32 11.81 +1.68 12.76 +0.77 0.598 0.249 0.853

Data are given as the mean (n=9 diet™ on day 58% ; n=15 diet! on day 121%t) + SD. In each line, different superscript letters indicate significant
differences among treatments (P < 0.05). L16 = low lipid 16% diet ; L21 = high lipid 21% diet ; H = constant temperature exposure to high (H)
23°C; L = constant temperature exposure to low (L) 17°C.

HSI = Hepatosomatic index (%) = 100*(liver weight/FBW).

MFI = Mesenteric Fat Index (%) = 100*(mesenteric fat weight/FBW).

VSI = Viscerosomatic index (%) = 100*(viscera weight/FBW).

SD = Standard deviation.

At the end of the trial (day 121), no significant dietary and temperature effects were found in body protein,
lipid, and ash percentages (p > 0.05). Moisture showed a significant dietary effect (p < 0.05), displaying a
higher level in L21. Fat liver content was not significantly affected by diet nor temperature (p > 0.05).
Concerning somatic indices, diet showed a significant effect on MFI and VSI (p < 0.05) both higher in L21
than L16. An additional interaction effect in VSI was also observed. HSI was significantly affected by
temperature with higher values observed in the L groups for both dietary regimes. Relative variations of
proximate body composition and somatic indices calculated between day 58 and day 121 (before-after seasonal
change) are represented in Supplementary Table 2. No significant dietary or temperature effects were found
on relative variations of protein, lipid, ash, and moisture (p > 0.05). Relative variation of HSI was not
significantly affected by diet (p > 0.05); however, HL groups displayed a relative increment while LH groups
showed decreasing values (temperature effect p < 0.05). MFI and VSI relative variations were not significantly

affected by diet nor temperature (p > 0.05).

Digestive enzyme activity
Digestive enzymes activities measured before and after water temperature change are shown in Figure 1.

Before seasonal change, pepsin activity was significantly (p < 0.05) higher in fish fed on diet L21, but no
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significant differences were observed between groups maintained at low or high temperature. After seasonal

change, the only significant differences observed were associated with interactions between the effects of

dietary lipid level and low temperature; the highest and lowest activities were measured in fish fed on low lipid

and high lipid diets, respectively, maintained at low temperature. On the other hand, no significant effect of

temperature change was evidenced, irrespective of diet composition.
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Figure 1 Digestive gut enzymes activity (expressed as U g fish body weight-1) of
gilthead seabream fed the experimental diets and exposed to seasonal temperature
changes over 121 days. Data are given as the mean of triplicate tank individual
samples (n=3 per tank before seasonal change, n=5 per tank after seasonal change)
+ SD. Different letters indicate significant difference (Two-way ANOVA P <0.05)
between treatments. L16 = low lipid 16% diet ; L21 = high lipid 21% diet. HL =
constant temperature exposure to high (H) 23°C until seasonal thermic switch (day
0-58th), then to constant low (L) 17°C until end of trial (day 59th -121st); LH =.
constant temperature exposure to low (L) 17°C until seasonal thermic switch (day
0-58th), then to constant high (H) 23°C until end of trial (day 59th -121st).

In the case of trypsin, a significant effect of
rearing temperature and none of dietary lipid
level was evidenced during the first part of the
assay, with higher values measured in fish
maintained at 17 °C when compared to those at
23 °C. After temperature inversion,
significantly higher values were measured in
fish fed on high lipids and maintained at high
temperature when compared to those fed on low
lipids and maintained at low temperature. On
the other hand, significantly higher values of
chymotrypsin activity were measured in fish fed
on high dietary lipids, both before and after
seasonal change. Amylase activity was not
significantly affected either by diet or
temperature during the initial period of the
experiment, but a significant interaction diet x
temperature occurred (p < 0.05). After
temperature inversion, no significant effect of
dietary lipid level was evidenced on amylase
activity, while significantly higher values of this
enzyme were measured in fish maintained at
high temperature.

Relating to lipase activity, while no significant
effect of diet or temperature were measured

during the initial period, these were evidenced

after seasonal change. Significantly lower activity was linked to the consumption of low lipid diet and, within

the same dietary treatment a higher activity was detected in fish kept at 23 °C compared to those at 17 °C.

Relative variations of digestive enzyme activity calculated between day 58 and day 121 are represented in

Supplementary Table 3. Relative variations of digestive enzymes were not significantly affected by diet nor

temperature (p > 0.05), except for amylase, which displayed a significant effect of temperature and interaction.
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In particular, a lower reduction was observed for LH treatment and this reduction was less evident under L21
then under L16.

Plasma biochemistry

The results of plasma parameters are shown in Table 4 and Table 5. Before seasonal temperature change,
significant dietary effect (p < 0.05) was displayed in Tot Bil, Ca*, P, Na*, CORT Ca x P, Cur Ca®*, having
higher levels in animals fed L21, except for CORT that appeared to be more elevated in groups treated with
L16. At the same time a significant temperature effect was noticed on TRIG, TP, AST, LDH, HDL, ALP and
Fe where all subjects reared at L temperature tended to have higher values than those at H temperature, except
for ALP and Fe. Significant dietary and temperature effects (p < 0.05) were observed on ALB/GLO before
seasonal change (day 58). Moreover, significant interaction effect on CREA was found in the same period of
time (p < 0.05). Before seasonal change, no significant dietary and temperature effects (p > 0.05) were found
in GLU, urea, Uric Ac, CHOL, ALB, CK, K", Cl, Mg and Na/K.

Table 4. Plasma biochemistry values for gilthead seabream fed the experimental diets and exposed two different temperatures before seasonal
temperature changes over 121 days.

Before seasonal change — day 58

L16 L21 P - value

H L H L Inte Temp Diet
GLU 90.56 + 7.02 98.63 + 26.72 82.78 +11.63 86.89 + 8.64 0.701 0.243 0.066
Urea 6.11 +1.09 7.20+2.93 6.56 +0.76 6.82 +1.50 0.484 0.259 0.947
CREA 0.20+£0.03 0.22+£0.03 0.23+0.03 0.20+£0.03 0.022 0.449 0.747
Uric 0.03+0.04 0.03+0.03 0.01+£0.00 0.01+£0.00 0.987 0.987 0.053
Ac
Tot Bil 0.05+0.03% 0.04+0.022 0.07 £0.01° 0.06 £0.012 0.800 0.211 0.006
Bil Ac 36.10 £ 20.78 31.03+6.01 50.68 + 15.98 38.38+17.74 0.686 0.340 0.234
CHOL 231.00 £43.91 248.25 £ 28.00 240.78 £41.48 253.88 £58.17 0.892 0.325 0.615
TRIG 811.11 £524.56 1116.13 £584.34 823.11 £ 231.47 1205.25 + 541.40 0.819 0.048 0.764
HDL 48.44 £ 13.362 66.25 +8.89P 52.11 +£8.25¢% 61.00 £12.602 0.248 0.001 0.836
TP 3.56 +0.27 3.79£0.50 3.51+0.22 3.74+£0.23 0.989 0.043 0.627
ALB 0.95+0.08 0.96 +0.14 0.89 £0.05 0.92 £0.05 0.801 0.607 0.096
AST 22,11 +15.98 51.13 +46.11 17.89 +9.57 43.50 £ 26.50 0.858 0.007 0.534
ALP 691.44 + 316.46 295.38 £178.672 936.33 £425.29¢ 418.22 +129.45% 0.539 0.000 0.070
CK 92.89 + 84.00 498.13 + 833.58 28.00 + 14.17 153.00 + 131.14 0.314 0.062 0.144
LDH 455,56 + 416.36 % 1195.75 + 1089.30° 226.00 £131.442 1013.88 £ 837.50 2 0.922 0.004 0.400
Ca*? 12.14+0.65 12.00+£0.85 12,70 £ 0.43 12.38 +0.61 0.687 0.298 0.044
P 11.18 £0.88 1055+ 1.622 12.50 £1.73° 12.54 +£1.03°b 0.485 0.526 0.001
K* 5.03 +£1.07 4.84 +0.87 4.29+0.40 5.00 £ 0.54 0.090 0.327 0.270
Na* 184.44 £6.71 182.75 £ 3.54 187.67 £ 4.95 188.78 £ 9.02 0.526 0.895 0.043
Fe 129.89 +37.03 = 97.75+27.442 147.78 £ 32.20° 115.50 £ 31.03 0.995 0.007 0.119
Cl 162.91+4.18 162.08 £ 3.25 164.77 £5.01 167.41+8.34 0.366 0.637 0.067
Mg 2.62+0.16 2.77+£0.17 2.70+£0.16 2,67 £0.15 0.114 0.284 0.849
CORT 20.83+9.08 28.24 +15.17 14.42 +9.87 10.68 + 14.70 0.211 0.677 0.010
ALB/ 0.37 £0.02" 0.34+0.012 0.34+0.012 0.33+0.022 0.498 0.001 0.004
GLO
CaxP 136.11+16.11% 127.50 £ 26.002 159.22 + 27.46° 155.50 £ 19.73 0.757 0.437 0.003
Na/K 38.56 £ 9.53 39.00 £8.70 44.00£4.12 38.22 +3.77 0.197 0.267 0.330

Data are given as the mean (n=9 diet* on day 58" ; n=15 diet™ on day 121%) + SD. Different letters indicate significant difference (Two-way ANOVA
P < 0.05) between treatments. L16 = low lipid 16% diet ; L21 = high lipid 21% diet ; H = constant temperature exposure to high (H) 23°C ; L =
constant temperature exposure to low (L) 17°C.
GLU, glucose , (mg dL) ; Urea, (mg dL?) ; CREA, creatinine , (mg dL"!) ; Uric Ac, uric acid , (mg dL™) ; Tot Bil, total bilirubin , (mg dL"*) ; Bil
Ac, bile acid , (umol dL) ; CHOL, cholesterol , (mg dL™) ; TRIG, triglycerides , ( mg dL"*) ; HDL, high density lipoprotein ; TP, total protein , (mg
dL?) ; Alb, albumin, (g dL™) ; Ast, aspartate aminotransferase , (U L™); Alp, alkaline phosphatase , (U L) ; CK, creatine kinase , (U L) ; LDH,
lactate dehydrogenase , (U L) ; Ca*?, calcium, (mg dL™) ; P, inorganic phosphorus , (mg dL) ; K*, potassium , (mEq L) ; Na*, sodium , (mEq L-
1) ; Fe, iron, (ug dL) ; Cl, chloride , (mEq L) ; Mg, magnesium , (mg dL) ; CORT, cortisol , (ug dL?) ; ALB/GLO, albumin/globulin; CaxP,
calcium*phosphorus ; Na/K, sodium/potassium
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At the end of the experiment (day 121) diet significantly affected TP, ALB, AST, LDH, Ca?*, K*, Na*, Cl and
Na/K on day 121 (p < 0.05). Plasma AST, LDH, K*, Na* and CI were higher in L21 supplied individuals, and
contrariwise for TP, ALB, Ca?* and Na/K. At the same time temperature significantly affected GLU, CREA,
Bil Ac and CK (p < 0.05). Among them, GLU, CREA and Bil Ac presented higher levels in individuals
maintained at H temperature, while plasma CK concentration showed the opposite trend. Significant dietary
and temperature effects (p < 0.05) were observed on Tot Bil, ALP and ALB/GLO. Uric Ac was significantly
affected by diet, temperature, and interaction (p < 0.05). Moreover, a significant interaction effect on TRIG
was found at the same time (p < 0.05); no significant dietary and temperature effect (p > 0.05) were observed

Table 5. Plasma biochemistry values for gilthead seabream fed the experimental diets and exposed two different temperatures after seasonal
temperature changes over 121 days.

After seasonal change — day 121

L H L H Inte Temp Diet
GLU 7457 £ 15512 99.73+13.99° 73.67 £15.40° 106.14 + 31.67° 0.737 0.000 0.878
Urea 8.05+1.80 8.89+0.95 8.16 +1.80 8.60 +1.67 0.677 0.187 0.839
CREA 0.17£0.02%® 0.19£0.03° 0.16 +0.022 0.18 £0.03% 0.558 0.002 0.299
Uric Ac 0.03+£0.032 0.03+£0.032 0.03+0.022 0.08 £0.06° 0.034 0.014 0.014
Tot Bil 0.03+0.022 0.04 £0.02° 0.02 +0.022 0.03+0.01° 0.081 0.036 0.011
Bil Ac 11.02+£2.402 35.77 + 25.98b¢ 13.87+6.61® 38.81+34.62°¢ 0.987 0.000 0.633
CHOL 214.15 + 26.58 219.53 +26.11 216.57 £42.01 213.83+34.33 0.653 0.884 0.856
TRIG 316.07 +118.68 473.40 +249.43 477.50 + 265.41 353.58 +172.86 0.018 0.772 0.719
HDL 75.43 £ 10.66 70.73+9.51 67.93 +14.49 70.67 +10.66 0.236 0.753 0.228
TP 3.85+0.35" 3.64+0.27%® 3.51+0.332 3.40+0.36° 0.577 0.078 0.002
ALB 0.98+0.10°¢ 0.96 +0.08"¢ 0.85+0.072 0.87£0.11% 0.391 0.918 0.000
AST 19.08 £11.47%® 14,93 +£9.862 35.00 £29.77° 32.33+£17.51%® 0.887 0.515 0.002
ALP 83.71£33.37°2 216.47 +117.78° 168.87 + 70.95® 256.42 +126.14° 0.372 0.000 0.016
CK 135.50 + 163.01 54.40 + 45.02 81.20 +74.99 49.50 +39.93 0.338 0.032 0.251
LDH 411.38 +280.24 266.13 + 250.62 751.00 + 788.72 657.50 + 568.17 0.857 0.406 0.013
Ca*? 12.48 £ 0.58" 12.43+0.69%® 11.79 £0.632 12.35+0.78% 0.091 0.159 0.036
P 10.90 +1.09 11.03+0.80 11.02+1.38 1117 +1.55 0.981 0.660 0.691
K* 5.11+0.60® 4.83+0.662 5.60 £0.54° 5.54+051° 0.480 0.262 0.000
Na* 187.57 +4.65 187.40£3.91 189.27 £4.70 191.79 £7.04 0.327 0.392 0.030
Fe 102.00 +21.49 99.80 + 23.04 95.93 +18.20 89.00 +17.85 0.666 0.406 0.128
Cl 164.20 + 4.68 162.99 £2.91 166.83 +4.58 166.37 £5.21 0.747 0.473 0.012
Mg 2.70+0.23 2,76 +0.18 2.69+0.23 2.81+0.20 0.617 0.107 0.732
CORT 21.18+16.40 16.89 £9.17 1397 +£11.42 17.65+7.99 0.196 0.921 0.295
ALB/G 0.34+0.01° 0.36 +£0.01° 0.32+0.022 0.34 £0.02° 0.624 0.000 0.000
LO
CaxP 136.29 +17.88 137.53 £17.32 130.40 +21.54 138.67 £25.71 0.529 0.394 0.670
Na/K 37.14+4.42%® 39.67 £6.15° 3413+3.76°2 34.86 +3.532 0.460 0.185 0.002

Data are given as the mean (n=9 diet! on day 58" ; n=15 diet! on day 121%t) + SD. Different letters indicate significant difference (Two-way ANOVA
P < 0.05) between treatments. L16 = low lipid 16% diet ; L21 = high lipid 21% diet ; H = constant temperature exposure to high (H) 23°C ; L = constant
temperature exposure to low (L) 17°C.

GLU, glucose , (mg dL?) ; Urea , (mg dL*) ; CREA, creatinine , (mg dL™) ; Uric Ac, uric acid , (mg dL™) ; Tot Bil, total bilirubin , (mg dL™) ; Bil Ac,
bile acid , (umol dL) ; CHOL, cholesterol , (mg dL) ; TRIG, triglycerides , ( mg dL) ; HDL, high density lipoprotein, ; TP, total protein, (mg dL)
; Alb, albumin , (g dL™) ; Ast, aspartate aminotransferase , (U L™); Alp, alkaline phosphatase , (U L) ; CK, creatine kinase , (U L) ; LDH, lactate
dehydrogenase , (U L) ; Ca*?, calcium , (mg dL™) ; P, inorganic phosphorus , (mg dL-) ; K*, potassium , (mEq L) ; Na*, sodium , (mEq L) ; Fe,
iron , (ug dL?) ; ClI, chloride , (mEq L*) ; Mg, magnesium , (mg dL') ; CORT, cortisol , (ng dL?) ; ALB/GLO, albumin/globulin; CaxP,
calcium*phosphorus ; Na/K, sodium/potassium ; SD, standard deviation.

on urea, CHOL, P, Fe, Mg, Ca x P, Cur Ca®* and HDL.

Relative variations of plasma parameters calculated between day 58 and day 121 are represented in
Supplementary Table 4. Uric Ac, AST and CK showed a higher relative increment in L16 compared to L21,
while Ca?*and Cur Ca®* were significantly reduced in fish fed L21 compared to those fed L16 (dietary effect
p < 0.05). HL animals displayed higher TP, AST, CK, LDH and HDL relative increments compared to LH

ones, while GLU, Bil Ac, ALP and ALB/GLO relative increments were higher in LH animals than HL ones
39



(temperature effect p < 0.05). In addition, significant interaction was found on relative variation of CK (p <
0.05). No significant dietary or temperature effect was found on relative variations of Urea, CREA, Tot Bil,
CHOL, TRIG, ALB, P, K, Na*, Fe, Cl, Mg, CORT and CaxP, Na/K (p > 0.05).

Faecal bacterial community profiles before and after water temperature changes

The 16S rRNA gene sequencing was performed on a total of 71 distal intestine content samples, yielding
1,724,306 high-quality reads (mean * SD, 24,286 * 6,505) and clustered into a total of 2,726 ASVs, of which
2,434 assigned at family level and 2,002 assigned at genus level. In order to assess whether the different diets
(L16 and L21) result in a specific gut microbiome (GM) response to water temperature changes, for each
dietary regime the gut microbiome was sampled before and after the HL (autumn shift) and LH (summer shift)
temperature transitions. The correspondent variations in the gut microbiome profiles were assessed by the
PCoA of the unweighted UniFrac distances between samples collected at the different temperatures, taxa most
explaining samples segregation are superimposed on the bidimensional space. Finally, for each diet and
temperature transition, changes in the gut microbiome internal diversity are shown according to 3 different
metrics: PD_whole_tree, Chaol and observed_ASVs. According to our findings (Figure 2A and B), under
the L16 dietary regime only the HL transition (autumn shift) resulted in a significant variation of the overall
gut microbiome composition, both in terms of overall compositional structure (“Adonis”, p = 0.001) and in
terms of reduction in the internal ecosystem diversity (Kruskal-Wallis test p = 0.002; p = 0.002; p = 0.006).
Particularly, the transition to low temperature brings about the reduction of Bacillus in the fish gut microbiome.
Conversely, in fishes fed with the L21 diet both the LH (summer shift) and HL (autumn shift) resulted in
significant gut microbiome compositional changes (Figure 2C and D, “Adonis”, p < 0.01). However, in these

conditions, no significant variations in the gut microbiome compositional diversity were observed.

40



A PD_whols_trea B P_whale_tree.
Unwighted UniFrac P —

v ) | ; . ol Chlamydiales; | p=0001ts ': ]
| Akkermansia & - H - Other \ 8

| |
! —— 5 1 4

L16LH

1
1.

7 T i
L1l LshL_F
16l F X —

« | Legionella sl - <
¢ i 100 o = 0002
£ TM6{Dependentiae); unc. ol 80 :
: | Bact. — a0 _ ™ H
2 5 s0
g, ¥ ]
LE] - o N 5 50 -
Planctomyces o | O i | o] T/ e
. 30
e L16lHF e LshLF
abserved_ASVs . " oberved_ASVs
a0 B 3 w0 T =g
a0 / :
N \ o . 4 WL1GHL- Before temperature switch :
< < ®L16LH - Before temperature switch \ &0 Bacillus WL1GHL - After temperature switch | 9 7
B L16LH - After temperature switch \ 50 - —— 71 0 ——
: “ — =" —
T 20
R - ! : T — * ) MDS: 'n[m ) *
MosL 2 5e%) [ L6l F a— L1t s
7D, whota_tres P0_whola_tree
c Unwaighted Unifrac — D Unwalghted UniFrac
" 10
- p=0.002%* Faecalibacterium ° p=0.002%"

Lactabacillus

o : ]
Bacillus |;| E\
W 6 - T
P Bifidobacterium | :

i
|
|

o o who e

100
w |
L ] :
: i ; - ‘ “ E
L} L} B
\ 20+ : : .

® o T T
LAY T T N s La1HL) L2IHLF
e N e Ll E L
observed_ASVs

MDS2{10.67%)
MDS2(10.58%)
o as

|

0 Chlamydiales;Other 120 - 0 .
&0 - :
L21LH - Before temperature switch 80 —_— a o o L21HL - Before temperature switch | . | H
- T HL— After temperature swil
T T : . r T T 20 - =

[ 2 . -
MOS1(12.41%) by Lok F

2 -1 ] ' 2 r
MDS1 (11,465 L2l L2 F

Figure 2. Beta diversity and alpha diversity of gut microbiota of gilthead sea bream fed with the experimental diets and exposed to temperature
switch over 121 days. (A,B) PCoA based on unweighted UniFrac distances between gut microbiota structure of animals fed with L16 diet and
exposed, respectively, to summer shift (LH transition) and autumn shift (HL transition). Samples are significantly separated, only in the autumn shift
condition (permutation test with pseudo-F ratios Adonis; p = 0.001). (C,D) PCoA based on unweighted UniFrac distances between gut microbiota
structure of animals fed with L21 diet and exposed, respectively, to summer shift (LH transition) and autumn shift (HL transition). Samples are
significantly separated in both conditions (permutation test with pseudo-F ratios Adonis; p = 0.002, p = 0.002). Black arrows are obtained by fitting
the genus relative abundance values for each sample within the ordination space (function envfit of the vegan R package, with a p-value < 0.01). In
each panel, boxplots show alpha diversity values, measured by Faith’s Phylogenetic Diversity (PD_whole_tree), Chaol index, and amplicon sequence
variants (observed_ASVs). Only for the HL group (B), all metrics showed a significant reduction (Kruskal-Wallis test p < 0.01) of alpha diversity in
the final condition of group fed with L16 diet and subjected to a temperature switch toward autumn temperature (HL). L16, low-lipid 16% diet; L21,
high-lipid 21% diet; HL, constant temperature exposure to high (H) temperature of 23°C before, and to low (L) temperature of 17°C after,
temperature switch; LH, constant temperature exposure to low (L) temperature of 17°C before, and to high (H) temperature of 23°C after, temperature
switch. Temperature switch occurred on day 58.

We next investigated whether the different diets were associated with specific gut microbiome compositional
structure in fishes grown at high or low temperatures. To this end, the PCoA of the unweighted UniFrac
distances of the gut microbiome composition of fishes consuming L16 or L21 diet is provided at both warm
(Figure 3A) and cold (Figure 3B) growth temperatures. For each temperature, the internal gut microbiome
diversity corresponding to both diets is also provided. According to our findings, only at a warm temperature
did the different diets show a significantly different gut microbiome layout (“Adonis”, p=0.01), with L16 diet
resulting in a higher load of Lactobacillus. On the contrary, no dietary impact on ecosystem diversity was

observed, independently from the temperature.
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Figure 3. Beta diversity and alpha diversity of gut microbiota of gilthead sea bream fed with the experimental diets at both warm and cold
temperatures. (A) PCoA based on unweighted UniFrac distances between gut microbiota structure of animals fed with L16 and L21 diets and grown
at warm temperature. Samples are significantly separated (permutation test with pseudo-F ratios Adonis; p = 0.017). (B) PCoA based on unweighted

UniFrac distances between gut microbiota structure of animals fed with L16 and L21 diets and grown at cold temperature. Samples are not

significantly separated (permutation test with pseudo-F ratios Adonis; p > 0.05). Black arrows are obtained by fitting the genus relative abundance
values for each sample within the ordination space (function envfit of the vegan R package, with a p-value < 0.01). For both temperature conditions,
all metrics used to assess alpha diversity did not show a significant variation between the two experimental diets (as highlighted by the boxplots in
both panels). L16, low-lipid 16% diet; L21, high-lipid 21% diet.

The overall composition of the sea bream gut microbiome at different phylogenetic levels is represented in
Fig. 4: phylum in panel (A) and family in panel (B). For all experimental groups, the most abundant taxa were
Firmicutes, Proteobacteria and Actinobacteria, which represented about 88% of the whole gilthead sea bream
gut microbiota (Fig. 4A, Supplementary Table 5). At family level, the gilthead sea bream gut bacterial
community was dominated almost entirely by Lactobacillaceae, which represented around 60% of the whole
ecosystem in all groups (Fig. 4B). Interestingly, focusing on the genus level, specific compositional differences
were detectable among the groups studied (Wilcoxon rank-sum test p < 0.05) (Figure 5). In particular,
according to our data, for sea bream receiving L16 diet the HL transition (autumn shift) resulted in a significant
decrease of Bacillus and Planctomycetaceae, while for fish fed with L21 diet the same shift resulted in the
reduction of Planctomyces (Wilcoxon rank-sum test p = 0.008, p = 0.016, p = 0.033, respectively). On the
other hand, for both diets, the LH transition (summer shift) gave a significant increase of Methylobacterium
(Wilcoxon rank-sum test p = 0.012, p = 0.033). Finally, the L16 diet in the HL transition (autumn shift)
favoured an increase of Weissella and Bradyrhizobium genera in the gut microbiome, resulting in a
significantly higher relative abundance of these genera in the final condition compared to fish fed with L21
diet in the same condition (Wilcoxon p =0.014, p =0.026), while L21 diet in the final condition of LH (summer
shift) transition favoured a significant increase of Streptococcus and Bacillus genera compared to L16 diet in

the corresponding condition (Wilcoxon p = 0.015, p =0.011).
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Figure 4. Microbiota composition of distal gut content of gilthead sea bream fed with the experimental diets and exposed to temperature switch over
121 days. Bar plot summarizing the microbiota composition at phylum (A) and family level (B) of fish intestinal content. Only phyla with a relative
abundance > 0.1% in at least 10 samples, and families with relative abundance > 0.1% in at least 10 samples are represented. L16, low-lipid 16% diet;
L21, high-lipid 21% diet; HL, constant temperature exposure to high (H) temperature of 23°C before, and to low (L) temperature of 17°C after,
temperature switch; LH, constant temperature exposure to low (L) temperature of 17°C before, and to high (H) temperature of 23°C after, temperature
switch. Temperature switch occurred on day 59.
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Figure 5. Taxonomic composition of bacterial communities of distal gut content of gilthead sea bream fed with the experimental diets and exposed to
temperature switch over 121 days. Distributions of relative abundance of genera that showed a significant variation between groups fed with different
diets or after the temperature switch (Wilcoxon rank-sum test, **p < 0.01; *p < 0.05), only genera with a mean relative abundance > 1.0% in at least
one group were represented. The central box of each dataset represents the distance between the 25th and the 75th percentiles. The median between
them is marked with a black line. L16, low-lipid 16% diet; L21, high-lipid 21% diet; HL, constant temperature exposure to high (H) temperature of
23°C before, and to low (L) temperature of 17°C after, temperature switch; LH, constant temperature exposure to low (L) temperature of 17°C before,
and to high (H) temperature of 23°C after, temperature switch. Temperature switch occurred on day 59.

Discussion
Though many studies have been conducted on the effect of water temperature on growth, physiological

responses and health in gilthead sea bream, so far very few have investigated the possible interaction between
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seasonal temperature fluctuations and dietary lipid level, and no work exists on its capability to affect gut
microbiota. The growth parameters observed throughout the overall trial (fish encountering seasonal
temperature change between 23 °C and 17 °C and vice versa), within 16 % or 21 % dietary lipid levels showed
similar performance in terms of growth (FBW, WG and SGR). However, overall FCR was higher in animals
entering autumn temperature (17°C, HL) in both diets. This significant difference was mainly due to the
observed negative effect of temperature on FCR after seasonal changes (day 59-121), when fish moving from
high to low temperature exhibited higher values and higher relative increments. Similarly, our study agrees
with the “winter growth arrest” described by (Sanchez-Nufio, Eroldogan, et al., 2018), where gilthead sea
bream brought from 22 °C down to 14 °C showed a doubling of FCR and a 4-fold drop of SGR. Before the
seasonal change (day 0-58), temperature alone regulated fish growth rather than dietary lipid, and no
differences in overall performance were detected within the temperature regimes tested. Our findings are in
agreement with previous studies which found no differences in growth and feed utilization when feeding sea
bream juveniles at increasing dietary lipid levels at constant high temperatures (Bonaldo et al., 2010; Mongile,
Bonaldo, Fontanillas, Mariani, Badiani, Bonvini, Parma, et al., 2014; Velazquez et al., 2006), or as reported
by Sanchez-Nufio et al., (2018a), which found no differences related to dietary lipid (18 vs 14%) level during
water temperature fluctuation within 22 °C and 14 °C (22 °C for 30 days, then 14 °C for 50 days, finally 22
°C for 35 days). Interestingly, in our study, after seasonal temperature change (day 59-121) low dietary lipid
gained more influence, bringing a compensatory growth effect. In fact, 62 days after seasonal temperature
change, L16 diet seemed to compensate better for the differences in SGR occurring between days 0-59. Further,
L 16 was better accepted (higher FI values and higher relative increment) by animals entering the spring change,
passing from 17 °C to 23 °C. In contrast, Sdnchez-Nufio et al., (2018b) did not observe a compensatory growth
and redox status at the end of the recovery period when fish were brought back from 14 °C to 22 °C after a
cold period. However, the authors stated that the duration of their recovery period, which lasted 35 days, was
not long enough to let the animals finish the rearrangement of FCR due to the delayed recovery bound to
putative oxidative stress and fat deposition physiological reassessment. Concerning the nutritional efficiency
of lipids, overall LER and GLE were higher in animals entering into spring (LH) than in those going towards
the fall season (HL). At the same temperature regime, low dietary lipids guaranteed better lipid utilization
rather than high ones. Both before and after seasonal change, again low lipid diet and warmer temperatures led
to better lipid utilization by fish, confirming previous study statements (Bonaldo et al., 2010; Mongile,
Bonaldo, Fontanillas, Mariani, Badiani, Bonvini, & Parma, 2014; Veldzquez et al., 2006). PER and GPE were
not statistically influenced by dietary lipid levels but were positively influenced by high rearing temperature
both before and after seasonal change. Feeding 16% or 21% lipid diets did not make any difference to HSI, as
observed in other previous studies (Bonaldo et al., 2010; Gomez-Milan & Lozano, 2007; Melis et al., 2017;
Mongile, Bonaldo, Fontanillas, Mariani, Badiani, Bonvini, Parma, et al., 2014; Velazquez et al., 2006).
However, HSI increased by 22-35% from H to L temperature and though no statistical difference occurred in
fat liver content, liver lipid content tended to be higher at 23 °C. In contrast, most of the current literature

focused on metabolic and physiological responses of this species to low temperatures observed an increase in
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the hepatosomatic index (HSI), explained by a higher mobilization of lipids (due to fat mobilization and hepatic
deposition caused by cold temperatures) (A Ibarz et al., 2007b; Antoni Ibarz et al., 2007; Ibarz et al., 2005;
Mateus et al., 2017; Mininni et al., 2014). However, in other studies HSI variations related to water temperature
were mostly attributed to changes in hepatic carbohydrate content (Melis et al., 2017; Richard et al., 2016;
Silva et al., 2014). In our study, before seasonal temperature change MFI, VSI and their relative variations
were not influenced by diet nor temperature. These findings are consistent with Mongile et al., (2014b), where
dietary lipid from 20% up to 24% did not have any effect in gilthead sea bream maintained at 27 °C. However,
after seasonal temperature change, 21% lipid diet caused slightly higher MFI and VSI levels, in contrast with
the above-mentioned author’s findings. To further explain the growth responses of gilthead sea bream after
undertaking seasonal thermal changes, a spotlight on digestive enzymatic activity was performed. In our study,
before the seasonal change pepsin activity was higher in fish fed high lipid (L21). However, after the seasonal
change a significant interaction indicated that the combined effect of low lipid (L16) and low temperature
guaranteed higher activity of this enzyme in animals subjected to a lower temperature of 17 °C (HL). Both
before and after seasonal temperature change, our study reported no temperature-significant influence on
pepsin activity. However, L16 seems to promote (p=0.077) the relative increase of pepsin activity after
temperature changes (especially when going from H to L temperature) in comparison to L21. On the contrary,
in on-growing cobia (Rachycentron canadum) reared at two different temperatures (30 °C and 34 °C) higher
pepsin activity was attributed to animals reared at a high temperature of 34 °C (Nguyen et al., 2019; Yfera et
al., 2019). Yet those subjects had higher FCR rather than others reared at 30 °C and fed the same daily ration
(Nguyen et al., 2019; Ydufera et al., 2019). The authors stated that in cobia reared at a higher temperature,
increased pepsin activity could not improve growth owing to increased gastric transit rate (Yufera et al., 2019).
Unlike pepsin, trypsin appeared to be influenced by seasonal thermal changes. Before the seasonal change
trypsin level was slightly higher at 17 °C in each diet, then after the thermal switch its activity displayed higher
values at 23 °C. Thus, after the seasonal change, trypsin response to temperature showed the opposite trend,
being higher at 23 °C, while it was slightly higher in animals fed higher lipid diet content (L21). After
temperature changes, similar relative decreasing changes ranging from 40 to 59% were observed for all the
treatment. Our trypsin levels found before thermal change are consistent with results found in European sea
bass (Dicentrarchus labrax) reared at three different water temperatures (17 °C, 20 °C and 23 °C) where the
trypsin activity peaked at the lowest temperature of 17 °C (Pereira et al., 2018). Also, Hani et al., (2018) on
fed ad-libitum three-spine sticklebacks (Gasterosteus aculeatus) exposed to 16 °C, 18 °C and 21 °C, found
that lower temperatures (16 °C and 18 °C) favoured higher growth and trypsin activity, while higher
temperatures decreased them. Given these results, the authors suggested using trypsin as a marker of warm
thermal stress in the three-spine stickleback. In accordance, our observed reduction of trypsin activity after
thermal changes (especially from high to low temperature) supports trypsin as a valuable marker during
thermal stress occurrences. Temperature and dietary lipid level also affected FI which could have resulted in
variation of enzymatic activity. In addition, dietary lipid level may affect gastric transit rate as reported by

Bonvini et al., (2018) in European sea bass and by Garcia-Meilan et al., (2013) in gilthead sea bream, or
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contribute to low transit rate at high dietary content as Fountoulaki et al., 2005 observed in sea bream, with
possible consequences on enzyme activity. In the present study chymotrypsin activity was influenced only by
diet, being more elevated in fish fed 21% dietary lipid level rather than 16% both before and after seasonal
change. Similarly, while temperature did not affect chymotrypsin, dietary regime (probiotic supplementation
versus blind control) was shown to improve consistently its activity in European sea bass reared at 17 °C
(Pereira et al., 2018). As regards amylase activity, while before the seasonal change no dietary or thermal effect
occurred, after the seasonal change it was significantly impeded, with lower activity values and higher relative
reduction in fish brought to 17 °C (HL). This temperature influence reinforces the hypothesis that when fish
are subjected to colder temperatures, feeding absorption drops, while in the liver a metabolic reassessment
takes place for glycogen synthesis, accumulation and storage (Melis et al., 2017; Sanchez-Nufo, Sanahuja, et
al., 2018; Silva et al., 2014). In the present study, the trend to higher amylolytic activity at higher temperatures
after the seasonal change is consistent with the increased activity found during warm periods with a long
photoperiod tested on three-spine sticklebacks (Hani et al., 2018). Similarly, lipase activity also was not
influenced by diet or temperature before seasonal change. Afterwards, lipase showed a general reduction of
activity with higher values in L21 and at H temperature. This is in contrast with Arantzamendi et al., (2019),
where bile salt-activated lipase activity (BAL) of gilthead sea bream maintained at constant optimal water
temperature (within 20 °C and 24.2 °C) tended to increase with age throughout the life cycle. Plasma cortisol
and glucose levels are the first and main metabolites being released into the plasma as response markers to
stress (Barton, 2002). Before the seasonal change, while cortisol level in same temperature regimes was found
to be almost twice as high in fish fed low lipid, glucose was not influenced by either of the two factors
considered. Afterwards, cortisol was not influenced by any factor, while glucose increased in animals brought
from 17 °C to 23 °C (LH). Our findings on glucose levels are in contrast with cold induced-hyperglycaemia
observed in studies on gilthead sea bream undertaken in both outdoor and indoor conditions (Faggio et al.,
2014; Matias et al., 2018; Rotllant et al., 2001). On the other hand, in our study cortisol was seen to be unrelated
to water temperature but linked mostly to feeding regime or diet (while its relative variation was not
significantly related to diet nor temperature change), which is consistent with other works in sea bream (Matias
et al., 2018; Montoya et al., 2010). Total protein is a liver impairment marker, and increase in concentration
can be caused by structural liver alterations such as aminotransferase activity reduction, leading to a concurrent
reduction of deamination capacity (Bernet et al., 2001). Among them, albumin was found to be the major
plasma protein in 16 - 18 °C acclimated gilthead sea bream, representing 25% - 30% of the TP, regulating
colloidosmotic pressure, participating in ionic balance, contributing to the elimination of toxicants and to the
transport of organic molecules, and serving for protein synthesis after degradation (Gras, 1983; Sala-Rabanal
et al., 2003). In our study, TP level was greater at lower temperatures, and after seasonal change both TP and
ALB were found to be higher in animals fed lower lipid (L16). As stated by Mateus et al., (2017), plasma
levels of total protein were also modified in fish exposed to cold: field-based (Guijarro et al., 2003; Vargas-
Chacoff et al., 2009) and laboratory (Gallardo et al., 2003) studies have previously reported increased total

plasma protein concentrations during winter or under lower temperatures, respectively, as a result of increased
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globulins (Cataldi et al., 1998; Gallardo et al., 2003). Our findings are in accordance with the significantly
higher plasma TP levels of gilthead sea bream exposed to 13°C compared with those with the same thermal
history maintained at 23°C described by Mateus et al., (2017). On the other hand, Sala-Rabanal et al., (2003)
reported a fall of plasma TP in gilthead sea bream exposed to 8 °C- and 12 °C in cage farms. AST, ALP and
LDH are nonspecific plasma enzymes, indicators of tissue damage owing to pathological processes, toxic
chemical exposure, or traumatic fish handling (Peres et al., 2013). Elevated plasma LHD may imply a liver
parenchyma, renal failure, muscle tissue breakdown, or haemolysis (Peres et al., 2013). In the present study,
AST, ALP and LDH were influenced only by temperature before the seasonal change. While LDH and AST
levels were higher at 17 °C, ALP was very high in animals kept at 23 °C. Then, after the seasonal change ALP,
AST and LDH were found to be influenced by dietary lipids, with greater levels in response to high dietary
lipid diet (L21). In the present study, the elevated blood LDH activity found at low temperatures before
seasonal changes could probably be caused by lactate accumulation in aerobic tissues such as red muscle and
heart indicating an activation of the anaerobic component of metabolism during exposure to cold (Faggio et
al., 2014). CHOL levels and its relative variation were not statistically different throughout the trial, and the
same was observed for TRIG. Before the seasonal change occurred, TRIG and HDL were more elevated at 17
°C. After the seasonal change, they showed smaller differences among groups but with opposite trends to these
two analyses. Our results are consistent with increased triglyceride levels found during the colder months,
interpreted as a mobilization of the lipid deposits to use as fuels by Faggio et al., (2014). Though most previous
studies revealed that cold water conditions for gilthead sea bream caused an imbalance in plasma ions levels
(Gallardo et al., 2003; Mateus et al., 2017; Rotllant et al., 2001; Sala-Rabanal et al., 2003; Vargas-Chacoff et
al., 2009), in the present study they mostly changed according to dietary lipid content rather than temperature
changes. Indeed, before the seasonal change, calcium, phosphorus, and sodium were more elevated in animals
fed high lipid diet (L21). Then, after temperature change, while potassium, sodium and chloride remained
higher in accordance with a high lipid diet, calcium was found to be more elevated in fish fed L16 diet. In our
study, iron was the only ion influenced by temperature with higher values in animals kept at 23 °C before the
seasonal change. Concerning the relative variations in ions, only Ca®*" and Cur Ca*" displayed significant
dietary effect, with higher values in fish fed L16, while all the other elements considered were not statistically
significant. The study of gut microbiota has received great attention in the aquaculture sector as an indicator
of productivity and fish health and it is likely that its manipulation will be achieved in the near future in several
fish species of commercial interest. While great efforts have been made to analyse the effects of different raw
materials in feed ingredients on the structure of the gut microbiome in marine species, more studies to detect
dynamical changes of microbial composition during the farming cycle are necessary (Infante-Villamil et al.,
2020). In the present study, at high phylogenetic levels, the overall GM structure was similar among groups
and the main represented taxa at phylum (Firmicutes, Proteobacteria and Actinobacteria) and family
(Lactobacillaceae) level are consistent with previous trials on this species reared on similar aquafeed
formulation and feeding protocols (Parma et al., 2016, 2020). According to our findings, the impact of the L16

and L21 diets on the overall gut microbiome was dependent on growth temperature. Indeed, only warm
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temperature lead the two diets associated with different gut microbiome compositional layouts with L16 diet
resulting in a higher load of Lactobacillus. The dominance of Lactobacillaceae mainly Lactobacillus has been
considered a valid indicator of optimal gut health condition in sea bream (Parma et al., 2016, 2020).
Interestingly, the two diets performed differently in term of microbiome response to the temperature
transitions. In particular, while fish fed with L16 diet showed significant gut microbiome changes only at the
autumn shift, parallel with a reduction of ecosystem diversity, for L21 diet both summer and autumn
temperature shifts resulted in significant variations of the ecosystem. Temperature is known to modulate
microbial diversity in animals especially in poikilothermic fish species (Sepulveda & Moeller, 2020); however
data explaining the interaction between diet and temperature changes in fish are scarce (Busti et al., 2020;
Pelusio et al., 2020; Soriano et al., 2018). Interestingly, among the few studies which underlined the combined
effect of temperature and dietary lipid level, Soriano et al., (2018) in yellowtail kingfish detected a reduced
bacterial abundance and richness associated to a suboptimal low temperature and low dietary lipid level,
suggesting that GM composition could maintain high relative abundance after the decrease of temperature only
in the presence of appropriate nutritional conditions, pointing out the importance of optimal lipid level at low
temperatures. On the other hand, in the present study the temperature increase from 17 to 23 °C showed a
significant impact on the diversity (B-diversity) only in a high lipid diet. As concerns the specific gut
microbiome compositional changes, the decreasing of temperature from 23 to 17 °C leads to a significant
reduction of Planctomycetaceae and Bacillus. Bacillus is one of the most important beneficial taxa in fish
species which can make a positive contribution to nutrition, to the immune system and to disease resistance
towards pathogens by producing bacteriocins. This decreasing effect may be in line with the sensibility of sea
bream to thermal reduction; however, it should be mentioned that although there has been a significant decrease
of this bacterial taxa only under L16, its value was higher in comparison to L21 at the same time point
examined. After the temperature decrease from 23 °C to 17°C, fish fed L16 also showed a significantly higher
abundance of Weissella in comparison to L21. This taxon belonging to LAB is of potential interest for its
application as a probiotic in aquaculture (Mortezaei et al., 2020; Ringg et al., 2018, 2020) and has been shown
to improve intestinal health and the hemato-parameters of hybrid surubim (Pseudoplatystoma reticulatum
female x P. corruscans) male (Jesus et al., 2017). In L16, the change towards high temperature was
characterized by a significant increase in the relative abundance of Methylobacterium. Although with
contradictory results, the abundance of Methylobacteriaceae in fish gut has been previously associated with
environmental temperature change in tench, Tinca tinca, and the sparids pinfish, Lagodon rhomboids (Dulski
et al., 2020; Givens, 2012). Methylobacterium have also been associated as beneficial microbial taxa in Nile
Tilapia fed functional ingredients (Zheng et al., 2018). Focusing on the dietary effect after the increase of
temperature, L21 showed a significantly higher abundance of Bacillus and Streptococcus compared to L16.
Dietary lipid content and composition is known to potentially affect gut microbiota composition of animals,
although very few studies in aquatic species are available. In mice, high-calorie diets can affect gut microbiota,
reducing bacterial diversity and altering the ecosystem in favour of opportunistic taxa (Bruce-Keller et al.,

2020). Also in zebrafish the increase of dietary fat from 5 to 15% led to reduced GM diversity (Falcinelli et
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al., 2015) and a high-fat diet (24% vs 8%) fed to overfeeding affected the GM composition (Navarro-Barro et
al., 2019). In this last-mentioned study, the authors revealed an increase in the abundance of Proteobateria
which have been proposed as a possible sign of GM imbalance in fish species. This is also in agreement with
the observed increased taxa (Enterobacteriaceae) belonging to this phylum in sea bass GM experienced
inflammatory gut mucosal after the exposure to high temperature and low oxygen condition (Busti, Rossi, et
al., 2020). In the present study we did not observe a GM imbalance related to the lipid level tested, which
remains within a general optimal requirement for this species. However, the significant increase in
Streptoccoccus under L21 compared to L16 at the end of the trial may deserve specific attention.
Streptoccoccus is considered one of the most common pathogens in aquaculture (Ringg et al., 2018). These
taxa were indicative of dyshiosis in olive flounder, Paralichthys olivaceus, after antibiotic treatment (Kim et

al., 2019) and its significant increase was associated with low fish diet and high rearing density conditions.

Conclusion

In conclusion, high dietary lipid levels 21% did not improve growth and feed efficiency during seasonal
temperature changes in comparison to low dietary lipid (16 %). On the other hand, low dietary lipid improved
feed intake, growth and nutrient utilization after seasonal temperature changes, especially in fish entering
optimal temperature (23 °C) which simulated the spring to summer water temperature switch. In addition, after
seasonal temperature changes, L16 reduced perivisceral fat. Low temperature (17 °C) strongly affected overall
growth performance and nutrient efficiency parameters in comparison to 23 °C with major negative effects in
fish experiencing summer to autumn temperature changes. After temperature changes, the combined effects of
low lipid diet and low temperature conditions resulted in higher pepsin activity while trypsin, chymotrypsin
and lipase were generally higher at high lipid content. The absence of a significant interaction in most of the
plasma parameters examined supports the hypothesis that the combined effect of diet and temperature did not
alter the metabolic plasma profile. However, the higher AST and ALP observed at the end of the trial in L21
may deserve further attention of possible negative effect on liver status when combining high dietary lipid and
temperature changes. GM composition were similar among all groups with the dominance of beneficial taxa
(such as Lactobacillus) representative of a healthy ecosystem in this species. However, after the temperature
reduction L16 was characterized by a higher abundance of the potential beneficial taxa Weisella spp while the
increase of temperature L21 supports the growth of the potential pathogens Streptococcus spp. According to
the results, the utilization of low dietary lipid levels in gilthead sea bream should be preferred during seasonal

temperature changes in order to optimize feed utilization and fish welfare.
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2.5 Study 111 - Dietary supplementation with a blend of chestnut and quebracho extracts improves
intestinal morphology, microbiota, inflammatory status, and innate immune response in zebrafish
(Danio rerio)

Imperatore, R., Fronte, B., Scicchitano, D., Orso, G., Marchese, M., Mero, S., ... & Paolucci, M. (2022). Dietary Supplementation with a Blend of
Hydrolyzable and Condensed Tannins Ameliorates Diet-Induced Intestinal Inflammation in Zebrafish (Danio rerio). Animals, 13(1), 167.

Introduction

The increasing demand for fish products (FAO report, 2020) has prompted aquaculture towards solutions, such as
intensive and super intensive systems, which are often adverse both for the environment and fish health and welfare
(Naylor et al., 2021). The use of plant-based aquafeeds, as part of a strategic approach to reduce the use of fishmeal (FM)
and ameliorating aquaculture carbon footprint, holds drawbacks on carnivorous fish. Indeed, plant sources in aquaculture
diets can induce an unbalance in amino acid, fatty acid and mineral profiles and anti-nutritional factors leading to intestinal
inflammation. This is a harmful condition that negatively affects feed digestion and nutrient absorption, resulting in an
impaired fish growth and health (Bravo-Tello et al., 2017), and economic losses. In fish, the intestinal barrier consists of
a single layer of epithelial cells selectively permeable to nutrients and secreting chemokines, cytokines, and antimicrobial
proteins, essential for the intestinal mucosal immunity, while goblet cells protect the intestinal barriers producing mucus
(Knoop and Newberry, 2018). At first, the intestinal inflammation can be mild and controllable, but if external stressors,
such as feed, persist, the inflammation may turn into more serious epithelial tissue disruption and intestinal dysfunction.
Moreover, inflamed epithelial cells produce chemokines to recruit immune cells that produce pro-inflammatory cytokines,
including interleukin (IL)-1 and tumor necrosis factor-alpha (TNFa). The high concentrations of inflammatory cytokines
impair epithelial cells inducing the destruction of the intestinal barrier (Shimizu, 2017). Together with microbial diversity,
cytokines, intestinal barrier, and gut morphology, represent useful markers to study the effect of nutrients and
nutraceuticals on fish health status (Randazzo et al., 2021). Recently, the scientific interest in “functional” or
“nutraceutical” ingredients as modifiers of the organism biological response has increased (Brogi et al., 2021). It is well-
known that proper nutrition can exert anti-inflammatory effects and lead to epigenetic imprinting through changes on
gene expression patterns and nutrient-sensitive signaling pathways, this resulting in a lifelong contribution to health status
(Rocha et al., 2014). Nowadays several studies are investigating the effects of the terrestrial plant-based fish diets on the
intestinal status of farmed fish due to the reported pro-inflammatory effects. Plant grain meal and oil have been largely
used to cope with fishmeal and fish oil market shortage and their environmentally unsustainable production (Gatlin et al.,
2007; Naylor et al., 2009). It has been reported that such diets frequently have detrimental effects on the intestine
functionality, reducing overall gut and fish health (Estruch et al., 2018). In these cases, the diet inclusion of natural anti-
inflammatory molecules may counteract the described negative effects of terrestrial plant-based diets in fish (Ahmadifar
etal., 2020; 2021).
In this context, tannins are important vegetable bioactive compounds worthy to be investigated for both human and animal
nutrition purposes (Das et al., 2020). Tannins are phenolic compounds, secondary chemicals ubiquitous in woody plants.
They are classified on the basis of structural characteristics into two main groups: hydrolysable tannins (HT) and
condensed tannins (CT), while the third group of tannins, called phlorotannins, is present in brown algae and has less
structural complexity than HT and CT (Khanbabaee and van Ree, 2001; Bule et al., 2020; Li et al., 2011). In HT phenolic
groups such as gallic acid or ellagic acid are linked to a partially or totally esterified carbohydrate, usually represented by
D-glucose, giving rise to the esters of the gallic or ellagic acid of glucose. The CT consist of flavan-3-ol units, oligomeric
flavonoids, essentially catechin, epicatechin, gallocatechin, and epigallocatechin bonded via a carbon-carbon bond
(Khanbabaee and van Ree, 2001). Recently, tannins have received more attention due to numerous beneficial actions such
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as antioxidant (Okuda, 2005), anticancer (Cai et al., 2016), antimicrobial and antiviral (Buzzini et al., 2008) activity.
However, the potential effects of tannins on human and animal health remain largely unexplored. Research has shown
the presence of positive effects linked to the administration of tannins in farmed animals (Mueller-Harvey, 2006; Huang
etal., 2018). The most successful supplementation of tannins is attributed to the mitigation of the frothy bloat in ruminants
(Wang et al., 2012), and intestinal inflammation in terrestrial farm animals (Varricchio et al., 2019). The literature on the
effect of tannins on farmed fish production is limited. Previous studies indicate that dietary tannins have a general health-
promoting effect in fishes, although it may vary with the concentration employed. Indeed, dietary chestnut tannin
supplementation had the highest efficacy on growth performance, innate immunity parameters, and antioxidant defenses
in juvenile beluga sturgeon, Huso huso (Safari et al., 2020), Nile tilapia, Oreochromis niloticus (Van Doan et al., 2020),
common carp, Cyprinus carpio (Jahazi et al., 2020), and convict cichlid, Amatitlania nigrofasciata (Hoseinifar et al.,
2020) at a concentration of 2 g kg—1; while diets supplemented with 10, 20, or 30 g kg—1 of tannic acid resulted in a
decrease in growth parameters in juvenile European seabass, Dicentrarchus labrax L. (Omnes et al., 2017).

The exploitation of inedible parts of plants, rich in tannins, such as wood, is a successful strategy to obtain low-cost and
sustainable highly valuable polyphenols and to this purpose, zebrafish (Danio rerio) is a well-established multipurpose
biomedicine and aquaculture research model organism (Goldsmith and Jobin, 2012; Alestrém and Winther-Larsen, 2016;
Ogi et al., 2021; Licitra et al., 2021a). Zebrafish (D. rerio) is nowadays successfully employed for aquaculture studies
aiming at assessing the relationship between nutrition and health (Ulloa et al., 2014; Watts et al., 2017; Fronte et al.,
2021). Moreover, the zebrafish (D. rerio) model enables lower research cost (Ulloa et al., 2014; Fronte et al., 2021) and
possess a well-known digestive system from the morpho-functional and microbiome point of view (Roeselers et al., 2011;
Brugman, 2016). On these bases, the aim of the present study was to investigate the effect of a commercially available
blend of sensory flavouring additives (Silvafeed® TSP), rich in tannins, extracted from chestnut and quebracho wood, on
fish intestinal health status. This study has been the first to investigate the effects of increasing TSP contents in diets rich
in plant products, on gut morphology and inflammation, cytokines gene expression and microbiota composition in

zebrafish (D. rerio).

Materials and Methods

Ethics Statement
The study was performed in accordance with the European Union (EU) Directive 2010/63/EU for animal experiments
and upon approval of Italian Authority for Animal Care and Use Committee (B290E.N.F7X).

Fish husbandry

The present study was carried-out at the “zebrafish facility” of the Department of Veterinary Science of the University of
Pisa, Pisa (Italy). Height-month-old wild type AB strain zebrafish (D. rerio) were used. Fish body weight was measured
at the beginning (310,0+118,28 mg; meanzs.d.) and at the end of the experimental period. Animals were maintained at
28 °C in a water recirculating system, as described by Fronte et al., 2021, according to the indications of Westerfield
(2007). During the experimental period (12 days), water temperature, pH, electrical conductivity, and dissolved oxygen
were daily monitored. No deaths occurred in the facilities before the euthanasia of animals used for the experiments.

Experimental design and feeding protocol
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Four dietary treatments characterized by an increasing level of polyphenols were used. TSP (SilvateamS.p.A., San
Michele Mondovi, Italy), a blend of HT and CT obtained from chestnut and quebracho wood, was used as polyphenol
source and included into 4 terrestrial plant-based diets. The dietary treatments are shown in Table 1. The ingredients and
chemical compositions of the diets were analyzed using an AOAC (2000) protocol.

Table 1: Formulation and proximate composition of the experimental diets

control TSP I TSP I TSP I
Ingredient % % % %
Soybean meal 48 43,00 43,00 43,00 43,00
Corn meal 22,00 22,00 22,00 22,00
Corn gluten 15,00 15,00 15,00 15,00
Wheat Gluten 5,20 511 5,03 4,86
Rapeseed meal 5,00 5,00 5,00 5,00
Dicalcium phosphate 3,40 3,40 3,40 3,40
Binder (guar gum) 2,20 2,20 2,20 2,20
Soybean oil 2,00 2,00 2,00 2,00
Choline chloride 1,30 1,30 1,30 1,30
Vit & Min Premix? 0,50 0,50 0,50 0,50
Sodium propionate 0,10 0,10 0,10 0,10
L-Lysine 0,10 0,10 0,10 0,10
L-Threonine 0,10 0,10 0,10 0,10
DL-Methionine 0,10 0,10 0,10 0,10
TSP 0,00 0,09 0,17 0,34
Total 100,0 100,0 100,0 100,0
Proximate composition As fed
Dry Matter % 96,11 96,1 96,08 96,06
Crude protein % 36,95 36,88 36,81 36,67
Crude fat % 4,53 4,53 4,53 4,53
Fiber % 3,59 3,59 3,59 3,59
Starch % 18,65 18,64 18,64 18,62
Ash % 4,99 4,98 4,98 4,98
Gross Energy MJ/kg 17,05 17,03 17,01 16,97

2 Vitamin and mineral premix (kg of product): vitamin A = 1,200,000 IU; vitamin D3 = 200,000 1U; vitamin E = 12,000 mg; vitamin
K3 =2,400 mg; vitamin B1 = 4,800 mg; vitamin B2 = 4,800 mg; vitamin B6 = 4,000 mg; vitamin B12 = 4,800 mg; folic acid =1,200 mg;
calcium pantothenate =12,000 mg; biotin =48 mg; nicotinic acid =24,000 mg; Mn =4.000 mg; Zn =6.000 mg; | = 20 mg; Co =2 mg;

Cu =4 mg; and Se =20 mg.

The different feeds were prepared as described by Royes and Chapman (2003) and Fronte et al. (2021). Briefly, raw
ingredients and TSP were ground, homogenized in a mixer, moisturized, pelletized, and dried in a forced air oven (40 °C;
24 h). After the drying process, the diets were standardized into convenient pellet size (400-600 um) and stored at 4 °C
for further use. The diets were then supplied to the four dietary groups (n= 21 fish per group) for a total of 12 days. The
TSP feed supplementation was calculated for ensuring the administration of 12, 24 and 48 pg/fish/day for TSP group I,
I1 and I11, respectively. To this purpose, the voluntary fish feed intake was measured during a two-week adaptation period,
when control diet only was supplied to all the fishes (4,5% of the BW on average). Experimental feeds were distributed
four times per day (8:00 a.m., 11:00 a.m., 2:00 p.m. and 5:00 p.m.) ad libitum, according to the “five minutes” rule, as
described by Lawrence (2007). After the trial, zebrafish (D. rerio) were fasted overnight and sacrificed by overdose of
anesthesia (0.25 mg/mL, MS-222, Sigma®, St. Louis, MO, USA). For each treatment, fish intestines were collected: six
for histological and immunohistochemical analysis, five for inflammatory factors analysis and ten for microbiome
analysis.
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Histological analysis

The intestine samples were processed as reported in Orso et al. (2021). Specifically, tissues were fixed for 24hrs at 4°C
in 4% formalin in 0.01 M phosphate-buffered saline (PBS) pH 7.4., dehydrated in a graded series of ethanol, cleared with
xylene and embedded in paraffin. Embedded samples were cut with a microtome (Leica Microsystems, Wetzlar,
Germany) into 5um sections and anatomically comparable sections of intestine were deparaffinized with xylene and
stained with haematoxylin-eosin (H&E) for the morphological analysis or Alcian blue for the quantitative estimation of
the goblet cell number as reported by Orso et al. 2021. The stained intestinal sections were examined under a Leica
DMI6000 light microscope equipped with Leica DFC340 digital camera (Leica Microsystems, Wetzlar, Germany) at 10X
or 20X magnification. Score and goblet cells quantification were performed as previously described in Orso et al. (2021).
Immunohistochemical analysis

The avidin-biotin immunohistochemical technique was performed as reported in Imperatore et al. (2020). Briefly,
anatomically comparable sections of MI were deparaffinized and prepared to be stained with a monoclonal antibody
raised in mouse against tumor-necrosis factor-o. (TNFa) (code ab1793, Abcam, Cambridge, UK) or a polyclonal antibody
raised in rabbit against cyclooxygenase 2 (COX2) (code 69720, NovaTeinBio, Woburn, MA). Briefly, sections were
incubated with 0.1% H,O, for 5 min to inactivate the endogenous peroxidase activity, followed by incubation with 10%
normal goat serum (NGS) (Vector Laboratories, UK) in 0.1 M Tris-buffered saline, pH 7.6, containing 0.3% Triton X-
100 for 30 min. Subsequently, sections were incubated with primary antibodies (1:200 in the NGS) overnight at 4°C. The
day after, the sections were rinsed several times and then incubated for 2h, at room temperature, in biotinylated goat anti-
mouse or goat anti-rabbit immunoglobulin with appropriate dilution (Vector Laboratories). The slides were incubated for
1h with the avidin-biotin complex diluted in Tris-buffered saline (ABC Kit; Vectastain, Vector) and then with 0.05% of
3’-diaminobenzidine (DAB) for 10 min (DAB Sigma Fast, Sigma-Aldrich). The antibodies specificity was validated with
controls as reported in Imperatore et al. (2018; 2020). A Leica DMI6000 light microscope (Leica Microsystems,
Germany) equipped with a digital camera working on gray levels (JCV FC 340FX, Leica) was used to acquire digital

images under constant light illumination at 20x and 40x magnification.

RNA isolation, cDNA synthesis and Real-Time PCR

Total RNA was extracted from zebrafish (D. rerio) intestines using the Quick RNA miniprep (ZymoResearch, Irvine,
USA) according to the manufacturer’s instruction. cDNA was synthesized by reverse transcription of about 500 ng of
total RNA using PrimeScript™ RT Reagent kit (Takara Bio Inc., Shiga, Japan), and quantitative real-time polymerase
chain reaction (QRT-PCR) was performed in gPCRBIO SyGreen Mix Hi-ROX (PCR Biosystem, Wayne, NJ, USA),
according to Licitra et al. (2021b). The sequences of the primers used are listed in Supplementary Table S1. Relative
expression levels of the gene were calculated using the 2724 method (Livak and Schmittgen, 2001). The results obtained
were normalized to the expression of the housekeeping gene, p-actin (ENSDARG00000037746). The analysis of gene
expression was calculated with fold change method. Each assay was done in triplicate and 5 samples per group were

analyzed.
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Table 2: Primer sequences for gRT-PCR

Gene Sequence 5'-3" Reference

beta actin F: GCAGAAGGAGATCACATCCCTGGC https://doi.org/10.3390/nu13030998
R: CATTGCCGTCACCTTCACCGTTC

cox2 F: CCCTGTCAGAATCGAGGTGT https://doi.org/10.1038/nchembio.147
R: TTGGGAGAAGGCTTCAGAGA

illb F: GGACTTCGCAGCACAAAATGAA https://doi.org/10.1101/2020.04.09.033837
R: TTCACTTCACGCTCTTGGATGA

cxclg-11 F: GTCGCTGCATTGAAACAGAA https://doi.org/10.4049/jimmunol.1203266
R: CTTAACCCATGGAGCAGAGG

tnfa F: GGGCAATCAACAAGATGGAAG https://doi.org/10.1038/s41598-018-28511-w

R: GCAGCTGATGTGCAAAGACAC

Microbiome analysis

Total DNA was extracted and analyzed from individual whole intestine sampled from 6 fish for each treatment, as reported
in Pelusio et al. (2021). Extracted DNA was quantified with NanoDrop ND-1000 (NanoDrop Technologies, Wilmington,
DE) and stored at —20°C until further processing. The amplification, purification and sequencing of the V3-V4
hypervariable regions of the 16S rRNA gene was performed as described in paragraph 2.2. Sequencing was then
performed on lllumina MiSeq platform using a 2 x 250 bp paired-end protocol according to the manufacturer's instructions
(IMumina, San Diego, CA). At the end of the sequencing process, raw sequences were processed as described in paragraph
2.2. A p-value < 0.05 was considered statistically significant, while p-values between 0.05 and 0.1 were considered as a

trend.

Statistical analysis

Data related to the fish growth performance and score number were analyzed using One-way ANOVA and differences
between groups tested by mean HSD Tukey-Kramer test («=0.05). The data related to qRT-PCR were first analyzed with
the Shapiro-Wilks test to evaluate the normality distribution. Post hoc comparisons were performed using the one-way
ANOVA. All statistical analyses were performed using GraphPad Prism 6 (GraphPad Software, Inc., CA, USA) and
differences between treatments were considered significant for p<0.05 (*), p<0.01 (**), p<0.001 (***) and p<0.00001

(****).

Results

Growth performance

During the experimental period, all fish grew normally, and no statistically significant differences were observed between
treatments, neither for the initial nor for the final BW (table 2).

Table 3: Initial and final fish BW (mg), according to the considered treatments

Parameters Initial BW (mg) Final BW (mg) BW increment
Treatments mean SD mean SD

Control 291,0 116,93 350,1 117,63 20,3%
TSP 12 316,9 108,85 375,1 140,84 18,4%
TSP24 307,2 126,57 372,3 120,54 21,2%
TSP 48 318,6 121,84 382,9 157,84 20,2%
SEM 14,617 16,427

P 0,9021 0,9031
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Intestinal histology

Intestinal inflammation was morphologically detectable in zebrafish (D. rerio) fed with control diet showing damage of
the intestinal villi and disruption of the intestinal tissue integrity (Fig. 1). Specifically, the intestine showed clear signs of
inflammation, such as expansion of gut lumen, irregular intestinal folds (villi) with loss of margins, abundant mucus
presence, high goblet cells number and leukocyte infiltrates, loss of lamina propria integrity and accumulation of fat in
the submucosa layer. Diets enriched with TSP partially prevented the morphological alterations in a dose-dependent
manner. Indeed, intestine sections of zebrafish (D. rerio) fed a diet containing 12 pg/day (TSP 1) and 24 pg/day (TSP I1)
of TSP kept showing an altered morphology of the villi, abundance of goblet cells, loss of integrity of lamina propria and
fat accumulation in the submucosa layer. In zebrafish (D. rerio) fed TSP at 48 pg/day (TSP I11), the integrity of the villi
and lamina propria were preserved and a reduction of goblet cells and fat accumulation was observed (Fig. 1 and 2).
Specifically, significant reduction of score number was found only in the TSP I (p<0.001) and TSP 11 (p<0.0001) groups
compared with the control group; while the number of goblet cells number decreased significantly only in TSP 111 (p<0.05)

compared with the zebrafish (D. rerio) group fed with control diet.

Figure 1: Haematoxylin-eosin (H&E) staining of mid intestine (MI)
of (A) zebrafish fed control diet, (B) TSP I, zebrafish fed control diet
supplemented with 12 pg/d di TSP, (C) TSP II, zebrafish fed control
diet supplemented with 24 pg/d di TSP, (D) TSP Ill, zebrafish fed
control diet supplemented with 48 pg/d di TSP. Scale bar: 100 pm.
Arrows indicate loss of lamina propria integrity, linear boxes indicate
loss of villi integrity, dashed boxes depict goblet cells, asterisks
indicate submucosal fat accumulation.

Figure 2: Alcian Blu staining of mid intestine (MI) of (A) zebrafish
fed control diet, (B) TSP I, zebrafish fed control diet supplemented
with 12 pg/d di TSP, (C) TSP I, zebrafish fed control diet
supplemented with 24 pg/d di TSP, (D) TSP I, zebrafish fed control
diet supplemented with 48 pg/d di TSP. Scale bar: 100 um. Arrows
indicate loss of lamina propria integrity, linear boxes indicate loss of
villi integrity, dashed boxes depict goblet cells, arrowheads indicate
leukocyte infiltrates.

Morphological alterations visible in the zebrafish (D. rerio) fed with control diet matched with the increased expression
of the pro-inflammatory marker TNFo. TNFo immunoreactivity increased in the enteroendocrine and goblet cells and
many infiltrated cells, such as eosinophils and fibroblasts, showed positivity for TNFa, highlighting the onset of an
inflammatory state. TSP treatment partially counteracted such increase when added to the diet at high concentrations (Fig.
3). Specifically, intestine of zebrafish (D. rerio) fed diet supplemented with 12 ug/d and 24 pg/d of TSP showed intense
TNFa immunoexpression along the villi and in both infiltrates and epithelial cells, demonstrating an intense overt
inflammatory state. On the contrary, the intestine of zebrafish (D. rerio) fed with diet containing 48ug/d of TSP showed
a significant reduction in the immune expression of TNFa which was found in a few infiltrated cells, indicating an active

immune response but the absence of a real inflammatory state.
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Figure 3: TNFo immunostaining in the mid intestine (MI) of (A)
zebrafish fed control diet, (B) TSP |, zebrafish fed control diet
supplemented with 12 pg/d di TSP, (C) TSP I, zebrafish fed control
diet supplemented with 24 pg/d di TSP, (D) TSP I, zebrafish fed
control diet supplemented with 48 pg/d di TSP. Scale bar: 100 pm.
Arrows indicate epithelial cells or infiltrated eosinophils and

Figure 4: COX2 immunostaining in the mid intestine (MI) of (A)
zebrafish fed control diet, (B) TSP |, zebrafish fed control diet
supplemented with 12 pg/d di TSP, (C) TSP I, zebrafish fed control
diet supplemented with 24 pg/d di TSP, (D) TSP |11, zebrafish fed diet
enriched with 48 pg/d di TSP. Scale bar: 100 pm. Arrows indicate
COX2 expression at apical side of epithelial cells.

fibroblasts expressing TNFa.

COX2 immunoexpression was found largely confined to the villus epithelium (Fig. 4). In particular, the epithelial cells
of zebrafish (D. rerio) fed commercial diet showed COX2 immunoreactivity at the apical side of epithelial cells, showing
a slight presence of oxidative stress. In zebrafish (D. rerio) fed a diet containing 12ug/d of TSP, an intense
immunoexpression of COX2 along the villi on the apical layer of the epithelial cells was observed, highlighting an intense
oxidative stress. However, the increase of TSP concentration in the diet was accompanied with a decrease of oxidative
stress. In fact, COX2 expression was markedly reduced in zebrafish (D. rerio) fed with diet containing 24 pg/d of TSP,
and almost disappeared in zebrafish (D. rerio) fed with diet containing 48 pg/d of TSP, indicating the absence of oxidative
stress.

Inflammatory factors analysis

The inflammatory factors analysis on zebrafish (D. rerio)

cox2

intestines fed with increase concentration of TSP showed a
dose dependent-manner response on oxidative stress. The
inflammatory factors analyzed were cox2, il-1b, cxcl8-
I1and tnfa. In particular, zebrafish (D. rerio) fed with the
diet containing 12 pg/fish/day of TSP (TSP 1) did not show

an altered pattern of inflammatory mediators compared to

Fold change
Fold change

control. Whereas a double and triple dosage of TSP (24 and

48 pug/fish/day for TSP 11 and 11, respectively) reduced the
18-11
- expression of cox2, il-1b, cxcl8-11 and tnfa up to half

75 compared to control group. This trend depicted a decreased

oxidative stress related to TSP administration at doses
higher than 24 pg/fish/day (Fig. 5).
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Figure 5: Relative mRNA expression of inflammatory mediators in
intestine of zebrafish fed with control diet (black column) and control diet
supplemented with 12 pg/d (TSP 1), 24 pg/d (TSP I1) and 48 pg/d (TSP
1) of TSP. In the graph are reported only the significant differences.
Error Bars represent Standard Error on the Mean (SEM). For statistical
tests One-Way ANOVA was used.
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Fecal Bacterial Community Profile

The 16S rRNA gene sequencing was performed on a total of 24 whole intestine samples, yielding 114,329 high-quality
reads (mean = SD, 4764 + 2719) and clustered into a total of 334 ASVs. To assess whether the increasing treatment with
TSP feed integrator could exert a beneficial effect on gut bacteria community during inflammatory events, the gut
microbiome (GM) was analyzed for each dietary group. The variations in the GM profiles (beta-diversity) were assessed
by the Principal Coordinate Analysis (PCoA) of the unweighted UniFrac distances calculated between samples. In
addition, for each dietary group changes in the gut microbial community internal diversity were represented with three
different metrics: PD_whole_tree, Chaol index and observed_ASVs. According to our findings (Figure 6), none of the
TSP® groups, showed a significant variation in the overall GM composition compared to control group, in terms of overall
composition structure (“Adonis”, p > 0.05) (Figure 6A, B, C). However, the TSP Il group showed a higher p-value
(Adonis) compared to the other TSP dietary groups, highlighting that bacterial community in TSP 1ll group was more
similar to the control group. Conversely, focusing on the microbial internal ecosystem diversity, the diet containing 24
ug/d of TSP determined a significant positive effect (Wilcoxon rank-sum test, p < 0.05). Indeed, we observed a higher
value of internal ecosystem diversity in TSP Il group, for all metrics (PD_whole_tree, Chaol, observed ASVs), as

compared with the control (Figure 6D).
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Figure 6: Beta diversity and alpha diversity of gut microbiota of zebrafish fed with the experimental diets over 12 days. PCoA based on unweighted
UniFrac distances between gut microbiota structure of animals fed with control diet (CTRL) and zebrafish fed with control diet supplemented with 12
ug/d of TSP (TSP 1) (A), with 24 pg/d of TSP (TSP 1) (B), and with 48 pg/d of TSP (TSP I11) (C). In all PCoA plots samples are not significantly
separated (permutation test with pseudo-F ratio, p>0.05). (D) Boxplots of alpha diversity, measured with Faith’s Phylogenetic Diversity
(PD_whole_tree), Chaol index, and observed_ASVs. Only for TSP Il group a higher value of alpha diversity in all metrics is observed, compared to
control group (Wilcoxon rank-sum test, *p < 0.05).
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In order to further assess the GM composition of zebrafish (D. rerio) fed at different concentrations of TSP feed integrator

(i.e., CTRL, TSP(l), TSP(Il), TSP (lIl)), phylogenetic composition was assessed at phylum and genus levels, as

highlighted in Fig. 7A and 7B respectively. Overall, the GM of each group showed a similar profile in terms of the most

abundant bacterial taxa. More specifically, the most abundant phyla were Firmicutes, Fusobacteria and Proteobacteria,

which represented about 94% of the whole intestinal bacterial ecosystem (Fig. 7A). On the other hand, the most

represented genera were Cetobacterium, belonging to Fusobacteria phylum, Plesiomonas and Sphingomonas, belonging

to Proteobacteria phylum and Lactobacillus, belonging to Firmicutes phylum (Fig. 7B).
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Figure 7: Microbiome composition of the whole intestine of zebrafish fed with the experimental diets over 12 days. Bar plot summarizing the
microbiota composition at phylum (A) and genus level (B) of fish intestinal content. Only phyla with a relative abundance > 0.5% in at least 2
samples and genera with relative abundance > 0.5% in at least 2 samples are represented. CTRL, zebrafish fed with control diet; TSP |, zebrafish fed
with control diet supplemented with 12 pg/d of TSP; TSP 11, zebrafish fed with control diet supplemented with 24 pg/d of TSP; TSP 111, zebrafish fed

with control diet supplemented with 48 pg/d of TSP.
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Figure 8 Distributions of relative abundance of genera that showed a tendency of
variation between groups fed with different experimental diets (Wilcoxon rank-sum test,
p <0.1). Only genera with a mean relative abundance > 0.5% in at least one sample were
taken into account. The central box of each dataset represents the distance between the
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CTRL, zebrafish fed with control diet; TSP |, zebrafish fed with control diet
supplemented with 12 pg/d of TSP; TSP 11, zebrafish fed with control diet supplemented
with 24 pg/d of TSP; TSP 111, zebrafish fed with control diet supplemented with 48 pg/d
of TSP.

to control group (Wilcoxon rank-sum test; p <
0.1). Similarly, the abundance of Aeromonas
genus was higher in all TSP groups compared to
fish fed with control diet (Wilcoxon rank-sum

test; p < 0.1). In addition, Porphyromonas and
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Shewanella genera appeared to be more abundant in TSP groups, with the former more abundant in TSP (I) group
compared to control group and the latter more abundant in TSP (11) group compared to fish fed with control diet (Fig. 8).

Discussion

In this study, zebrafish (D. rerio) was used as a model to investigate the effects of a tannin rich feed additive (Silvafeed®
TSP) on fish intestinal health status, notably gut morphology and inflammation, cytokines gene expression and microbiota
composition.

As previously reported in zebrafish (D. rerio) (Arias Jayo et al., 2018) and other fish species such as common carp
(Cyprinus carpio) (Uran et al., 2008), and Atlantic salmon (Salmo salar) (Kroghdal et al., 2003), intestinal morphological
alterations may occur due to the diet composition, such as gut lumen expansion, irregular intestinal villi with loss of
margins, abundant mucus presence, negative variation in goblet cell number and leukocyte infiltrates, loss of lamina
propria integrity and accumulation of fat in the submucosa layer (Torrecillas et al., 2007; Torrecillas et al., 2014; Fronte
et al 2019).

It is very well-known that polyphenolic compounds have anti-inflammatory and antioxidant properties in vitro (Sorice et
al., 2016), ex-vivo (Coccia et al., 2019), and in vivo (Orso et al., 2021) as well. It has been demonstrated that the addition
of chestnut tannins (Sieniawska and Baj, 2017) is able to improve the general morphology of the intestine, restoring the
intestinal structure and the organization of the villi, almost to normal feature. Recently, Orso et al. (2021), reported the
morphological and functional recovery of k-carrageenan-induced intestinal inflammation in zebrafish (D. rerio) after
treatment with 4 pg of chestnut tannins/fish/day. In the present study, the ameliorative effect of tannins was observed at
higher concentrations (between 24 and 48 ug/fish/day), which could be due to various reasons. First, the severity of the
basal inflammation must be considered. Based on a classification of inflammation symptoms in zebrafish (D. rerio)
reported by Orso et al. (2021), the intensity of inflammation was more severe in this study, where the loss of integrity of
the villi was particularly evident in the control group fed the feed rich in plants ingredients. Furthermore, the duration of
the pro-inflammatory stimulus was longer in the present study, in which the specimens were fed the pro-inflammatory
control feed for twelve days, while in the Orso et al. (2021), the inflammatory stimulus lasted three days only.
Polyphenols are powerful antioxidants that neutralize free radicals by donating an electron or hydrogen atom, contrasting
the oxidative stress occurring in the cells when there is an excess of free radicals (Vladimir-Knezevi¢ et al., 2012; Hussain
et al., 2016). Although free radicals are produced during normal metabolic processes, an excess of oxidative stress can
activate a variety of transcription factors, which lead to the differential expression of genes involved in inflammation
(Chen et al., 2006; Yu et al., 2016). Scientific research suggests that polyphenols exert their protective and therapeutic
effects in the management of intestinal inflammation via down-regulation of pro-inflammatory and upregulation of anti-
inflammatory cytokines and thus suppressing inflammatory pathways and their cellular signaling mechanisms
(Santangelo et al., 2007; Fiesel et al., 2014).

The gastrointestinal tract of vertebrates performs important functions beyond those associated with the absorption of
nutrients. These include defense, which is perhaps one of the most important functions. In fish the intestine acts both as
a physical barrier to the entry of pathogens and as an immune barrier, thanks to the presence of the so-called Gut-
associated lymphoid tissue (GALT), consisting of leukocyte populations located both intraepithelial and, in the lamina
propria without a clear structural organization (Salinas, 2015). The present study indicated that, intestinal inflammation,
is accompanied by the innate immune response which is involved and responsible for the increase in the number of
leukocytes, as seen in this study. Leukocytes contribute to the recruitment of other immune cells and facilitate mucosal
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healing by releasing molecules such as cytokines crucial for the orchestration of the defense response (Wang and
Secombes, 2013).

In the present study, the inflammation status induced by the plant-based diet, characterized by intestinal morphological
alterations and the increase of pro-inflammatory markers TNF-a and COX2, were ameliorated only in zebrafish (D. rerio)
fed with TSP at 48 pg/fish/day. The study of gene expression of the inflammatory factors (cox2, il-1b, cxcl8-11 and tnfa)
confirmed the beneficial effects of TSP on inflamed intestine. Indeed, the inflammation was reduced when TSP was
administered at doses equal to 24 and 48 pg/fish/day. Worth of particular attention is the expression of TNF-a in the TSP
IT group (24 pg/fish/day), where the mRNA is reduced while the protein is highly immunoexpressed. The higher
sensitivity of gRT-PCR compared to immunohistochemical analysis (Peinnequin, 2004) could justify this contradictory
outcome. Moreover, there is a correlation between the expression of these inflammatory factors, because at sites of
inflammation, in response to inflammatory stimuli, the inflammatory cells produce proinflammatory cytokines such as
interleukin-1a/p, interferon-y and tnf-o that stimulate the production of cox2 (Wang, 2010).

In fact, besides the innate and adaptive immune components, also cytokines play vital roles in the intestinal immune
function of fish. Research indicated that up-regulating the mMRNA levels of pro-inflammatory cytokines (as IL-/4 and
TNF-a) could worsen the inflammatory responses of fish (Wang and Secombes, 2013). In the intestine of growing grass
carp (Ctenopharyngodon idella), the majority of studied pro-inflammatory cytokines (IFN-y2, IL-15, -6, -12p35, -12p40,
-15 and -17D) were significantly up-regulated when condensed tannins were added to the diet at levels higher than 30
g/kg, while the same condensed tannin levels had no significant impact on the relative mRNA level of IL-8 and TNF-«
(Li et al., 2020). Conversely, dietary inclusion equal to 0.1% of condensed tannins, mitigate the oxidative stress and
maintain intestinal health in the spotted sea bass (Lateolabrax maculatus) (Peng et al., 2022). Recently, the quantitative
analysis of the relative gene expression of TNFa, COX-2, IL-1§ and IL-8 was analyzed in the intestines of zebrafish (D.
rerio) fed with chestnut shell tannins at doses equal to 4 pg/fish/day, suggesting that these tannins are able to reduce the
analyzed pro-inflammatory factors, ameliorating the fish intestinal inflammation status (Orso et al., 2021), in line with
our results. Similarly, another study on the effects of polyphenols on a model of zebrafish (D. rerio) intestinal
inflammation, showed that, these compounds can counteract a large number of cytokines (IL-4, IL-10, and TNF ) induced
by inflammation (Gong et al., 2020). Therefore, these results support the hypothesis that the supplementation of TSP
obtained from chestnut wood, ameliorated the inflammatory responses in the intestinal tissue of zebrafish (D. rerio).
Evidences have been accumulated on the existence of an interplay between polyphenols and intestinal microbiota. The
intestinal microbiota plays an important role in the metabolism of polyphenols (Kawabata et al., 2019), contributing to
the degradation of high molecular weight tannins into various phenolic products of low molecular weight that can be
easily absorbed (Goel et al., 2005)

In this study, the metagenomics analysis was in agreement with the report that the phyla Proteobacteria, Firmicutes,
Bacteroidetes, Actinobacteria, and Fusobacteria are dominant in fish gut microbiota (Larsen et al., 2014; Eichmiller et
al., 2016). Literature studies report that zebrafish (D. rerio) intestinal microbiota is dominated by members of the phyla
Fusobacteria, Firmicutes and Proteobacteria (Roeselers et al., 2011; Da Silva et al., 2020), which represent most phyla
found in the zebrafish (D. rerio) of this study. Fusobacteria are identified as the most abundant in the gut of adult zebrafish
(D. rerio) and major contributors to the gut microbiome of commercial fish feed (Stephens et al., 2016; Walburn et al.,
2019). In agreement with these data, the metagenomic analysis of this study showed that our control group fed a diet rich
in plant ingredients, had Fusobacteria as the predominant phylum, followed by Firmicutes and Protecbacteria.

Interestingly, Orso et al. (2021) report Fusobacteria <5% in zebrafish (D. rerio) fed on Artemia salina.
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The Fusobacteria are anaerobic, Gram-negative bacilli that produce the short-chain fatty acid butyrate (Bennett and Eley
1993). In mammals, butyrate provides many benefits to the host, enhancing mucus production, thus acting as an anti-
inflammatory (Andoh et al. 1999; Hamer et al. 2008). This outcome can explain the abundance of mucus lining the
intestinal mucosa in all zebrafish (D. rerio) groups of this study. However, Fusobacteria have also been reported as the
most abundant phylum in adult zebrafish (D. rerio) with intestinal inflammation (Orso et al., 2021). Similarly, in this
study the control group shows morphological signs of intestinal inflammation, partially reversed by the administration of
tannins which caused a slight decrease in Fusobacteria, a result similar to that reported by Orso et al. (2021). Moreover,
most of the Fusobacteria in freshwater herbivorous fish species is mainly represented by the genera of Cetobacterium
(Larsen et al., 2014), an outcome in agreement with our data. Interestingly, the abundance of genus Shewanella was
slightly increased in the group fed with high concentration of TSP (48 pg/fish/day) compared to control group. Some
Shewanella species can act as fish health modulator thanks to their potential probiotic activity (Camara-Ruiz et al., 2020),
so a higher presence of this genus after tannins treatment could be evaluated as a benefic effect for the intestinal gut

bacterial community, which could lead to a healthier fish gut microbiota after an inflammatory event.

Conclusions

Based on the results of the present study, it is possible to conclude that tannins may play a relevant role in counteracting
the negative effects of fishmeal replacement with plant ingredients in fish diets. In fact, positive effects have been
observed at several level (gut histology and immunohistochemistry, inflammatory factors, and microbiome). Hence, in
the process of improving aquaculture sustainability by reducing the use of fishmeal in aquafeed, the inclusion of tannins

in fish diets may be helpful to maintain fish performance, fish health and reducing the cost of aquafeed, so that improving

farmers and aquafeed industries economical results.
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2.6 Study IV - Impact of marine aquaculture on the microbiome associated with nearby holobionts: the
case of Patella caerulea living in proximity of sea bream aquaculture cages
Palladino, G., Rampelli, S., Scicchitano, D., Musella, M., Quero, G. M., Prada, F., ... & Biagi, E. (2021). Impact of marine aquaculture on the

microbiome associated with nearby holobionts: the case of Patella caerulea living in proximity of Sea Bream aquaculture cages. Microorganisms,
9(2), 455.

Introduction

Fish farming is rapidly increasing in the Mediterranean Sea in order to respond to the rising demand for products for
human consumption. Marine aquaculture (mariculture) is an integral part of growing coastal economy and is mainly
carried on by caged open systems, with the farmed species in direct contact with the wild coastal ecosystem [1-3]. Current
finfish farming practices influence the marine biota at different trophic levels by changing environmental conditions in
the surrounding water column, which undergoes severe eutrophication, as well as by impacting the chemical features of
the sediments below the cages [1,4,5]. Indeed, sediments in proximity of the cages show an increase in organic matter,
due to the sedimentation of uneaten feed and fish feces, as well as accumulation of heavy metals [6,7]. Consequences are
shifts in nutrients and carbon fluxes, pH decline, and oxygen depletion in the sea floor, resulting in ammonia and hydrogen
sulphide accumulation [4,8]. Such conditions modify the benthic assemblages of fauna and seagrass, affecting the whole
food web [9]. It has been demonstrated that the proximity of fish farming cages affects the survival of grazers and other
macro-fauna trophic groups, even further than the mere sedimentation zone [1,10].

All environments on our planet, including macro-organisms themselves (defined as holobionts), are colonized by
microorganisms living in complex communities called microbiomes. All key biosphere processes, both terrestrial and
aquatic, as well as many physiological aspects of animal and plant biology, deeply rely on microbiomes. Being aware of
the microbiome importance as a life support system for the planet biosphere, there is now a huge concern about the impact
of local and global anthropic factors on the planet microbiomes [11], making microbiomes assessment a central point for
a next-generation and more holistic evaluation of the environmental health. In this scenario, the impact of aquaculture on
seafloor microbiomes has recently been explored, reporting decreased bacterial biodiversity in the sediments below the
cages, overgrowth of microbial groups able to thrive in anaerobic, carbon-enriched conditions, as well as accumulation
of fecal bacteria and/or bacteria linked to the sulphur cycle [6,12-17]. The microbial community associated with the water
column also appeared to be different within and outside the cage of farmed sea breams [18]. On the contrary, very little
is known on the effect of the presence of farming cages on the microbiome of nearby wild holobionts.

Even if resulting from a host-driven selection process, microbiomes of marine holobionts show a strong metacommunity
behaviour, being in close interaction with microbiomes from both the environment (e.g., water column and the sediments)
and the other holobionts living in their proximity [19-22]. Thus, it is reasonable to expect that the microbiomes associated
with wild marine holobionts living in the proximity of fish farms are somehow affected by the interaction with the
microbiomes of farmed fish, both directly, by the transfer of fish microorganisms dispersed to the water column and/or
sediments, and indirectly, by changing the surrounding environmental bacterial community. The consequent colonization
of the wild holobiont microbiomes with allochthonous microbial components would, eventually, result in compositional
changes, with cascade impacts on the health and safety of the marine environment. Confirming these hypotheses, it was
recently reported that sponges living in proximity of fish farming sites in Philippines harboured a microbial community
enriched in genes involved in ammonia oxidation with respect to sponges of the same species collected in pristine waters
[23].
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In order to explore how the presence of fish farming cages influences the microbiome of the surrounding wild holobionts,
we selected a common grazer gastropod from the genus Patella as a representative fouling organism. Patella caerulea is
a common seaweed grazing marine limpet in all Mediterranean rocky shores [24]. Because of their wide distribution,
abundance and sedentary lifestyle, limpets of this species have been proposed as biomonitors for the local water quality,
in terms of heavy metal accumulation and organic pollutants. In addition, limpets are keystone species for the coastal
ecosystem because they regulate the degree of algal coverage and, consequently, succession processes in rocky intertidal
communities [25-27].

In particular, in our work we compared (by Next Generation Sequencing 16S rDNA metabarcoding) the P. caerulea
digestive gland microbiome structure in individuals collected close to sea breams (Sparus aurata) aquaculture cages
located in a fish farm in Southern Sicily (Italy), Mediterranean Sea, with the one from individuals collected on a rocky
coastal tract located far from the aquaculture facility, as control site. The gut, skin and gills microbiomes from the farmed
fishes have been also assessed, together with microbial eassemblages from sediments and water at the aquaculture and
control sites, allowing us to explore the variation of P. caerulea microbiomes at the aquaculture site in a holistic
metacommunity context. Both sampling sites were located in the harbor of Licata, an ideal location to investigate the
impact of aquaculture systems on the microbiome composition of nearby wild animals due to the limited hydrodynamic
circulation inside the harbor and a shallow depth (~10 m), resulting in a large amount of organic matter accumulating on
the sea floor under the cages [14]. This comprehensive study design allowed us to dissect the interaction between the
microbiomes from farmed fished and surrounding wild holobionts at the metacommunity level, showing patterns of

microbial dispersion from the former to the environment and, finally, to locally dwelling wild organisms.

Materials and Methods

Site description and samples collection

The sampling was performed on September, the 25th, 2019, in a marine fish farm located in the harbor of Licata (Figure
1), in Southern Sicily (Mediterranean Sea, coordinates 37.087713°N, 13.943773°E). The facility is composed of 23
floating cages containing sea breams (S. aurata) and sea bass (Dicentrarchus labrax); further details on the sampling site
are reported in Ape et al. [14]. We selected one of the sea breams cages as sampling site (37.086667°N, 13.943611°E)
and we collected five S. aurata individuals and 12 P. caerulea individuals, the latter growing in adhesion to the cage
plastic tubes. Surface sediment (0-1 cm) and seawater were collected under the cage as well as at two additional sites
(37.089732°N, 13.937469°E and 37.091949°N, 13.933703°E) as controls, either by coring or through a sterile plastic
bottle, respectively. Limpets samples were detached using a previously sterilized knife and preserved into sterile plastic
containers. We also collected 15 P. caerulea individuals from the shallow water rocks located along the pier
(37.095000°N, 13.933611°E) as described above. From each fish individual, intestinal content (feces), gills and skin,
were collected. In more detail, sea bream individuals (avg. 270 g) were euthanized by anesthesia (MS-222) following the
national regulations and set on ice until processing. Within 2-5 hours, gut tissues were obtained by aseptic dissection and
the intestinal content was squeezed out as described in Mente et al. [28] and stored in sterile tubes. Finally, a 2x2 cm of
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skin (left side) and the second gill branch (left side) were aseptically collected with sterile scissors, rinsed with sterile
phosphate buffer and stored in sterile tubes. All samples were kept at —20 °C until shipping in the respective labs.

Figure 1 - Sampling site description.
Map of the marine fish farm located in
the harbor of Licata (37.087713°N,
13.943773°E). The sampling sites are
indicated with red balloons and
labelled accordingly. Aquaculture site
is located at 37.086667°N,
13.943611°E, control sediment and
& 5 water samples were collected far from
« Licafa, Sicily contrgl Y o the fish cages (37.089732°N,

g : ; : ’ 13.937469°E  and  37.091949°N,
A 13.933703°E) and P. caerulea
individuals from the shallow water
rocks located along the pier were
collected at 37.095000°N,
13.933611°E (source: Google Earth,
earth.google.com/web/; map data: SIO,
NOAA, U.S. Navy, NGA, GEBCO,
IBCAO).

‘S/cdimcnt and seawater

Microbial DNA extraction, 16S rRNA gene amplification and sequencing.

For limpet samples, we dissected the digestive gland from each individual under a vertical laminar airflow cabinet using
sterile tweezers and scalpels, obtaining a weight range from 0.037 g to 0.460 g for all the glands, depending on each
limpet size. Total microbial DNA extraction was performed on limpets digestive glands using the DNeasy PowerSoil Kit
(Qiagen, Hilden, Germany) [29].

All feces collected from each sample were used for DNA extraction. Seawater samples (1 L) were filtered onto 0.22 pm
cellulose nitrate membrane filters (Sartorius) and stored at —20 °C until processing. The top 1 cm of each sterile corer
used for sediments collection was carefully extruded and stored at —20 °C and 1 g of this sediment was used for DNA
extraction. DNA from sea bream feces and tissues, seawater and sediment samples was extracted using the DNeasy
PowerSoil Kit (Qiagen, Hilden, Germany) as previously described [14,30]. All extracted DNA was stored at —80 °C until
further processing. PCR amplification of the VV3-V4 hypervariable region of the 16S rRNA gene, library preparation and

sequencing were carried out as described in paragraph 2.2.

Bioinformatics and statistics.
Raw sequences were processed as described in paragraph 2.2. Two different metrics were used to evaluate alpha diversity
- Faith’s Phylogenetic Diversity (Faith_pd) (Faith, 1992) and number of observed ASVs. Beta diversity was estimated by
computing the unweighted UniFrac distance. To further characterize the compositional specificities of the limpets
digestive gland microbiome at aquaculture and control sites in the context of their respective marine metacommunities,
PANDAseq assembled paired-end reads were also processed with the QIIMEL (Caporaso et al., 2010) pipeline for OTUs
(Operational Taxonomic Units) clustering based on 97% similarity threshold, with taxonomy assignment performed using
the SILVA database. As above, all the sequences assigned to eukaryotes or unassigned were discarded.
All statistical analyses were performed using the R software (R Core Team), version 3.6.1., with the packages “Made4”
(Culhane et al., 2005) and “vegan” except for environmental parameters that were compared between sites using Mann-
Whitney, computed with IBM SPSS Statistics 26.0 (IBM CorporaOon). Ternary plots were prepared using the R packages
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“ggtern” (Hamilton and Ferry, 2018), “PMCMR?” (Pohlert, 2014) and “ved” (Meyer et al., 2020). Unweighted UniFrac
distances were plotted using the vegan package and the data separation in the Principal Coordinates Analysis (PCoA) was
tested using a permutation test with pseudo-F raOos (function “adonis” in the vegan package). Wilcoxon rank-sum test
was used to assess differences in alpha diversity and ternary plots, and Kruskal-Wallis test for testing OTUs separation.
p-values were corrected for multiple testing with the Benjamini-Hochberg method, with a false discovery rate (FDR)

< 0.05 considered statistically significant.

Results

Diversity and compositional structure of the marine microbial communities at aquaculture and control site in the Licata
harbor

Sequencing of the V3-V4 hypervariable region of the 16S rRNA gene from the total microbial DNA resulted in 50
samples, from aquaculture and control sites, producing a high-quality output. These included three sediment and three
seawater samples, 25 limpet digestive glands (DG) and 19 sea bream samples, of which 12 gut samples, three gill samples
and four skin samples. The number of high-quality reads in the samples ranged between 1690 and 20252 reads per sample
and they were binned into 6450 ASVs.

According to our data, the overall structure of the limpet DG microbiome segregated from that of seawater and sediments
microecosystems, as shown by the Principal Coordinates Analysis (PCoA) based on the unweighted UniFrac distances
(Figure 2A) (permutation test with pseudo-F ratio, p-value < 0.001). P. caerulea DG microbiome was also characterized
by a lower diversity with respect to environmental communities (seawater and sediments) (Figure 2B), although the trend
did not reach the statistical significance in all the metrics (Wilcoxon rank-sum test controlled for multiple testing using

FDR, p-value 0.4 and 0.02 for Faith PD index and number of observed ASVs, respectively).
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Figure 2 — Alpha and beta diversity comparison between P. caerulea and the surrounding environment. (A) Principal Coordinates Analysis
(PCoA) based on the unweighted UniFrac distances between microbial profiles of sediments, seawater and limpets, showing a strong separation
between the groups (permutation test with pseudo-F ratio, p-value <0.001). The percentage of variance in the dataset explained by each axis, first and
second principal component (PCol and PCo2), is 12.4% and 9.3%, respectively. Ellipses include 95% confidence area based on the standard error of
the weighted average of sample coordinates. (B) Box-and-whiskers distribution of Faith's Phylogenetic Diversity (Faith_pd) and number of observed
ASVs metrics of diversity.
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For what concern their phylogenetic composition, the microbial assemblages associated to the three types of samples
showed a characteristic layout in terms of dominant and subdominant components, with a specific declination according
to the sampling site. Particularly, the microbiome of P. caerulea DG was characterized by two dominant phyla,
Proteobacteria (mean relative abundance + SD, 44.1 + 12.6% and 43.7 + 12.5% in limpets collected at the control and
aquaculture sites, respectively) and Planctomycetes (29.7 + 13.4% and 28.6 + 22.4%). Alphaproteobacteria class
represented the main fraction of Proteobacteria (72.0 £ 13.2% and 66.5 + 23.0%). Relevant subdominant phyla (average
r.a. > 1%) were Firmicutes (6.4 £ 11.6% and 5.7 = 4.6%), Actinobacteria (5.5 £ 7.3% and 3.7 £ 7.1%), Bacteroidetes (4.2
+ 8.5% and 2.8 + 3.2%) and Cyanobacteria (2.1 £ 1.4% and 2.7 * 3.2%). In the control site, we also found
Verrucomicrobia (3.9 = 3.4%), whereas Tenericutes (9.5 = 16.5%) and Fusobacteria (1.2 + 2.7%) were only present in
the aquaculture site (Figure 3A). The detailed compositional structure of water and sediments microbiomes at the
aquaculture and control sites is available in Supplementary figures S1 and S2. Briefly, both sediments and seawater
were mainly characterized by Proteobacteria and Bacteroidetes at all sampling sites. In the aquaculture site, the two
matrices also included members of the Firmicutes phyla, whereas Verrucomicrobia were only characteristic of seawater.
Finally, the microbiomes associated to different tissues of farmed sea breams were also characterized (Supplementary
figure S3). Our findings showed that all sea bream microbiomes were mainly characterized by Proteobacteria, with
Firmicutes and Actinobacteria only represented in the gut samples.

3.2 Changes in the limpet microbiome and surrounding metacommunities at the aquaculture site in the Licata harbor

In order to highlight the impact of aquaculture cages on the limpets DG microbiome, a PCoA of the unweighted UniFrac
distances of the microbiomes structure in individuals collected at aquaculture and control sites was performed (Figure
3D). Data indicated a significant segregation between the two ecosystems (permutation test with pseudo-F ratio, p-value
< 0.001), demonstrating that phylogenetic composition of P. caerulea DG microbiome changed at the aquaculture site.
Further, DG from samples collected in the aquaculture site showed a significantly lower internal microbiome diversity,
as shown by two different metrics (FDR corrected Wilcoxon rank-sum test, p-value 0.008 and 0.01 for Faith PD index
and number of observed ASVs, respectively) (Figure 3C). For what concerns the main DG microbiome compositional
specificities, limpets at the aquaculture site were characterized by a higher abundance in members belonging to the family
Mycoplasmataceae (9.4 + 16.5% in samples from the cages vs. 0.8 + 3.3% in controls). Conversely, among the
subdominant components, the DG microbiome of individuals at the aquaculture site was significant depleted in members
of the uncultured Verrucomicrobiales group DEV007, showing a relative abundance (r.a.) of 0.3 + 0.5% compared to a

r.a. of 2.1 + 1.9% observed in controls (FDR corrected Wilcoxon rank-sum test, p-value = 0.007) (Figure 3B).
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Figure 3 — Overall description of P. caerulea
microbial communities and alpha and beta
diversity comparison between P. caerulea of
control and aquaculture. Pie charts
summarizing the phylum (A) and family (B)
level microbiota composition of P. caerulea in
the two sampling sites. Phyla with relative
abundance > 0.5% in at least one sample and
families with relative abundance > 2% in at
least 10% of samples are represented.
Proteobacteria subclasses are expanded on the
respective pie chart phylum slice. (C) Box-and-
whiskers distribution of Faith's Phylogenetic
Diversity (Faith_pd) and number of observed
ASVs metrics of diversity. (D) Principal
Coordinates Analysis (PCoA) based on the
unweighted  UniFrac  distances  between
microbial profiles of P. caerulea in the two
sampling sites shows a strong separation
between the groups (permutation test with
pseudo-F ratio, p-value < 0.001). The
percentage of variance in the dataset explained
by each axis, first and second principal
component (PCol and PCo2), is 13.1% and
7.0%, respectively. Ellipses include 95%
confidence area based on the standard error of
the weighted average of sample coordinates.

In order to characterize in depth the compositional specificities of the limpets DG microbiome at aquaculture and control

sites in the context of their respective marine metacommunities, OTUs were clustered at 97% and the ones showing a

relative abundance > 0.5% in at least one microbiome sample type were retained (limpets, seawater, sediments and fish

feces, gills and skin). The resulting subset of 192 OTUs was used for the production of ternary plots to highlight the OTUs

ecological propensity toward the different local microbial communities (Figure 4A-C). While for the control site a single

ternary plot was generated (Figure 4A), considering local water, sediments and the DG from limpets, for the aquaculture

site two ternary plots were created, the first matching the one from the control site (Figure 4B) and the second in which

seawater was substituted by S. aurata as source ecosystem (Figure 4C). Furthermore, 50 OTUs showing a significant

different abundance in the DG microbiome from individuals collected at the aquaculture and control sites were identified

(FDR corrected Wilcoxon rank-sum test, p-value < 0.05). Among these, 22 OTUs were more abundant in the control site,

colored in purple in Figure 4A, whereas 28 OTUs showed a significant opposite trend, plotted in purple in Figures 4B

and C. Finally, the highest score alignment against NCBI 16S rRNA database of these OTUs are reported in

Supplementary table T1.
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Figure 4 — Impact of aquaculture cage proximity on P. caerulea microbiome at 97% similarity OTUs level. (A, B, C) Ternary plots of all OTUs
detected in the dataset with relative abundance > 0.5% in at least one samples. Each circle represents one OTU and the size is proportional to the
weighted relative abundance. The position of each circle in the graphs represents its propensity toward the different ecosystems at the edges. (A)

Purple circles represent the 22 OTUs whose mean relative abundance was significantly higher in the P. caerulea control site (FDR-corrected

Wilcoxon rank-sum test, p-value < 0.05). (B, C) Purple circles represent the 28 OTUs whose mean relative abundance was significantly higher in the
P. caerulea aquaculture site (Wilcoxon rank-sum test controlled for multiple testing using FDR, p-value < 0.05). (D) The heatmap represents the

differential distribution of the OTUs shared between P. caerulea and farmed sea breams in the fish ecosystems (feces, gills and skin).

Focusing on the 50 OTUs differentiating the limpet DG microbiome at aquaculture and control sites, the majority of
OTUs enriched in the latter were exclusive of limpets (plotted at the “P. caerulea” vertex in Figure 4A) (OTUs 4667,
11135, 4454, 12220, 1496, 4069, 4330, 14127, 5331, 14154, 3304, 11232, 11155, 14091, 11445, 3555 and 4234). These
OTUs were assigned to species typically isolated from marine environment (e.g., species belonging to genera
Fodinicurvata, Rubinisphaera, Roseibacillus) [44-47] or from marine organisms, such as Amorphus coralli, firstly
isolated from coral mucus [48]. Other OTUs characterizing the DG from the limpets collected at the control site, such as
OTU5034 (genus Robiginitalea), OTU2911 (Actibacter) and OTU2120 (Photobacterium), were shared between limpets
and sediments (plotted along the bottom plane of the ternary plot), whereas OTU2289 (Psychrobacter) was shared
between limpets and water, with higher abundance in the latter (closer to the “Seawater” vertex in the ternary plot).
Finally, OTU1355 (Prochlorococcus) was shared among all three ecosystems, with a higher abundance in seawater.
Similarly to what observed for the control site, the majority of OTUs characteristic of the limpets DG microbiome at the
aquaculture site were exclusive of limpets (OTUs 4187, 11247, 11243, 11205, 6912, 5244, 4203, 2259, 4097, 2073,
12731, 11913, 4065, 4965, 2118, 2077, 2154, 11213, 1397, 11152, 4465, 4305, 6020, 3237 and 6006). Amongst these
OTUs, four were assigned to the genus Mycoplasma, one to Vibrio and one to Acinetobacter, potential human pathogens
found in marine organisms [49-53]. Within the remaining OTUs characterizing the DG microbiome from limpets living

in aquaculture proximity, we only found one OTU shared between limpets and sediments (OTU14234, belonging to the
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genus Sulfurovum), mainly present in sediments. Two OTUs were shared between limpets and seawater in the aquaculture
site (OTU1919 and OTU2080, assigned to Staphylococcus and Psychrobacter, respectively), with a higher abundance in
limpets. Finally, limpets and farmed fishes shared four out of the 28 OTUs characteristic of the limpets DG microbiome
at the aquaculture site, of which two more present in fish (OTU1919, Staphylococcus, and OTU6020, Pseudomonas) and
two enriched in limpets (OTU12731, Sphingomonas, and OTU2080, Psychrobacter) (Figure 4B and 4C). Of these four
OTUs, OTU1919 and OTU12731 were present at low abundance in all fish tissues, whereas OTU2080 specifically
belonged to the gills ecosystem and OTU6020 was more abundant on the skin of fishes (Figure 4D).

Discussion

Monitoring and preservation of coastal marine ecosystems are pivotal for the maintenance of the ecological and
economical services that these environments provide, such as habitat provision, nutrient cycling, protection of the coast
itself, and food provision through fishery and farming [22,54]. Aquaculture provides a relevant contribution to the food
economy of Mediterranean countries. However, similarly to most of the human food production activities, mariculture
influences environmental conditions in the surrounding water column, as evidenced by the decline in seawater pH and
subsequent shifts in carbonate-bicarbonate equilibria highlighted in the current study (Supplementary Table S2), with
direct and indirect impacts on marine biota [1]. Particularly, the health and functionality of the marine and coastal
ecosystems is tightly linked to the resident environmental microbiomes, as well as to the ones associated to local
holobionts. However, research focused on the impact of marine aquaculture on the coastal marine microbiomes is still in
its infancy. While a considerable amount of work has been performed to assess the impact of aquaculture practices on the
underlying seafloor microbial communities [6,12-17], very few preliminary data have been provided linking the presence
of fish farming cages to variations in the microbiome of benthic organisms living in close proximity [23]. In this scenario,
we explored the impact of gilthead sea bream cage farming in the Licata harbor, Sicily, Italy, on the microbiome of locally
dwelling wild species, by using a commonly found grazer gastropod (the limpet Patella caerulea) as representative
organism. In particular, we explained the variations of limpets DG microbiomes at the aquaculture and control sites in
the context of parallel changes in the local marine metacommunities, including water, sediments and farmed fish
microbiomes.

In spite of being a crucial keystone species for coastal environment, very few information is available on the microbiome
of limpets up to now, with the exception of a first exploration of the microbiome of P. pellucida, a prevalently Atlantic
species that mostly parasitize brown algae stems [55]. Coherently, the digestive gland microbiome of P. caerulea analyzed
in our work was dominated by Proteobacteria, with the most abundant subclass being Alphaproteobacteria instead of
Betaproteobacteria, as reported for P. pellucida. Also, while P. pellucida harbored a large amount of Firmicutes, the
second most abundant phylum in P. caerulea was Planctomycetes. Differences in proteobacterial classes could be related
to several factors, including the different sustaining strategy of the two Patella species (with P. caerulea grazing on hard
materials algal coverage vs. P. pellucida parasitizing a single algal species), as well as to different environmental
conditions characterizing the sampling areas (warm, shallow, Mediterranean waters vs. Atlantic cold water). The DG
microbiome of P. caerulea was significantly different from the microbiomes in surrounding environment (water and
nearby seafloor samples), confirming previous studies on aquatic holobionts and their ability to operate a non-neutral
selection process of microbes from the surrounding environment [21,56-58].

In our work we were successful in demonstrating that limpets dwelling in proximity of aquaculture cages harbored a

different digestive gland microbiome with respect to gastropods of the same species collected on distant rocky shores.
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Such difference was already evident when looking at the microbiome phylogenetic structure at phylum level, with
Tenericutes largely abundant in samples collected on the cages, whereas samples from the rocky shores were enriched in
Verrucomicrobia. Frequently in cooperation with Planctomycetes [59], members of Verrucomicrobia are capable of
processing decaying organic materials and polysaccharides [60,61]. Several studies have highlighted their symbiotic
lifestyle in marine invertebrates with recent findings showing metabolic adaptations enabling a more efficient utilization
of specific carbon sources present in the host [21,59,62]. However, we observed that the proximity to the aquaculture site
was associated with the reduction of the Verrucomicrobia uncultured family DEV0O07 in the microbiome of limpets.
DEVO007 is a marine group of bacteria recently pointed out as particularly sensitive to metal pollution in surface waters
and marine sediments [63,64]. Its decrease in limpets growing in adhesion to the aquaculture cage might be related to the
increase in heavy metal accumulation that often accompanies aquaculture practices [1], and which can indirectly affect
the most sensitive species in the microbiome of nearby wild organisms. Conversely, among the discriminant OTUs
enriched in the microbiome of limpets collected on the aquaculture cage, we could find two OTUs putatively assigned to
environmental bacteria that are instead reported as able to tolerate heavy metal pollution, namely Acinetobacter guillouie
and Mesorhizobium camelthorni [65,66].

Beside heavy metal contamination, the accumulation of organic matter on the seafloor beneath fish cages is considered
one of the major impacts of aquaculture and may lead to a consequent depletion in oxygen availability in sediments, as
well as to an increase in toxic products, such as sulphide and ammonium. Several studies have reported on the occurrence
of Sulfidobacteria in aquaculture, or nearby water, highlighting the potential importance of members of this genus in the
sulfur cycling within these systems [67]. Another bacterial species thriving in highly sulfidic fish-farm sediments is
Sulfurovum lithotrophicum, a chemolithoautotroph e-Proteobacteria able to use S° or S,03" as electron donors and O, or
NO®*— as electron acceptors. S. lithotrophicum bacteria have been isolated in sediments from the oxic-anoxic interface
where sulfides meet oxygenated sea water [68]. The retrieval of higher abundances of OTU4065, assigned to
Sulfitobacter, and OTU14234, belonging to the genus Sulfurovum, in P. caerulea individuals from the aquaculture site,
as well as the observed sharing of the latter OTU with the aquaculture sediments, is in line with these previous findings,
suggesting that the microbiome of locally dwelling holobionts might respond to environmental changes caused by the
aquaculture practice [21], i.e. heavy metal and sulphide accumulation, through the selection of environmental
microorganisms allowing adaptive responses. Moreover, it was also shown that Sulfitobacter species might also have an
inhibitory activity towards Vibrio anguillarum, an important fish pathogen [69]. Thus, it is tempting to hypothesize that
limpets might be pushed to select this particular bacterial group within their microbiome as protective agent towards
pathogens potentially enriched in the aquaculture site.

In relation to this, the possible pathogen flaw from farmed to wild organisms in mariculture has been pointed out as an
unavoidable problem of this particular aquaculture practice. Mollusks and other non-fish scavengers persist in the vicinity
of sea cages for longer period than wild fishes, making them a target for pathogens transfer [1]. We found that
Mycoplasmataceae, the most abundant family within the phylum Tenericutes, tended to be more abundant in the DG
microbiome from the limpets dwelling on the cages. Particularly, an OTU assigned to the genus Mycoplasma was the
most relevant discriminating OTU among P. cearulea DG specimens taken at the two sites. Considering that many
Mycoplasma species are parasite or pathogenic to humans and other animals [49,70], these finding, together with the
detection of OTUs assigned to potential fish pathogens from the genera Vibrio and Acinetobacter [50-53] as significantly
most abundant in the DG microbiome from the limpets at the aquaculture cages, confirm that pathogens transfer between

farmed fishes and wild limpets is possible. However, it must be also pointed out that Tenericutes, and particularly
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Mycoplasma, have been consistently observed as abundant, core members of several aquatic organisms’ microbiome,
mainly including bivalves, where they exhibit commensalism [71-76]. A possible involvement in mutually beneficial
interactions with the host - likely by assisting an efficient processing of complex organic compounds, abundant at
aquaculture sites - is being progressively assumed [76-78] and corroborates the idea of a possible role of fouling organisms
in reducing the environmental impact of aquaculture [79]. Since the OTUs assigned to the genus Mycoplasma, Vibrio and
Acinetobacter enriched in the DG microbiome from P. caerulea individuals at the aquaculture site were not detectable in
farmed fish samples and no disease was reported at the fish farming plant at the moment of sampling, we could
hypothesize that relationships like commensalism, rather than parasitism or pathogenicity, occurred between P. caerulea
and OTUs belonging to these genera. However, their detection in DG microbiomes from aquaculture still poses questions
on their possible spread in the surrounding environment, in the nearby wild organisms as well as to humans, to which
they are pathogens.

We also found two OTUs (12731 and 11913) assigned to the Sphingomonas genus, shared between limpets and fish, that
were significantly more abundant in limpets at the aquaculture site. Sphingomonas is a bacterial genus commonly found
in fish skin [80] and gut microbiome and in farmed sea breams specifically, as reported by Floris et al. [81] and Estruch
et al. [82]. In particular, Sphingomonas has been reported as part of fish beneficial microbiota [83], and strains of this
genus isolated from the gut microbiome of gilthead sea bream exhibited antibacterial activity against fish pathogens, such
as Vibrio alginolyticus and Photobacterium damselae [84]. It is thus tempting to speculate that the observed enrichment
in these microorganisms in the DG microbiome of P. caerulea individuals growing in the aquaculture site represents a
protective feature, resulting from an adaptive selection of protective microbiome components from the farmed fish.
Taken together our results support the hypothesis that aquaculture impacts the surrounding microbial communities, not
only the ones from underlying sediments, but also the microbiome of locally dwelling wild holobionts. According to our
data, this seems to happen either directly, through the transfer of microorganisms from the farmed fish microbiomes to
the microbiomes of local wild holobionts, and indirectly, with the aquaculture practice changing the chemical conditions
of the environment, resulting in the selection of specific microbiome components in the local marine metacommunities.
Changes in P. caerulea DG microbiome in individuals growing at the aquaculture site involve the loss of several
microorganisms assigned to bacteria commonly found in wild marine organisms, as well as the concomitant acquisition
of potential fish and human pathogens and parasites, resulting in an overall significantly lower ecosystem biodiversity.
Even if these features generally mirror dysbiotic changes, we were also able to observe possible adaptive microbiome
variations, showing the inherent potential of holobiont microbiomes counterpart in allowing the host adaptation to the

changing environment, included changes resulting from marine aquaculture practices.
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2.6 Study V - Microbiome network in the pelagic and benthic offshore systems of the northern Adriatic
Sea (Mediterranean Sea)

Scicchitano, D., Lo Martire, M., Palladino, G., Nanetti, E., Fabbrini, M., Dell’Anno, A., ... & Candela, M. (2022). Microbiome network in the pelagic
and benthic offshore systems of the northern Adriatic Sea (Mediterranean Sea). Scientific Reports, 12(1), 16670.

Introduction

In marine-ecosystems microbes represent the most abundant and diverse biological components, and account for up to
10% of the total microbial biomass on our planet [1, 2]. Microbes, including bacteria, are responsible for energy fluxes
in the marine food webs [3; 4], and play a central role in the global biogeochemical cycles and ecosystem functioning [5,
6, 7]. Because of their global importance, numerous studies have focused on mapping the diversity of marine
microbiomes, to understand their distribution patterns and environmental drivers [8; 9; 10] and to assess their potential
response to future climate changes [11, 12, 13]. So far, contrasting patterns have been reported, potentially due to the
different spatial scales, habitat characteristics and the level of taxonomic resolution at which studies have been conducted
[14, 15, 8, 16]. Relevant insights in this direction have been provided by Tara Ocean in 2015 [17], which collected up to
35.000 samples from surface to mesopelagic waters at the global scale to provide a first inventory of the global diversity
of microbiomes and to identify factors shaping their composition. These investigations revealed that longitude and
environmental factors (mainly temperature and dissolved oxygen) combine to shape the microbiome composition in the
global oceans and are responsible, at least in part, of the observed biogeographical patterns. Conversely, latitude explained
only a minimal fraction of the observed diversity [9]. Other key studies based on a systematic and coupled analysis of
the pelagic and benthic microbiomes from globally distributed samples, showed structured biogeographical patterns of
marine bacterial assemblages, only partially explained by the assessed environmental factors (e.g., temperature, oxygen
and pH). Furthermore, a remarkable difference in the composition of pelagic and benthic bacterial assemblages was
observed, revealing a pelagic-benthic coupling [18] limited to the 7% of the total communities in open waters.

Studies, which specifically addressed the latitudinal patterns of diversity at the global scale, reported an increase in
microbiome dissimilarity with increasing distance from the sampling points up to 5000 km [17]. However, the diversity
of microbiomes at regional scale (distance between sampling sites <100 km) was only slightly lower than for larger
distances, suggesting the existence of a relevant variability in marine microbial communities even at such spatial scale.
This finding was also confirmed by studies on the taxonomic composition of benthic prokaryotic assemblages along
bathymetric gradients in Mediterranean Sea, which reported high local variability of microbial assemblages [19],
potentially due to intra-specific interactions, limited dispersion, and historical contingencies, which may combine with
stochastic physical disturbances [20]. Taken together, these findings suggest the existence of a relevant degree of marine
microbiome plasticity at the local scale, both for the pelagic and benthic communities, whose range and degree of
variability, as well as functional implications, still need to be dissected. In order to provide some glimpses in this direction,
in the present work we conducted a synoptical study on the microbiomes of the water column and surface sediments from
19 sites in a 130 km? area located 13.5 Km afar from the Emilia Romagna coast (ltaly), in the North-Western Adriatic
Sea (Mediterranean Sea).

The Northwestern Adriatic Sea is characterized by shallow waters (maximum depth: ca. 40 m) and, in the coastal area,
the ecosystem productivity is mainly sustained by nutrient inputs, especially from the Po river [20, 21]. Two currents
dominate the circulation in Adriatic: the Western Adriatic Current (WAC), flowing toward the southeast along the
Western Italian coast, and the East Adriatic Current (EAC) which flows from the northwest along the eastern Croatian
coast [20,21].
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Riverine inflow into the northern Adriatic forms a buoyant coastal layer - the Western Coastal Layer (WCL) - flowing
southward along the Italian coast. The principal compensating inflow occurs along the eastern boundary by EAC, where
warm, high-salinity Levantine Intermediate Waters (LIW) is advanced to the North [21,22]. During the pre-winter and
winter periods, after the development of the coastal thermohaline front, the inflow of fresh waters from the Po river (and
other sources along the coast) is prevalently retained inside the coastal zone, establishing a dynamic limitation between
inshore and offshore systems were riverine nutrients are mainly kept in the coastal area [21,22]. The spring inversion of
the total heat budget leads to a decrease in the density of the surface layer and generates a thermocline. Therefore - during
the late spring and summer - the water column is highly stratified [22,23] and 3 different layers separates over the whole
northern basin. The low-density surface layer is directly influenced by runoff and distribution of diluted riverine waters,
while the bottom layer is initially occupied by cold, dense, non-diluted winter waters, later replaced by deep middle
Adriatic waters. In these stratified conditions, surface waters flow from the coastal area and inject into the surface layer
to reach toward the center of the basin [22,23,24].

In our work, by applying 16S rRNA Next Generation Sequencing and network-based approach, we have been able to
map the variation at the local-scale of the pelagic and sediment microbiomes in the Northwestern Adriatic Sea. The
coupled investigation of the pelagic and benthic microbiomes from each sampling site also allowed us to identify
connections, exchanges, and isolation of microbial members in the two realms. Together with the dissection of the
respective microbiome network structures, the present study allowed us to provide new insights into the structuring of the
marine microbial assemblages at the local and regional scales.

Materials and Methods

Study Area and Sampling Procedure

The present study was conducted in September 2021 in 19 sites (whose geographic coordinates, water depths and distance
from coast are reported in Supplementary Table 1) located in an offshore area of 130 Km? in the North-western Adriatic
Sea (Latitude: from 44.0686667 to 44.2524444 and Longitude: from 12.72288889 to 12.90647222M Figure 1). From
each site, one sample of water (10 m depth) and one to 3 samples of sediment were collected, for a total of 19 water
samples and 25 sediment samples. Water samples were collected using a Niskin bottle. Immediately after collection, 2L
of sea water were poured into a previously sterilized plastic bottle. Surface sediments (the top 10 cm) were also collected,
using a Van Veen grab. After homogenization, a portion of 10 grams of them was transferred into sterile plastic containers.
Samples were stored in the dark until arrival at the laboratory. While sediments were immediately frozen at -80°C, water
samples were filtered onto 47 mm diameter cellulose mixed ester 0.2 um pore-size filters (MF-Millipore) through vacuum

filtration system [25] under laminar flow hood. Filters were stored in sterile Eppendorf at —80 °C until processed.
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Figure 1: Sampling site and offshore study area. Sampling sites (both for water and sediment) are represented as blue dots.

Biochemical Components of the sedimentary Organic Matter

Chlorophyll-a, phaeopigment, protein, carbohydrate and lipid concentrations in sediment samples were analyzed
according to Danovaro [26]. Briefly, chlorophyll-a and phaepigments were analyzed fluorometrically and total
phytopigment concentrations were defined as their sum. Proteins, carbohydrates and lipids were determined
spectrophotometrically [26]. Concentrations of proteins, carbohydrates, and lipids were converted into carbon equivalents
using 0.49, 0.40 and 0.75 mgC mg%, as conversion factors, respectively and their sum defined as biopolymeric carbon

(BPC, a proxy of available trophic resources, [27]).

Microbial DNA Extraction

Extraction of the total DNA from water samples was performed from the entire membrane filters using the DNAeasy
PowerWater extraction kit (QIAGEN, Hilden, Germany) following the manufacturer’s instructions [28]. For sediment
samples, 250 mg of each sample was weighed, and total DNA was extracted with the DNAeasy PowerSoil kit (QIAGEN,
Hilden, Germany) according to the manufacturer’s instructions with minor adjustments. Specifically, all samples were
homogenized using the FastPrep instrument (MP Biomedicals, Irvine, CA) at 5.5 movements/s for 1 min, repeated for
three cycles, and the elution step was preceded by a 5-min incubation at 4 °C [29]. Extracted DNA was then quantified

by using NanoDrop ND-1000 (NanoDrop Technologies, Wilmington, DE) and stored at -20 °C until further processing.
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Sequencing, library preparation and bioinformatic analysis

PCR amplification of the VV3-V4 hypervariable region of the 16S rRNA gene was carried out in a 50 pL final volume
reaction containing 25 ng of microbial DNA, 2X KAPA HiFi HotStart ReadyMix (Roche, Basel, Switzerland), and 200
nmol/L of 341F and 785R primers carrying lllumina overhang sequencing adapter. For water samples the thermal cycle
consisted of 3 minutes 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 elongation step
of 5 min at 72 °C [28]. Sediment samples followed the same PCR amplification protocol with a total of 30 amplification
cycles [29]. PCR products were purified with Agencourt AMPure XP magnetic beads (Beckman Coulter, Brea, CA,
USA). Indexed libraries were prepared by limited-cycle PCR with Nextera technology and cleaned-up as described above.
Libraries were normalized to 4 nM and pooled. The sample pool was denatured with 0.2 N NaOH and diluted to a final
concentration of 6 pM with a 20% PhiX control. Sequencing was performed on an Illumina MiSeq platform using a 2 x
250 bp paired-end protocol, according to the manufacturer’s instructions (Illumina, San Diego, CA, USA). A pipeline
combining PANDAseq [30] and QIIME2 [31] was used to process raw sequences. High-quality reads (min/max length =
350/550 bp) were retained using the “fastq filters” function of Usearchl1 [32]. Specifically, reads with an expected error
per base E = 0.03 (i.e., 3 expected errors every 100 bases) were discarded, based on the phred Q score probabilities. The
resulting reads from the length and quality filtering were binned into amplicon sequence variants (ASVs) using DADA2
[33], the Taxonomy was assigned using the VSEARCH algorithm [34] against SILVA database (December 2017 release)
[35]. All the sequences assigned to eukaryotes (i.e., chloroplasts and mitochondria) or unassigned were discarded.

Sequencing reads were deposited in ENA (project number PRJEB52873).

Definition of the alpha-diversity sectors

The QGIS software [36] was used to construct the maps of the study area and to construct the maps based on the Shannon
alpha diversity values of each water and sediment sample. The longitude and latitude geographical coordinates
(Supplementary Table 1) were used to plot the precise sampling locations into the software. The distribution of the
Shannon alpha diversity values across the samples was obtained through the Triangulated Irregular Network interpolation
method on QGIS (TIN interpolation). In order to define the alpha-diversity sectors, for both the water and the sediment
microbiomes, samples distribution according to the Shannon alpha-diversity values were first obtained. The obtained
ranks have been than utilized for the identification of correspondent alpha-diversity sectors in the area under study. More
specifically, for the water microbiome, the following alpha-diversity sectors have been identified: (i) South-sector, where
> than 70% of the correspondent samples were included in the 3° and 4° alpha-diversity quartiles; (ii) Central-sector,
where 100% of the correspondent samples were included in the 1° and 2° alpha-diversity quartiles; (iii) North-sector,
where > than 65 % of the of the correspondent samples were included in the 3° and 4° alpha-diversity quartiles.
Analogously, for the sediment microbiome, the following sectors have been identified: (i) South sector, where > than
80% of the correspondent samples were included in the 1° and 2° alpha-diversity quartiles; (ii) North-east sector, where
90% of the correspondent samples were included in the 3° and 4° alpha-diversity quartiles; (iii) North-west sector, where
> than 80 % of the of the correspondent samples were distributed between in the 2° and 4°alpha-diversity quartiles. The
quartile distribution of the water and sediment samples and the corresponding sector are reported In Supplementary
Table 2.
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Biostatistical Analysis and networks construction

All statistical analyses were performed using the R software [37], using the packages “Made4” [38] and “vegan” [39].
Unweighted UniFrac distances were plotted using the vegan package, and the data separation in the Principal Coordinates
Analysis (PCoA) was tested using a permutation test with pseudo-F ratios (function “adonis” in the vegan package).
Wilcoxon rank-sum test and Kruskal-Wallis test were used to assess significant differences in alpha diversity and taxon
relative abundance between groups. P-values were corrected for multiple testing with “p.adjust” function in R, with a
false discovery rate (FDR) < 0.05 considered statistically significant. Bacterial co-abundance groups (CAGs) were
identified as previously described [40; 41; 42]. Briefly, the associations among the bacterial orders were evaluated using
the Kendall correlation test visualized using hierarchical Ward clustering with a Spearman correlation distance metrics.
The Wiggum plot network analysis was created using Cytoscape [43]. Circle sizes were proportional to orders abundance
or over-abundance, and connections between nodes were represented as “gray line” or “red line” for positive or negative
correlation, respectively. Over-abundance values were calculated using the ratio between the mean relative abundance in
a specific area and the average relative abundance in the whole area of the study (meanArea/meanTot). Hub nodes,
cohesion and modularity identification/calculation were based on area-specific networks obtained by FlashWeave [44]
and the correspondent samples for each area. Specifically, hub nodes were identified for each microbial network by
looking to the combination of the highest values of closeness centrality, betweenness centrality and degree on Cytoscape
[43] as previously described [45]. Cohesion and modularity were calculated with the “igraph” package in R following the

same procedures proposed by Hernandez and colleagues [46].

Results

Assessment of environmental parameters in the study area

Sampling sites and the studied area are represented in Figure 1. During the sampling campaign, the temperature of
superficial seawater was 23 °C whereas at 10-m depth of 10 °C. Data on the concentrations of proteins (PRT),
carbohydrates (CHO) and lipids (LIP) as well as chlorophyll-a (Chl-a), phaeopigments (PHEQ) and biopolymeric C (PBP)
in the sediment samples are reported in Supplementary Table 3. In the study area, PRT were the dominant class of the
investigated organic compounds, ranging from 1.4 to 7.96 mg/g (mean value of 4.18 + 0.39 mg/g). CHO concentrations
varied from 0.27 to 1.24 mg/g (mean value: 0.66 = 0.06 mg/g), while LIP ranged from 0.25 to 1.62 mg/g (mean value:
0.74 £ 0.07 mg/g). Chl-a and PHEO concentrations in the sediments were, on average, 1.22 + 0.22 ug/g and 14.66 + 1.04
Kg/g, respectively (range: 0.35-5.37 pg/g for Chl- and 6.49 to 26.91 ug/g for PHEO). Finally, the range of variability of

BPC concentrations was comprised between 0.92 and 5.14 mg/g, with a mean value of 2.86 + 0.26 mg/g.

Composition of pelagic and sediments microbiomes

The V3/V4 regions from the 16s rRNA gene was successfully sequenced from a total of 44 samples (19 waters and 25
sediments), providing 549’318 high quality reads (12’485 + 3°235 per sample) clustered in 8’271 Amplicon Sequence
Variants (ASVs) (206.8 + 94.4 per sample). None of the detected ASVs have been assigned at the species level, while the
assignment rates at the genus, family and order levels were 42, 48 and 48%, respectively. The total diversity at ASVs
level was 150 for the water microbiome and 218 for the sediment one. When we assessed for the total assigned diversity
at the different phylogenetic ranks, the order level showed the highest value (27.61), respect to family and genus levels

scoring 23.8 and 12.96, respectively. In Supplementary Figure 1 the general compositional structure of the water and
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sediment microbiomes at the order level is provided. For the pelagic microbiome, the dominant orders were: Synechoccus-
like Cyanobacteria Subsection | (relative abundance, rel.ab., 13.4%), Flavobacteriales (rel. ab. 12.3%), Rickettsiales (rel.
ab. 8.2 %), Oceanospirillales (rel. ab 7.1%), Cellvibrionales (rel. ab. 6.5%) and Rhodobacterales (rel. ab. 5.3%). Among
the subdominant fraction, the most represented orders were: SAR11 clade (rel. ab. 4.5%), Vibrionales (rel. ab. 4.2 %),
Planctomycetales (rel. ab. 3.4%), Rhodospirillales (rel. ab. 3.3 %), Sphingobacteriales (rel. ab 2.9%) and
Verrucomicrobiales (rel. ab. 2.3%). Differently, sediments were dominated by Campylobacterales, Clostridiales,
Desulfobacterales, Bacillales and Holophagae-Subgroup 10, showing relative abundances of 10.3, 7.8, 7.4, 5.0 and 5.4%,
respectively. For the benthic, Clostridiales, Desulfobacterales and Campylobacterales and Xanthomonadales were almost
exclusive for the sediment one. However, several orders were shared between the two ecosystems. In particular,
Flavobacteriales, Rickettsiales, Cellvibrionales, Oceanospirillales, Alteromonadales, Rhodobacteriales, and Vibrionales
were most abundant in water samples, and Verrucomicrobiales, Rhizobiales, Planctomycetales and Acidomicrobiales

were almost equally represented in water and sediment samples.
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Figure 2: Bubble chart showing the relative abundance of major orders (r.ab. > 5% in at least two samples) in the water samples (left part of the
graph) and sediment samples (right part of the graph).
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Changes in abundance and diversity of the pelagic and sediment microbiomes at the local scale
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Figure 3: Representation of the alpha-diversity patterns in the area for both water and sediment samples. A) (Upper part) Distribution of the alpha
diversity values among water samples, generated with TIN interpolation of the single values. Colour scale from red to blue represents a decrease in
alpha diversity; black lines represent contour lines of the interpolation. (Bottom part) Subset of samples divided into 3 areas based on Shannon
diversity; for water samples, the Northern Area, the Central Area and the Southern Area were identified. Box plot of Shannon index calculated for the
3 identified areas of water samples. B) (Upper part) Distribution of the alpha diversity values among sediment samples, generated with TIN
interpolation of the single values. Colour scale from red to blue represents a decrease in alpha diversity; black lines represent contour lines of the
interpolation. (Bottom part) Subset of samples divided into 3 areas based on Shannon diversity; for sediment samples, the North-West Area, the
North-East Area and the Southern Area were identified. Box plot of Shannon index calculated for the 3 identified areas of sediment samples
(Wilcoxon rank-sum test; p < 0.05 *).

To identify change in the microbiome patterns in the study area, we first accounted for changes in alpha and beta-diversity
across the 3 transects. Specifically, to highlight alpha-diversity patterns, the area plots of the Shannon index variation in
water and sediments samples were computed (Figure 3). For both the pelagic and sediment microbiomes high and low
alpha-diversity sectors have been identified, showing significant differences in Shannon diversity values. For the pelagic
ecosystem, the North and the South sectors were characterized by microbiomes with higher alpha-diversity, compared
with the Central sector (Figure 3A). Similarly, for the sediment microbiome, two high alfa-diversity sectors were
identified in the North-East and North-West sectors, while a lower diversity area was detected in the Southern sector
(Figure 3B). We subsequently assessed beta-diversity patterns in the study area. To this aim, the PCoA of the ASVs
variation in water and sediment microbiome samples was carried out. According to our findings, for the pelagic
microbiome, samples belonging to the previously identified alpha-diversity sectors - South, Central and North -
significantly segregated in the PCoA plot (Adonis; p = 0.001; Figure 4A). Similarly, for the sediment microbiome,
samples segregated according to the corresponding alpha-diversity sectors (North-Est, North-West and South) (Adonis,
p = 0.006) (Figure 4B). When we searched for the correlations between PCoA coordinates and water column depth or
distance from the coast, significant relationships were detected for both pelagic and sediment microbiomes
(Supplementary Figure S2). For the pelagic microbiomes, the MDS1 significantly correlated with depth (R = 0.9, p <
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0.005) and distance from the coast (R = 0.9, p < 0.005), while, for the sediment microbiome, we obtained analogous

significant correlations but with MDS2, R = 0.25, p < 0.01. Further, when we assessed correlations among samples alpha-

diversity and PCoA coordinates, a positive correlation with MDS1 was observed for sediment microbiomes (R = 0.6, p <

0.005), while only tendencies were obtained for the pelagic microbiome. When we accounted for differences in the

biochemical composition in sediments corresponding to the sectors, we observed a higher concentration of all biochemical

components of sedimentary organic matter (proteins, carbohydrates, lipids and total phytopigments) in the Northern

sectors (Figure 5). Finally, the correlation between the UniFrac distances matrix of sediment microbiome samples and

the correspondent distance matrices of the biochemical composition was significant (Table 1) (Mantel Test in R). When

we assessed the linear regression between the different microbial orders detected in the sediment microbiome and the

concentrations of LIP, PRT and CHO, no biological relevant correlations were detected (R? > 0.25) (Supplementary

Figure S3).
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Figure 4: Beta diversity of the bacterial community of the water (A) and sediment (B) samples in the studied area. A) PCoA based on unweighted
UniFrac distances between pelagic microbiome of the 3 areas, samples are significantly separated (Adonis; p = 0.001). B) PCoA based on unweighted
UniFrac distances between sediment microbiome of the 3 areas, samples are significantly separated (Adonis; p = 0.006).
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Organic Matter Composition
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Figure 5: Boxplots showing the variation of the biochemical components across the 3 sectors of the area under study, in terms of concentration (mg/g

or ug/g). The central box of each dataset represents the distance between the 25th and the 75th percentiles. The median between them is marked with

a black line. Significant variations across groups are highlighted in the figure (Wilcoxon rank-sum test; p <0.05 *, p<0.01 **). PRT: Total Proteins;
CHO: Total Carbohydrates; LIP: Total Lipids; PIG: Total Phytopigments; BPC: Biopolymeric Carbon.

Table 1: Output of Mantel test analyses on the Spearman correlation of the unweighted UniFrac distances of microbiome structure and distance
matrix of biochemical components generated with dist function in R (method = “Euclidean”), number of permutations: 9999.

|  Mantel Statisticr | Significance (p value)
Carbohydrates x UniFrac distances 0.2552 2.7e-03
Proteins correlation x UniFrac distances 0.2701 6e-04
Lipids correlation x UniFrac distances 0.3118 7e-04
Phytopigments correlation x UniFrac distances 0.3275 1.6e-3

Variation in the pelagic and sediment microbiomes network structure at the local scale

With the attempt to better identify the community-level implications of diversity patterns observed for the pelagic and
sediments microbiomes in the study area, a network-based approach was applied. To this aim, the overall network
structure of the pelagic and sediment microbiomes was obtained and then the correspondent declinations in the different
sectors were assessed. For the creation of the overall microbiome networks, the co-abundance associations between orders
were computed, then orders were clustered in co-abundance groups CAGs (Supplementary Figure S4). For both
ecosystems, 3 different CAGs were detected and named according to the dominant order. The CAGs composition is
provided in the Supplementary Table 4. For the pelagic microbiome, the detected CAGs were Rhodobacteriales CAG,
the Vibrionales CAG and the Falavobacteriales CAG, while for the sediment microbiomes the correspondent CAGs were
Desulfobacterales CAG, Clostridiales CAG and Campylobacterales CAG. In Figure 6, we provided the Wiggum plots
of the overall network structure of the pelagic and sediment microbiomes, where the compaositional relationships between
the correspondent CAGs are represented.

The variation of the pelagic and sediment networks in the different sectors were than explored. To this aim, for both
ecosystems, the sector specific patterns of over-abundance modules (CAGs) and nodes (orders) were computed, and the
respective over-abundant network plots were created (Figure 7 and 8). The box plot showing the variation in relative

abundance of the over-abundant CAGs and orders in each sector are provided in Supplementary Figure S5.
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According to our findings, for the pelagic microbiomes, the 3 sectors showed a specific pattern of over-abundance CAGs.
Particularly, the Falvobacteriales CAG was most abundant in the North sector, while the Vibrionales CAG and
Rhodobacteriales CAG were most represented in the Central and South area, respectively. Focusing on the single orders,
each sector showed a specific set of over-abundant components: (i) for the North sector: Xanthomonadales and E01-9C-
26 marine group (for the Flavobacteriales CAG), MB11C04 marine group, Vibrionales and KI89A clade (for the
Vibrionales CAG) and Clostridiales (for the Rhodobacteriales CAG) resulted over-abundant; (ii) for the Center sector
the over-abundant orders were Alteromonadales (for the Flavobacteriales CAG), Planctomycetales, Phycisphaerales,
Sphingomonadales, Micrococcales, Puniceicoccales, Burkholderiales and Rickettsiales (for the Vibrionales CAG),
Bradymonadales and Bacteroidota Order Il (for the Rhodobacteriales CAG); (iii) for the South sector were over-abundant
the following orders all belonging to the Rhodobacteriales CAG: Chlamydiales, Rhizobiales, Sphingobacteriales,
Bacteroidota Orders Il and Ill, Bdellovibrionales, Legionellales, Acidimicrobiales, Parvularculales, SAR11 clade,
Myxococcales and Rhodobacterales. For what concern the sediment microbiome, an analogous situation was observed.
In particular, at the CAGs level, the North-West sector was enriched in the Campylobateriales CAGs, while depleted in
Desulfobacterales CAGs and Clostridiales CAGs compared to North-East and South sectors. For what concerns the
orders, the following site-specific over-abundant pattern was observed: (i) NB1-j, Thiotrichales, Myxococcales,
Anaerolineales, Gaiellales, Chlamydiales, Holophagae Subgroup 23 (for the Desulfobacterales CAGS),
Pseudomonadales and Fusobacteriales (for the Clostridiales CAGs) and Nitrospirales, Gemmatimonadales, Bacillales,
Campylobacterales, Phycisphaerales (for the Campylobateriales CAGs) were over-abundant in the North West sector;
(ii) Bacteroidota Order 11, Cytophagales , HTA4 (for the Desulfobacterales CAGs), Pseudomonadales Vibrionales (for
the Clostridiales CAGs) and Desulfurellales (for the Campylobateriales CAGs) were over abundant in the North East
sector; (iii) Alteromonadales, KI89A clade, Rhodobacterales, Spirochaetales, Solirubrobacterales, SAR324 clade(Marine
group B), Cellvibrionales, Burkholderiales and NB1-j (for the Desulfobacterales CAG), Oceanospirillales,
Lactobacillales, Corynebacteriales, Clostridiales, Micrococcales, Flavobacteriales (for the Clostridiales CAGs) and
Desulfarculales (for the Campylobateriales CAGs) were over abundant in the South sector. Finally, for both the water
and sediment microbiome, site-specific community networks were created for each of the 3 alpha diversity sectors. For
each local network, correspondent key parameters in term of modularity, total connectivity, negative to positive cohesions

and hubs orders are provided in Table 2.

Table 2: The table represents the parameters of Networks of the single Area, in terms of Negative to Positive Cohesion Ratio (N:P), Modules, Total
connectivity and hubbs order of the Network, both for pelagic microbiome (first three rows of the table) and sediment microbiome (last three rows of
the table).

Single Networks Parameters
N:P Cohesion Modules Total Connectivity Hubbs Species
Ratio
Northern Area -Water 1.39 22 1.06 Sphingobacteriales Cytophagales
Central Area -Water 1.63 25 0.69 Planctomycetales
Southern Area -Water 0.39 20 0.77 Acidomicrobiales Rhizobiales
N/W Area - Sediment 0.95 25 0.58 Rhizobiales
N/E Area - Sediment 15 39 0.71 Planctomycetales
Southern Area - Sediment 0.88 26 0.80 Micrococcales Desulfobacterales
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Discussion

In the present study we conducted a synoptical analysis of the assemblage composition of the pelagic and sediment
microbiomes in a 130 km? offshore area of the Northern-western Adriatic Sea (Mediterranean Sea). The protein contents
and proteins to carbohydrates ratio (as a proxy of the nutritional quality of the organic matter) detected in sediment
samples allowed to rank the area under study from meso-oligotrophic to eutrophic [47], generally showing a higher
concentration for all the assessed biochemical components with respect what reported in other studies from same
geographical area [48] or other coastal benthic ecosystems worldwide [27].

According to our findings, the pelagic ecosystem of the investigated area was dominated by Synechoccus-like
Cyanobacteria Subsection I, a photosynthetic primary producer characteristic of nutrient-rich coastal ecosystems [48;
49], and by Flavobacteriales, Oceanospirillales and Rhodobacteriales. These latter microorganisms represent aerobic
heterotrophs with an important role in the degradation of the dissolved organic matter (DOM) pool, known to prosper as
r-strategist in copiotrophic environments such as the Adriatic Sea [50]. Conversely, SAR11 clade and Cellvibrionales,
were only represented as minor components in our samples, being k-strategist cosmopolitan marine heterotrophs which
typically dominate oligotrophic waters [51]. Primary producer bacteria and organic carbon degraders were complemented
with members involved in sulfur cycling such as Rhodobacteriales and Rhodospirillales, suggesting a certain balance in
nutrient cycling in the pelagic ecosystem of the North Adriatic [52; 53]. Finally, in the pelagic microbiome we detected
Rickettsiales, as a dominant component, that generally is a host-associated microorganism present in nutrient-enriched
ecosystems [54; 55; 56].

For what concerns the sediment microbiome, it was largely dominated by organic carbon fermenters - even with known
possible terrestrial origins — such as members of Clostridiales, Bacillales, Vibrionales and Lactobacillales [57]. In
particular, these microorganisms are known for their importance in the degradation of the organic carbon in anaerobic
eutrophic sediments of coastal ecosystems [58; 7; 59]. Furthermore, the sediment microbiome was dominated by
microbial components able to reduce sulfate (Desulfobacterales) and nitrite (Acidomicrobiales) in anaerobic conditions,
with an important role in biogeochemical cycling [58; 7; 60]. These components also include Planctomycetales, as
anaerobes able to perform Anammox [61]. The synoptical investigation of microbiomes in seawaters and sediments
allowed us to explore their connections between the two ecosystems. As typical for shallow waters [9] different
microbiome components were shared between pelagic and sediments assemblages - indicating a benthic-pelagic coupling.
The shared groups included copiotrophic microorganisms assimilating DOM at low O levels, such as Oceanospirillales,
Alteromonadales, Vibrionales, Planctomycetales and Verrucomicrobiales [62] and the anoxygenic phototroph
Rhodobacterales, known to inhabit shallow sediments [63].

For both the pelagic and sediment microbiomes, the corresponding networks structures were obtained, allowing for
dissecting modules of co-occurring orders as CAGs. Each CAG showed a specific pattern of functional propensity.
Particularly, for the pelagic microbiome, the Flavobacteriales CAG was characterized by oxygenic phototrophs
(Synechoccus-like Cyanobacteria Subsection 1), DOM assimilating aerobes (Oceanospirillales and Flavobacteriales),
and sulfide oxidizers (Rhodospirillales). Differently, the Vibrionales CAG was dominated by copiotrophic (Vibrionales
and Planctomycetales) and oligotrophic (Cellvibrionales and K189A clade) heterotrophs, with the host-associated marine
groups Rickettsiales as other major components. Marine microorganisms known for their capacity to degrade mono and
polycyclic aromatic compounds (Sphingomonadales and Burkholderiales) were characteristic components of this CAG
[64; 65]. Finally, the Rhodobacteriales CAG was dominated by host-associated microbial groups, including components

of the rhizosphere and plant microbiomes Sphingobacteriales and Rhizobiales [66; 67], and predatory microorganisms
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such as Bradymonadales, Bdellovibrionales and Myxococcales [68; 69; 70,71]. Important members of this CAG were
also SAR11 bacteria, which are among the most abundant carbon-oxidizing bacteria in pelagic systems [72].

For the sediment microbiome, the Desulfobacterales CAG was characterized by anaerobes involved in N and S cycling,
such as Planctomycetales and Acidomicrobiales (N reducers) and Desulfobacterales (S reducers) [58; 7; 60]. Conversely,
the Campylobacterales CAG was characterized by several anaerobic heterotrophs such as Bacteroidales, Bacillales and
Campylobacterales, the latter being shown to increase in nutrient-enriched waters during microalgal blooms [73]. Finally,
the Clostridiales CAG was also characterized by carbon fermenters thriving in carbon-rich trophic sediments, but
including microorganisms with known terrestrial origin, such as Clostridiales and Lactobacillales [58; 7; 59]. The
hydrodynamic and trophic conditions in the investigated period may explain the largely heterotrophic nature of the pelagic
and sediment microbiomes observed in the study area. Indeed, during the summer period, when waters are highly
stratified, the limited river inputs (generally characterized by low phytoplankton biomass) reach the offshore systems,
where microbial-mediated degradation of organic matter prevails on primary production processes [74].

Based on our analyses we observed that the pelagic and benthic microbiomes in the study area showed sector-specific
patterns and distinct assemblage structures. In particular, the pelagic microbiome was characterized by three
compositional clusters corresponding to the South, Central, and North sectors, the second characterized by the lowest
alpha-diversity. Analogously, for the sediment microbiome, 3 different configurations were observed, corresponding to
the North-eastern, North-western, and the South sectors, the latter showing the lowest alpha-diversity. Interestingly, this
observed heterogenicity of the pelagic and sediment microbiomes at the local scale corresponded to detectable variations
in the respective microbiome networks. Indeed, sector-specific patterns of over-abundance modules (CAGs) and nodes
(orders) were defined. The pelagic microbiome, in the North and the Central sectors, was characterized by the over-
abundance of heterotrophic groups belonging to the Flavobacteriales and Vibrionales CAGs, such as Flavobacteriales,
KI89A clade, MB11C04 marine group, Clostridiales and Vibrionales, capable to prosper in nutrient-rich waters
assimilating DOM [75; 76; 57; 77]. The central sector was also characterized by microbial groups known as hydrocarbon
degraders, such as Sphingomonadales and Burkholderiales [65; 64]. Conversely, the over abundant nodes in the South
sector mainly belonged to host-associated microbes of possible terrestrial origins (Chlamydiales, Rhizobiales and
Legionellales [78; 67; 79] and predatory orders (Myxococcales and Bdellovibrionales) [67; 68], which contributed to the
Rhodobacteriales CAG, also including marine heterotroph prospering in oligotrophic waters as K strategists as SAR11
clade [57].

Both the North (North-eastern and -western) and the South sites of the sediment microbiome were characterized by
copiotrophic carbon fermenters, but possibly showing different origins. Indeed, while fermenters from the North sites
mainly belonged to marine heterotrophs such as Thiotrichales, Gaiellales, Pseudomonadales, Bacillales,
Campylobacterales, Phycisphaerales and Vibrionales [80; 81; 82; 83; 53], in the South area fermenters belonged to
microbial orders of possible terrestrial origin, such as Corynebacteriales, Clostridiales, Lactobacillales and
Spirochaetales. However, despite the heterogenicity in terms of network over-abundant orders at the different sectors
identified in the pelagic and benthic systems of the investigated area, important functional categories, such as organic
carbon degraders, nitrogen cyclers, sulfur cyclers and, for the pelagic microbiome, carbon fixing microorganism, were
always represented, supporting the well-balanced structures of the observed microbiome networks in term of potentiality
for global cycling in a copiotroph coastal marine ecosystem.

According to our findings, the concentrations of biochemical components of the sedimentary organic matter in the three

sectors were different, with higher values in the Northern Sector. The differences in trophic availability observed between
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Northern and Southern sectors may explain - at least in part - the different compositional structures of the corresponding
sediment microbiome, as shown by the correlation of the correspondent samples distance matrices. These findings support
the importance of organic matter as a key driver of microbiome diversity in benthic marine ecosystems [85]. At the same
time, the higher relevance of terrestrial microorganisms in the south sectors can be explained by the peculiar
hydrodynamic conditions of the Northwestern Adriatic Sea during the summer season when the plume of the Po and other
local rivers are mainly transported eastwards, toward the center of the basin, rather than being exported southwards as
occur in the winter [22,23,24].

Conclusions

Our findings provide new insights into the local changes of the pelagic and sediments microbiomes in an offshore area of
the North-western Adriatic Sea. Based on our results, despite the pelagic and benthic microbial assemblages showed a
certain heterogenicity in the investigated area they maintained a well-balanced structure, being always structured for the
provision of key ecosystem services (e.g., primary production, nutrient cycling, hydrocarbon degradation). Interestingly,
Microbiomes at the different sites showed comparable ecological roles but a different origin, such as those of the South
site (i.e., the closest to the coast) where both the pelagic and benthic ecosystems were characterized by microbial groups
of terrestrial origin. Interestingly, these terrestrial microorganisms seem to become integral to the marine microbiome
networks, as indicated by the comparable degree of modularity and connectivity of the local network at the South sites
with respect to the other subarea [42]. Even if our study has a limited phylogenetic resolution and does not allow us to
assess temporal microbiome changes, our findings rise possible concerns about the biological threshold, in terms of
relative abundance, for terrestrial microorganisms - including the ones of fecal origin — to be included in the marine
microbiome networks, without altering the ecological balance. However, in this perspective, more research is needed,
with an improved phylogenetic resolution, also expanding the observation to other geographical sites and assessing for

seasonal changes.
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CHAPTER 3

3. CONCLUDING REMARKS

The presented thesis work provides more knowledge on how several feed additives and/or supplementation could affect
fish health status with a specific focus on their gut microbiome. In addition, we wanted to understand how different
anthropogenic activities, such as aquaculture, could affect the surroundings in terms of pollution, exploitation of marine
resources and habitat alteration, and how all these aspects could affect the marine host-associated microbes and marine
environmental microbiome.

In the first study, we observed that a blend of Organic Acids (OA) and Natural Identical Compounds (NIC) are able to
improve growth and feed utilization of rainbow trout keeping homeostasis at the GM and cytokine gene expression,
pointing out the lack of inflammatory activity in the intestinal mucosa of rainbow trout fed increasing dietary blend,
during normal growing temperature conditions. However, OA and NIC were not able to revert the negative effects of fish
growing performance due to the increased water temperature.

In the second work conducted in this thesis, we observed the inclusion of different tannin doses play a relevant role in
counteracting intestinal inflammation caused by fishmeal feed replacement with plant ingredients in zebrafish,
highlighting an anti-inflammatory effect of these natural additives against intestinal inflammation.

The last diet test study focused on the dietary lipid level during seasonal temperature changes in gilthead sea bream,
highlighted that a higher lipid level did not improve growth and feed efficiency during the seasonal temperature changes
compared to low dietary lipid level. However, low lipid level improved feed intake, growth and nutrient utilization after
seasonal temperature changes. According to these results, the utilization of lower dietary lipid levels in gilthead sea bream
should be preferred when fish are exposed to temperature changes.

Regarding the monitoring and preservation of coastal marine ecosystems, we dissected the interactions between the
microbiomes from farmed fishes and the surrounding wild holobionts at the metacommunity level, in consideration of the
strong impact of mariculture on environmental conditions in the surrounding water column. Particularly, we showed
patterns of microbial dispersion from the farmed fishes to the environment and, finally, to locally dwelling wild
organisms, through the use of the sedentary organism Patella caerulea as a proxy for metacommunity changes.

As basis of marine microbiome ecology in a highly productive area, our last study provides new insights into the local
changes of the pelagic and sediments microbiomes in an offshore area, highlighting a well-balanced structure capable to
provide key ecosystem services (e.g., primary production, nutrient cycling, hydrocarbon degradation). However,
microbiomes from different sites have different origin, such close to shore, both the pelagic and benthic microbial
ecosystems, were characterized by microbial groups of terrestrial origin, which seems to be become integral to the marine
microbiome networks. However, in this perspective, more research is needed with an improved phylogenetic resolution,

expanding the observation to other geographical sites, and assessing seasonal variations.
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4. SUPPLEMENTARY MATERIAL

Study | - Effects of increasing dietary level of organic acids and nature-identical compounds on growth, intestinal cytokine gene expression
and gut microbiota of rainbow trout (Oncorhynchus mykiss) reared at normal and high temperature
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Supplementary Figure 1. Boxplots showing comparison of the microbiota relative abundances among different groups at genus level (paired
Wilcoxon rank-sum test, p > 0.05) of rainbow trout fed for 82 days with increasing dietary blend levels (organic acids and natural identical
compounds) (i.e. DO, D250, D500, D1000).
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Supplementary Figure 2. Boxplots showing comparison of the microbiota relative abundances among different groups at genus level (paired Wilcoxon
rank-sum test, p > 0.05) of rainbow trout fed with DO and D1000 diets before (day 82, T1) and after (day 89, T2) exposure to suboptimal water rearing
temperature of 23°C for 7 days.
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Study Il - Interaction between dietary lipid level and seasonal temperature changes in gilthead sea bream Sparus aurata: effects on growth, fat
deposition, plasma biochemistry, digestive enzyme activity and gut bacterial community

Supplementary Table 1. Samples size for each related analyses performed during the trial

Samples Analyses day 0 day 58 day 58-59 day 121
Liver weight HSI n=18 Thermal n=15
Viscera weight VSI n=18 change ata n=15
Mesenteric fat weight MFI n=18 ratedofi °C n=15
Liver Fat lipid content &y n=18
Blood Plasma biochemistry n=9 n=15
Whole gut Gut enzymes n=9 n=15
Digesta content Gut microbiome n=9 n=9
Carcass Proximate composition overall n=10 n=9 n=15

Samples are given as number (n) of samples per treatment.

Supplementary Table 2. Relative increment of growth performance and nutritional indices measured in gilthead seabream fed different lipid
level before and after temperature shift.

L16 L21 P-value

HL LH HL LH Inte Temp Diet
Growth performances
FBW 0.30 £ 0.072 0.90 +0.04° 0.25+0.02% 0.71+0.16° 0.221 <0.0001  0.052
WG -0.38 £ 0.20° 2.20+0.22° -0.49 £ 0.01° 1.26 +0.57° 0.057 <0.0001  0.023
SGR -0.64 +£0.122 0.79 £0.17¢ -0.70 £ 0.02* 0.30 + 0.30% 0.079 <0.0001  0.033
FCR 0.24+£0.14 -0.03+£0.07 0.24+£0.15 0.01+0.05 0.740 0.004 0.760
Fl -0.54 £ 0.112 0.68 £ 0.07° -0.61 +0.042 0.29 +0.18%® 0.045 <0.0001  0.009
Survival -0.01 +£0.02 -0.01 £0.02 -0.02 £ 0.03 0.00 £0.01 0.597 0.597 0.837
Nutritional indices
PER -0.20 £ 0.08? 0.04 +£0.09° -0.20 £ 0.08* -0.01 + 0.09% 0.585 0.002 0.629
GPE -0.26 £0.172 0.13+0.01° -0.07 £0.15%® 0.02 £ 0.17%® 0.109 0.021 0.619
GLE -0.14 £0.31 0.01+0.24 -0.43+0.32 0.25+0.72 0.328 0.143 0.939
LER -0.20 £+ 0.08° 0.04 +0.09° -0.20 £+ 0.08° -0.01 + 0.09% 0.594 0.002 0.623

Data are given as the tanks mean (n=3) £ SD. In each line, different superscript letters indicate significant differences among treatments (P <
0.05). L16 = low lipid 16% diet ; L21 = high lipid 21% diet ; HL = constant temperature exposure to high (H) 23°C until temperature switch (day
0-58), then to constant low (L) 17°C until end of trial (day 59 -121); LH = constant temperature exposure to low (L) 17°C until temperature
switch (day 0-58th), then to constant high (H) 23°C until end of trial (day 59" -121%).

IBW= Initial body weight (g).

FBW = Final body weight (g).

WG = Weight gain ().

SGR = Specific growth rate (% day-1) = 100 * (In FBW- In IBW) / days.

FCR = Feed conversion rate = feed intake / weight gain.

FI = Feed intake (g kg ABW—1 day—1) = ((1000*total ingestion)/(ABW))/days)).

ABW = average body weight = (IBW + FBW)/2.

Survival = Survival (%).

PER = Protein efficiency ratio = ((FBW-IBW)/protein intake).

GPE = Gross protein efficiency = 100*[(%final body protein*FBW) - (%initial body protein*IBW)]/total protein intake fish.

GLE = Gross lipid efficiency = 100*[(%final body lipid*FBW) - (%initial body lipid*IBW)]/total lipid intake fish.

LER = Lipid efficiency ratio = ((FBW-IBW)/lipid intake).

SD = standard deviation.
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Supplementary Table 3. Relative increment of body composition and somatic indices measured in gilthead seabream fed different lipid level

before and after temperature shift.

L16 P-value

HL LH HL LH Inte Temp Diet
Whole body composition, %
Protein -0.01+0.03 0.03+0.02 0.03 +£0.02 0.01+0.05 0.113 0.608 0.863
Lipid 0.05+0.07 0.12+0.10 -0.03 £ 0.09 0.12+0.15 0.561 0.111 0.590
Ash 0.03+0.10 -0.06 + 0.03 0.04 +£0.10 0.07 £0.09 0.264 0.468 0.191
Moisture 0.00 +£0.02 -0.02+0.01 0.00 £ 0.03 -0.02 + 0.02 0.924 0.210 0.762
Somatic indices
HSI 0.22+0.18° -0.27 £ 0.09° 0.35+0.09° -0.31+0.11° 0.278 < 0.0001 0.527
MFI -0.16 £+ 0.34 -0.15+0.08 -0.07+£0.24 0.02+0.34 0.822 0.766 0.440
VSI -0.07+£0.11 -0.01+£0.13 0.01 +0.26 -0.03+£0.13 0.593 0.943 0.772

Data are given as the mean (n=3 £ SD).

HSI = Hepatosomatic index (%) = 100*(liver weight/FBW).

In each line, different superscript letters indicate significant differences among treatments (P < 0.05).
L16 = low lipid 16% diet ; L21 = high lipid 21% diet ; HL = constant temperature exposure to high (H) 23°C until temperature switch (day 0-
58th), then to constant low (L) 17°C until end of trial (day 59th -121st); LH =. constant temperature exposure to low (L) 17°C until temperature
switch (day 0-58th), then to constant high (H) 23°C until end of trial (day 59th -121st).

MFI = Mesenteric Fat Index (%) = 100*(mesenteric fat weight/FBW).
VSI = Viscerosomatic index (%) = 100*(viscera weight/FBW).

SD = Standard deviation.

Supplementary Table 4. Relative increment of gut digestive enzyme activity measured in gilthead seabream fed different lipid level before and after

temperature shift.

L16 L21 P-value
Inte Temp Diet
HL LH LH

Pepsin 0.63+0.91 0.04 +0.21 -0.45+0.08 -0.16 £0.55 0.195 0.646  0.077
Trypsin -0.54 £ 0.29 -0.58 +0.04 -0.59 +0.08 -0.40 £0.15 0.288 0502 0538
Chymotrypsin -0.30+0.39 -0.25+0.17 -0.46 +0.05 -0.24+0.16 0.525 0333 0592
Amylase -0.77 £ 0.13? -0.71 £0.10% -0.79 £ 0.09° -0.45+0.15 0.066 0.020  0.129
Lipase -0.52 £ 0.22 -0.43+0.06 -0.35+0.06 -0.19+0.23 0.700 0.228  0.063

Data are given as the mean (n=3 diet + SD). Different letters indicate significant difference (Two-way ANOVA P <0.05) between treatments. L16 = low lipid
16% diet ; L21 = high lipid 21% diet ; HL = constant temperature exposure to high (H) 23°C until temperature switch (day 0-58th), then to constant low (L)
17°C until end of trial (day 59th -121st); LH =. constant temperature exposure to low (L) 17°C until temperature switch (day 0-58), then to constant high (H)

23°C until end of trial (day 59 -121).
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Supplementary Table 5. Relative increment of plasma biochemistry values measured in gilthead seabream fed
different lipid level before and after temperature switch.

L16 L21 P - value

HL LH HL LH Inte Temp Diet
GLU -0.17+£0.12* 0.03+0.17® -0.11+0.03* 0.23+0.11° 0.324 0.004 0.080
Urea 0.33+0.19 0.27+030 0.25+010 0.29+0.22 0.688 0.945 0.811
CREA -0.14+0.18 -0.13+0.13 -0.32+0.08 -0.04+0.25 0.218 0.192 0.648
Uric Ac 1.18+2.89% 1.44+225° 193+0.95® 6.88+1.34° 0.078 0.055 0.028
Tot Bil -0.16 £0.83 0.21+060 -0.65+0.14 -0.54+0.13 0.683 0.454 0.071
Bil Ac -069+0.09 054072 -071+0.11 0.30x1.00 0.785 0.020 0.736
CHOL -0.06+0.16 -0.12+0.04 -0.07+0.23 -0.16+0.05 0.848 0.373 0.722
TRIG -0.56 £+0.28 -0.55+0.20 -0.41+0.03 -0.71+0.06 0.171 0.192 0.943
HDL 0.56 £0.15° 0.07+0.13* 0.30+0.16® 0.13 +0.08° 0.078 0.003 0.224
TP 0.08 £ 0.06° -0.04 £ 0.00 £0.06® -0.10+0.05*  0.831 0.013 0.094

0.07%

ALB 0.03+0.02 -0.01+0.10 -0.05+0.04 -0.07+0.08 0.865 0.535 0.108
AST 0.19+0.73® -0.65+0.17° 0.98+0.38° -0.26+0.24°  0.452 0.003 0.046
ALP -0.86+0.08 -0.05+0.67 -0.82+0.02 -0.39%0.26 0.384 0.018 0.488
CK 0.66 £0.56° -0.73+0.27° 1.89+0.15° -0.68+0.14*  0.014 < 0.0001 0.010
LDH 1.20+243 -068+030 2.64+158 -0.34+0.27 0.532 0.021 0.320
Ca*? 0.03+0.04 0.03+0.05 -0.07+0.04 -0.01+0.04 0.292 0.201 0.018
P -0.03+0.07 0.05+0.08 -0.11+0.20 -0.12+0.14 0.555 0.694 0.138
K* 0.05+024 0.05+019 031+011 0.11+0.04 0.324 0.316 0.124
Na* 0.02+0.01 0.02+0.01 0.01+0.02 0.02+0.04 0.902 0.123 0.101
Fe -0.20+0.17 0.01+017 -0.34+0.07 -0.21+0.23 0.676 0.123 0.101
Cl 0.01+0.02 0.01+001 0.01+0.02 -0.01+0.04 0.567 0.414 0.785
Mg 0.03+0.08 -0.01+0.03 -0.01+0.05 0.05+0.01 0.123 0.720 0.715
CORT 0.16+0.70 -043+0.02 056+133 244+3.30 0.215 0.500 0.115
ALB/GLO -0.07+0.06 0.05+0.04 -0.07+0.04 0.04+0.05 0.998 0.003 0.944
CaxP 0.00+0.03 0.09+011 -016+0.22 -0.13+0.17 0.764 0.507 0.065
Na/K 0.00+£0.22 0.01+019 -0.22+0.05 -0.09+0.03 0.508 0.426 0.099

Data are given as the mean (n=9 diet™ on day 58" ; n=15 diet™ on day 121%) =+ SD. Different letters indicate
significant difference (Two-way ANOVA P < 0.05) between treatments. L16 = low lipid 16% diet ; L21 = high lipid
21% diet ; HL = constant temperature exposure to high (H) 23°C until temperature switch (day 0-58th), then to
constant low (L) 17°C until end of trial (day 59th -121st); LH =. constant temperature exposure to low (L) 17°C
until temperature switch (day 0-58th), then to constant high (H) 23°C until end of trial (day 59th -121st).

GLU, glucose , (mg dL) ; Urea, (mg dL™) ; CREA, creatinine , (mg dL™) ; Uric Ac, uric acid , (mg dL™?) ; Tot Bil,
total bilirubin , (mg dL™) ; Bil Ac, bile acid , (umol dL™?) ; CHOL, cholesterol , (mg dL™) ; TRIG, triglycerides , (
mg dLY) ; HDL, high density lipoprotein; TP, total protein , (mg dL) ; Alb, albumin , (g dL?) ; Ast, aspartate
aminotransferase , (U L%); Alp, alkaline phosphatase , (U L) ; CK, creatine kinase , (U L) ; LDH, lactate
dehydrogenase , (U L) ; Ca*?, calcium , (mg dL™%) ; P, inorganic phosphorus , (mg dL™) ; K*, potassium , (mEq L-
1 ; Na*, sodium , (mEq L?) ; Fe, iron , (ug dL) ; CI, chloride , (mEq L) ; Mg, magnesium , (mg dL?) ; CORT,
cortisol , (ug dL™) ; ALB/GLO, albumin/globulin; CaxP, calcium*phosphorus ; Na/K, sodium/potassium ; SD,
standard deviation.

Study 11l - Dietary supplementation with a blend of chestnut and quebracho extracts improves intestinal morphology, microbiota,
inflammatory status, and innate immune response in zebrafish (Danio rerio)

Table S1: Primer sequences for gqRT-PCR

Gene Sequence 5'-3' Reference

beta actin :: i;?‘rGGA?CGGGTACGA?:I;'?E:lEE$1EGC https://doi.org/10.3390/nu13030998

cox2 :: ?‘CFETGGGTACGAAGAAGA;E?CGA%TAGGTA https://doi.org/10.1038/nchembio.147

il1b :: ?TGCAACCT'I[]FCGACCAGGC(;'ACiﬁégi;giA https://doi.org/10.1101/2020.04.09.033837
cxcl8-11 :: %ﬁ:lgg:ggﬁgﬁigigg https://doi.org/10.4049/jimmunol.1203266
tnfa :: ziiéﬁﬁgiﬁéiéﬁiggié:g https://doi.org/10.1038/s41598-018-28511-w
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Study IV - Impact of marine aquaculture on the microbiome associated with nearby holobionts: the case of Patella caerulea living in proximity
of sea bream aquaculture cages
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Control site r.a. (%) Aquaculture site r.a. (%)

OTULID [BLAST P caerulea_Sediment __ Scawaier | P. caerulea _ Sediment _ Seawater __ Fish pvale
4667 | Fodinicurvata halophila 0.19 0.00 0.00 0.00 0.00 0.00 0.00 0.004
11135 {Lactobacillus johnsonii 0.10 0.00 0.00 0.04 0.00 0.00 0.00 0.05
4454 | Fluviibacterium aguatile 022 0.00 0.00 0.00 0.00 0.00 0.00 0.0004
5034 |Robiginitalea biformata 0.06 0.02 0.00 0.00 0.00 0.00 0.00 0.03
12220 |Rhodobacteraceae 0.13 0.00 0.00 0.00 0.00 0.00 0.00 0.0001
1496 | Agaricicola taiwanensis 048 0.00 0.00 0.02 0.00 0.00 0.00 0.01
4069 i Amorphus coralli 0.10 0.00 0.00 0.01 0.00 0.00 0.00 0.02
4330 {Ochrobactrum oryzae 0.11 0.00 0.00 0.00 0.00 0.00 0.00 0.02
14127 |Rubinisphaera brasiliensis 0.09 0.00 0.00 0.00 0.00 0.00 0.00 0.02

2 5331 |Roseibacillus ponti 0.06 0.00 0.00 0.00 0.00 0.00 0.00 0.0008
= 2911 \lActibacter sediminis 0.29 0.03 0.00 0.00 0.13 0.00 0.00 0.0004
g 2289 |Psychrobacter celer 0.03 0.00 0.17 0.00 0.00 0.07 0.06 0.008
14154 | Phyllobacterium 0.20 0.00 0.00 0.06 0.00 0.00 0.00 0.04
3304 |Stappia taiwanensis 0.31 0.00 0.00 0.00 0.00 0.00 0.00 0.00002
11232 |Rubinisphaera italica 0.07 0.00 0.00 0.00 0.00 0.00 0.00 0.03
1355 | Prochlorococcus marinus 0.02 0.02 1.18 0.00 0.01 1.88 0.01 0.007
11155 |Lactobacillus rhamnosus 0.24 0.00 0.00 0.00 0.00 0.00 0.00 0.006
14091 |Bifidobacterium bifidum 0.83 0.00 0.00 0.02 0.00 0.00 0.00 0.003
11445 | Ahrensia kielensis 0.13 0.00 0.00 0.00 0.00 0.00 0.00 0.0007
3555 |Bifidobacterium longum 0.50 0.00 0.00 0.01 0.00 0.00 0.00 0.0004
2120  |Photobacterium swingsii 0.23 0.02 0.00 0.01 0.00 0.00 0.00 0.003
4234 | Hyphomicrobium 0.07 0.00 0.00 0.00 0.00 0.00 0.00 0.03
4187 | Phyllobacteriaceae 0.00 0.00 0.00 0.13 0.00 0.00 0.00 0.0003
11247 {Rhodopirellula 0.00 0.00 0.00 0.13 0.00 0.00 0.00 0.03
11243 | Alienimonas californiensis 0.00 0.00 0.00 035 0.00 0.00 0.00 0.001
11205 | Wenxinia marina 0.00 0.00 0.00 0.09 0.00 0.00 0.00 0.003
6912 |Mycoplasma mobile 045 0.00 0.00 292 0.00 0.00 0.00 0.0004
5244  |Acinetobacter guillouiae 0.03 0.00 0.00 0.16 0.00 0.00 0.00 0.04
4203 |Mesorhizobium thiogangeticum 0.00 0.00 0.00 0.36 0.00 0.00 0.00 0.003
2259 |Mycoplasma mobile 0.02 0.00 0.00 0.19 0.00 0.00 0.00 0.002
4097 |Mesorhizobium camelthorni 0.00 0.00 0.00 037 0.00 0.00 0.00 0.0002
2073 |Halomonas 0.05 0.00 0.00 0.18 0.00 0.00 0.00 0.05
12731 |Sphingomonas 037 0.00 0.00 1.96 0.00 0.00 0.00 0.001
o 11913 |Sphingomonas 0.06 0.00 0.00 0.40 0.00 0.00 0.00 0.0006
‘E 4065 |Sulfitobacter pontiacus 0.00 0.00 0.03 0.20 0.00 0.00 0.00 0.03
g 4965 | Rhodopirellula baltica 0.00 0.00 0.00 0.07 0.00 0.00 0.00 0.03
§ 2118 |Vibrio atypicus 0.42 0.01 0.00 0.63 0.00 0.00 0.00 0.02
g 1919  |Staphylococcus 0.01 0.01 0.01 0.06 0.00 0.01 0.39 0.04
_ 2077  {Mycoplasma mobile 0.05 0.00 0.00 033 0.00 0.00 0.00 0.005
2154  |Mycoplasma mobile 0.03 0.00 0.00 0.16 0.00 0.00 0.00 0.002
11213 | Rubinisphaera italica 0.01 0.00 0.00 0.27 0.00 0.00 0.00 0.005
1397 | Foliisarcina bertiogensis 0.00 0.00 0.00 0.10 0.00 0.00 0.00 0.002
11152 |Bacteroides 0.00 0.00 0.00 0.08 0.00 0.00 0.00 0.006
2080 |Psychrobacter marincola 0.00 0.00 0.19 0.13 0.00 0.03 0.00 0.02
14234 | Sulfurovum lithotrophicum 0.00 0.82 0.00 0.01 0.08 0.00 0.00 0.01
4465 | Phyllobacteriaceae 0.00 0.00 0.00 0.27 0.00 0.00 0.00 0.0001
4305 |Marimonas arenosa 0.00 0.00 0.00 0.14 0.00 0.00 0.00 0.04
6020 | Pseudomonas 0.00 0.00 0.00 0.07 0.00 0.00 0.08 0.01
3237 |Bythopirellula goksoyri 0.00 0.00 0.00 0.13 0.00 0.00 0.00 0.03
6006 | Gimesia maris 0.02 0.00 0.00 0.14 0.00 0.00 0.00 0.05

Supplementary  table S1 = -
Ecological distribution and highest
score alignment against NCBI 16S
rRNA database of OTUs showing a
significantly higher mean relative
abundance in the limpets collected
from control site with respect to those
from the aquaculture cage and vice
versa. p-values were calculated for
the two P. caerulea groups (control
vs. aquaculture, FDR-corrected
Wilcoxon rank-sum test, p-value <
0.05). Species, genera or families are
retrieved on the BLAST column
based on the last common taxonomic
level shared between all BLAST best
hits.

Supplementary table S2 - Seawater environmental data. Measurements (N = 6 per site) are shown for the control and aquaculture sites. Measured
parameters, namely T, pH, TA and salinity (38%o in control and 34%o in the in the aquaculture site) were used to calculate the carbonate chemistry
parameters through CO2SYS Software. T = Temperature; TA = Total Alkalinity; pCO2 = carbon dioxide partial pressure; HCO3;—= bicarbonate; CO32—
= carbonate; DIC = dissolved inorganic carbon; Qarag = aragonite saturation; NS = not significant; **p<0.01, Mann-Whitney test. In brackets the 95%

confidence interval.

TA - 2 DI
T (°C) pHygs 1 pCO: HCOS_I €05 1 < -1 ng
(pmolkg) | (patm) } (umolkg') { (umolkg’) | (umolkg )
> 273 8.02 2319 667 1898 170 2086 2.67
&
Q
Q
c (26.9-27.6) | (8.00-8.04) {(2315-2324)} (620-714) {(1882-1914)| (164-177) {(2075-2097){ (2.57-2.76)
& 24.8 7.96 2203 700 1877 132.1 2030 2.11
O
Abtz
\;9? (24.7-24.9) | (7.95-7.97) {(2191-2213)} (682-717) {(1872-1883)] (130-134) {(2026-2033){ (2.07-2.14)
Mann-
" *% *% *% NS *k *% *k *%
Whitney

105



Study V - Microbiome network in the pelagic and benthic offshore systems of the northern Adriatic Sea (Mediterranean Sea)
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Supplementary Figure 1: Pie charts summarizing the compositional structure of the water (A) and sediment (B) microbiomes at order level. Only

orders with relative abundance > 2.0% in at least 2 samples are represented.
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Supplementary Figure 2: Linear regression plots between the two axes (MDS1 and MDS2) of the PCoA of water (A) and sediment (B) samples and
three parameters: Distance from coast, Depth of sampling point and Shannon index.
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Supplementary Figure 3: Linear regression plots between bacterial Order abundance and biochemical components (PRT, CHO, LIP) in the sediment
samples. Only relationship with a p < 0.05 are showed.
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Supplementary Figure 4: Heatmaps of co-abundant groups (CAGs) identified by hierarchical clustering with the Spearman correlation. A) Heatmap
for water microbiome at the order levels, B) Heatmap for sediment microbiome at the order levels. Colour scale for Spearman correlation is provided
on the left of each panel, where red represents the highest and dark blue the lowest correlation. Bacterial orders abundance profile was clustered using
hierarchical clustering approach, using the profile Spearman correlation and Ward’s linkage method. The obtained clusters were represented by
dendrograms at the top and left margins of each Heatmap. Within each cluster, bacterial orders were coloured according to the colour legend in the
bottom left of each panel.
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Supplementary Figure 5: Boxplots showing the variation of the relative abundance of CAGs (Upper part) and of each over abundant order in the same
CAGs (over-abundance > 1.3, bottom part) across all sectors under study both for pelagic microbiome (Panel A) and sediment microbiome (Panel B).
The central box of each dataset represents the distance between the 25th and the 75th percentiles. The median between them is marked with a black
line. Significant variation across groups was highlighted in the figure (Wilcoxon rank-sum test; p < 0.05 *, p < 0.01 **).
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Supplementary Table 1: Table reporting exact geographical coordinates of the 19 sampling sites with additional information of distance from coast

(km) and depth (m).

DISTANCE FROM COAST (km) DEPTH (m) LATITUDE LONGITUDE
Sampling Site 1 13.728 16 44.1346944 12.72288889
Sampling Site 2 13.757 16 44.1060278 12.76027778
Sampling Site 3 12.14 16 44.0686667 12.79630556
Sampling Site 4 16.884 19 44.1516944 12.74511111
Sampling Site 5 15.421 18 44.1311389 12.75394444
Sampling Site 6 17.065 20 44.1075833 12.82425
Sampling Site 6B 17.202 20 44.1033889 12.83319444
Sampling Site 7 17.757 21 44,1360278 12.78602778
Sampling Site 8 20.688 25 441651111 12.79569444
Sampling Site 9 21.269 26 44.1480556 12.83227778
Sampling Site 10 19.454 24 44,1235833 12.84311111
Sampling Site 11 23.521 29 44.1963333 12.81055556
Sampling Site 12 25.78 35 441907778 12.85272222
Sampling Site 13 25.275 36 44.1675278 12.88288889
Sampling Site 14 22.325 30 44.1393611 12.87397222
Sampling Site 15 27.099 37 44.2244444 12.83363889
Sampling Site 16 31.735 43 44.2524444 12.87088861
Sampling Site 17 29.905 42 44.2218889 12.88508333
Sampling Site 18 28.924 42 44.1948611 12.90647222
Sediment Area Water Area
Southern Sector Southern Sector
Northeast Sector Central Sector
Northwest Sector Northern Sector
Samples Shannon alpha- Quartile distribution Samples Shannon alpha- Quartile distribution
diversity diversity
C4S 5.257365 1° 4.546159 1°
C3S 5.62557 1° 5.316015 1°
C17S 5.782988 1° 5.329229 1°
C1s 5.907133 1° 5.561033 1°
C2s 6.056522 1° 5.574893 1°
C6B2S 6.171907 1° 5.611047 2°
C5AS 6.282452 1° 5.652874 2°
C7S 6.304958 2° 5.728202 2°
C5CS 6.316561 2° 5.754454 2°
C8s 6.331336 2° 5.796217 3°
C11s 6.351584 2° 5.886421 3°
C16S 6.456489 2° 5.941774 3°
C13S 6.632595 3° 5.979078 3°
C6BS 6.689232 3° 6.020465 3°
C6B1S 6.939868 3° 6.034664 4°
C6CS 6.955684 3° 6.075191 4°
C9S 6.971714 3° 6.076636 4°
C6AS 7.017395 3° C3W 6.136331 4°
C18S 7.127725 4° C6W 6.147152 4°
C14S 7.186221 4°
C6B3S 7.27495 4°
C10S 7.450581 4°
7.48579 4°
7.685893 4°
C5BS 7.989378 4°

Supplementary Table 2: Water and sediment samples quartile distribution according to the Shannon alpha-diversity values. Color legend indicate

samples corresponding sector for both water and sediment area.
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Supplementary Table 3: Concentrations of the different biochemical compounds of organic matter in the sediment samples of the investigated area.
Data are reported as mean + standard deviation. PRT: Total Protein; CHO: Total Carbohydrates; LIP: Total Lipids; Chl-a: Chlorophyll-A; Pheo:

Pheopigments; BPC: Biopolymeric C.

Station PRT CHO LIP Chl-a Pheo BPC
mg/g mg/g mg/g Ha/g Ha/g mgClg
Mean Ds Mean Ds Mean Ds Mean Ds Mean Ds Mean Ds
Cis 1.99 0.47 0.31 0.07 0.30 0.09 0.70 0.07 8.96 0.15 1.32 017
Cos 2.39 0.22 0.39 0.02 0.33 0.04 0.94 0.04 10.20 0.30 157 014
c3s 1.24 0.23 0.31 0.04 0.25 0.11 0.59 0.12 8.27 1.05 0.92 015
cas 4.15 1.46 0.45 0.03 0.36 0.08 0.69 0.01 7.08 0.65 249 1.04
C5.15 1.78 0.06 0.26 0.01 0.28 0.02 0.63 0.11 9.65 0.31 119 0.03
C5.25 4.26 0.62 0.56 0.02 0.73 0.02 214 0.04 24.08 1.49 285 0.32
C5.3S 1.63 0.12 0.24 0.01 0.25 0.06 0.57 0.05 6.49 0.58 1.08 0.08
C6.1S 3.06 1.55 0.46 0.30 051 0.11 1.40 0.19 14.90 2.40 207 0.80
C6.2S 1.43 0.09 0.27 0.01 0.39 0.04 1.23 0.20 14.49 1.46 1.08 0.08
C6.3S 1.61 0.15 0.43 0.11 0.58 0.20 1.59 0.61 18.29 448 1.29 0.02
C6B.AS 3.82 0.56 0.79 0.04 0.86 0.11 5.37 0.19 26.91 1.82 283 023
C6B.2S 454 0.16 0.39 0.10 0.69 0.11 057 0.08 10.97 0.97 289 013
C6B.3S 3.46 0.47 0.79 0.22 0.59 0.05 3.58 0.02 19.76 0.23 245 0.16
3.65 0.98 0.56 0.21 0.61 0.14 0.94 0.08 12.28 1.10
C7S 2.47 0.52
4.4 1. 7 A1 1.2 4 . 1 16.37 24
cas 6 05 0.73 0 6 0.46 0.96 0.16 6.3 0 343 081
472 0.80 0.71 0.05 1.05 0.10 1.39 0.03 17.23 157
C9S 3.39 0.33
92 } 84 } } : 1. 07 16.71 .
108 59 0.69 038 0.30 0.86 0.09 09 0.0 6 0.93 288 038
7.96 0.37 1.03 0.23 1.10 0.12 0.86 0.17 20.36 1.60
C11S 5.14 0.36
C12S 5.53 0.10 051 0.07 0.78 0.09 0.79 0.05 16.78 2.84 350 0.09
c13s 6.70 0.25 1.22 0.25 1.62 1.07 0.84 0.11 13.78 0.68 198 081
6.19 0.40 1.14 0.31 0.90 0.03 1.30 0.06 19.55 153
C14S 417 0.10
6.27 0.22 1.13 0.16 1.12 0.15 0.91 0.11 17.39 0.29
C15S 436 0.13
5.33 0.56 1.24 0.06 1.01 0.22 0.63 0.04 12.64 0.50
C16S 3.87 0.14
6.44 1.22 0.84 0.12 1.00 0.31 0.35 0.01 11.75 0.48
C17S 4.24 053
cl8s 6.04 1.90 0.83 0.11 1.07 0.28 0.42 0.03 1150 0.13 409 0.81
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