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Abstract 

In the last 200 years, the CO2 concentration in the atmosphere has significantly 

increased because of human activities. About 30% of the anthropogenic CO2 

emissions in the atmosphere have been absorbed by the oceans, causing a decrease 

in the seawater pH of 0.1 unit. Climate predictions suggest that pH will further 

decrease by 0.3 units by 2100 reaching the value of 7.3 in 2300. 

Ocean acidification caused by anthropogenic activity is known to affect wild 

animals in the ocean with unforeseen consequences for survival and biodiversity. 

Evaluating how marine species might adapt to predicted environmental conditions 

in the near future is challenging. The present study is directed at resident wild fish 

that inhabit natural acidified seawater due to venting of CO2 by hydrothermal 

vents. The direct effects of acidification, as predicted in climate change scenarios, 

were investigated in the Mediterranean rainbow wrasse Coris julis (Linnaeus, 

1758) and painted comber Serranus scriba (Linnaeus, 1758) by the use of a 

natural acidified area. The study was conducted in the Ischia shallow vent systems 

(Gulf of Naples). The environmental conditions around Ischia provide a natural 

laboratory and a unique opportunity to study the response of the organisms to 

future climate change conditions. At this aim, a mineralogical and a molecular 

approach were carried out: 

1) structure and composition of fishbone Hydroxyapatite (HAP) was 

evaluated in these two species in order to highlight potential physiological 

effects due to exposure to natural acidification.  

2) 16S sequencing was carried out to determine the response of fish 

endogenous microbiota to acidified conditions.  

The results obtained from this project suggest that both species respond to 

environmental conditions, even though in different ways. The skin microbial 

composition was species-dependent, whereas the mineralogical features of 

skeleton were mainly influenced by age. However, the skin microbial community 
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of S. scriba exhibited a significant disturbance when it was associated with low 

pH site compared to C. julis, which showed no particular variation between sites, 

thus indicating that there is a species-specific response to environmental 

conditions. Moreover, a moderate skeleton maturation was also found in fish 

exposed to acidified conditions than in control.  

In light of the obtained results, there is a need for further clarity regarding the 

mechanisms that fish engage under unusual environmental conditions, reflecting 

the future climate change scenario predicted for 2100. The results also confirm 

that these naturally acidified areas of CO2 vents represent a valuable resource for 

researchers who intend to study the responses of marine organisms to 

acidification.   
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General introduction 

Ocean acidification  

Human activities from the beginning of the industrial revolution (1760-1780) 

have resulted in an increase of CO2 concentration in the atmosphere (IPCC 2014; 

Gattuso et al. 2015). In the last two centuries indeed, CO2 levels in the atmosphere 

have increased from 280 ppm of the pre-industrial age (Petit et al. 1999; EPICA 

community members 2004; Siegenthaler et al. 2005) to the modern 420 ppm 

registered in 2023 in Mauna Loa Observatory-Hawaii (Fig.1).  

Carbon dioxide, like other gases has absorbed by the seawater due to the seawater 

natural sink capacity. Carbon dioxide in the atmosphere is a nonreactive gas but, 

when dissolved in seawater it takes part in several chemical, physical, biological 

and geological reactions causing the alteration of the carbonate equilibrium. One 

of the overall effects of CO2 dissolving in seawater is to increase the concentration 

of hydrogen ions ([H+]). This is the result of an initial reaction between water 

(H2O) and CO2 to form carbonic acid (H2CO3). This weak acid readily dissociates 

into bicarbonate (HCO3-) and hydrogen ions (Doney 2009).  

CO2(atm)        CO2(aq) + H2O       H2CO3 H
+ + HCO3

−          2H+ + CO3
2− 

Thus when atmospheric CO2 dissolved in seawater, the oceans increase in acidity. 

Nevertheless, seawater alkalinity buffers the effect of the CO2 reaching the water 

from the atmosphere maintain its values within relatively narrow limits, between 

7.5 and 8.4 (Nybakken, 2004). Thus, the resultant solution is still slightly alkaline. 

Since the emission rate of anthropogenic CO2 in the atmosphere is increasing, the 

capacity of the carbonate buffer to restrict pH changes is diminishing. For this 

reason, when CO2 dissolves, the chemical processes that take place reduce some 

carbonate ions, which are required for the ocean pH buffer (Sabine et al. 2004) 
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(Skirrow & Whitfield, 1975; Broecker &Takahashi, 1977; Broecker et al., 1979; 

Caldeira e Wickett 2003; Feely et al. 2004; Orr et al. 2005).  

During the last 250 years, over 30% of the anthropogenic CO2 emissions has been 

absorbed by the seawater (Sabine et al. 2004) causing the decrease of oceanic pH 

level that can be quantified as 0.1 unity in the year 2000 and by means of 

simulation models it is estimated to decrease further by 0.3 unity by the year 2100 

(Caldeira e Wickett 2005) to reach pH values of 7.3 by the year 2300 (according 

to the IPCC scenario). 

 

Figure1. Monthly CO2 concentrations from observations up to 2023 (black) and a future 

projection consistent with limiting global warming to 1.5°C (purple). Also shown is the Met 

Office forecast for 2024. 

 

Effect on marine organisms 

Ocean acidification is happening so fast that it raises serious concerns about the 

response of marine organisms that might not be able to adapt to changing 

environmental conditions on such a short time scale (Guinotte e Fabry 2008). 
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Moreover, this phenomenon is projected to impact all areas of the ocean, from the 

deep sea to coastal areas (Orr et al. 2005; Feely, Doney, e Cooley 2009; Feely et 

al. 2010), with potentially wide-ranging impacts on marine life (Doney 2009). 

Several studies, aimed at understanding how the projected changes in carbonate 

chemistry will affect marine species, communities, and ecosystems were 

performed on laboratory and mesocosm experiments. In this regard, there is a 

significant variance in biological responses between taxonomic groups to ocean 

acidification that has a significant negative effect on survival, calcification, 

growth, development and abundance (Kroeker et al. 2013). 

In particular, marine organisms that build hard structures made of calcium 

carbonate minerals including calcified algae, corals, mollusks, and the larval 

stages of echinoderms are generally considered to be more negatively affected by 

the acidification (Kroeker et al. 2010; 2013). Although all calcareous organisms 

show a reduction in growth of a similar magnitude and a reduction in calcification 

was observed in mainly in corals and coccolithophores, molluscs are one of the 

groups most sensitive to acidification where a significant reduction in 

calcification, growth, development (and survival when the exposure regards the 

early life stages) is observed. Another taxonomic group affected by acidification 

are calcified algae, for which photosynthesis is reduced. This sensitivity in 

calcified algae is also apparent in experiments that tested for impacts on 

abundance, where calcified algae have a much greater mean reduction (80%) in 

percent cover/abundance in acidified conditions than other groups. In addition, 

corals suffer significant mean reductions in abundance (47%) in acidified 

treatments. 

More active organisms, such as mobile crustaceans and fish, may be less sensitive 

to acidification due to their ability to cope with extra-cellular acidosis thanks to 

their acid-base regulation (Melzner et al. 2009) whereas some fleshy algae and 

diatoms may benefit, although marginally, from the same conditions (Koch et al. 
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2013). Nevertheless, the chemical imbalance in seawater was found to influence 

physiology (growth rate development, survival and reproduction) and behaviour 

of various species of fish (Philip L Munday et al. 2008; Heuer e Grosell 2014; 

Cattano et al. 2018; Mirasole et al. 2021) but many other aspects are still 

unknown. Because of their ability to regulate their acid-base, fish have been 

considered to be able to tolerate extra-cellular acidosis (Melzner et al. 2009). The 

olfactory, visual and auditory functions (Dixson, Munday, e Jones 2010; Philip L. 

Munday et al. 2009; Simpson et al. 2011), reproduction (G. M. Miller et al. 2013), 

calcareous structure (Bignami et al. 2013; Mirasole et al. 2021; Leung et al. 2022) 

behavior and neurosensory functions (Domenici et al. 2012; Philip L. Munday et 

al. 2014; Nilsson et al. 2012), habitat alteration and interaction with other species 

(McCormick, Watson, e Munday 2013; Nagelkerken e Connell 2015) however, 

have all been tested under acidifying conditions, both direct and indirect effects. 

Different life stages will be affected differently by climate change, with larvae 

and juveniles being more susceptible (Baumann, Talmage, e Gobler 2012; 

Ishimatsu et al. 2004; Pankhurst e Munday 2011). For example, larvae exposed to 

acidified seawater (approximately 1000 ppm of CO2 - pH = 7.8) lost their capacity 

to distinguish between predatory and non-predatory species' chemical signals 

(Dixson, Munday, e Jones 2010). Some temperate fish species living in Volcanic 

CO2 seeps showed an increase in population size in the presence of elevated CO2 

due to increased gene expression in gonad tissue (Petit‐Marty et al. 2021a). 

Moreover, the effects of ocean acidification can also be determine changes in skin 

microbial composition have been described after acute short-term acid stress in 

Colossoma macropomum in laboratory conditions (Sylvain et al. 2016). 

However, studies suggest a species-specific response, with various sensibility at 

different CO2 levels. For instance, (P. Munday et al. 2011a) observed no effects 

on spiny damselfish otolith calcification at high CO2 levels (850 μatm), while (P. 

L. Munday et al. 2011b) and (Checkley et al. 2009) highlighted otolith 
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hypercalcification in white sea bass larvae exposed to 993 and 2558 μatm. To 

date, most information available on fish response to ocean acidification have been 

obtained in closed systems, and only a few studies have been carried out in situ 

(Cattano, Giomi, e Milazzo 2016; Nagelkerken e Connell 2015; Petit‐Marty et al. 

2021b; Philip L. Munday et al. 2014).  

 

Hydrothermal vents 

Knowledge on organism responses to pH decrease were obtained almost 

completely by lab experiment. However, there are some localised areas on the 

oceans were for different reasons (estuaries, upwelling areas, volcanic CO2 vents) 

a decrease of pH occurs. Among the others, Hydrothermal vents represent a 

resource for scientist which feature of the conditions to formulate hypotheses of 

climate change future scenarios on marine ecosystem.  

Conventionally hydrothermal vents may be diversified into shallow and deep 

according the depth. Thus, the vents found up to 212 m deep are considered 

Shallow, while those located beyond 212 m depth are considered deep (Tarasov 

et al. 2005). Although a first distinction can be made according to the depth at 

which they occur, a high degree of variability between different vents is due to 

temperature differences and the presence/absence of certain compounds and 

metals, making them completely different environments. In shallow hydrothermal 

vents, the temperature of the venting fluids ranges between 10 and 119 °C (Dando, 

Hughes, e Thiermann 1995; Tarasov et al. 2002), while in deep system the 

temperature of venting fluids can exceed 400 °C, sea water penetrates deep inside 

the crust and the vent fluids are formed at up to 1200 °C (Barriga, F.F.A 1997). 

As regards the chemical aspect, differences in concentration of elements between 

hydrothermal areas are very pronounced (Krasnov and Sudarikov, 1990; 

Gavrilenko, 1997; Sedwick and Stuben, 1996). Such high difference is 
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determinated by the fluids’ composition. In general, deep hydrothermal vents 

fluids are characterized by high concentration of reduced substances and metals, 

and extremely high values of H2, H2S, and H4 (Tarasov et al. 2005). A pronounced 

feature of shallow-water vents is the presence of a gas phase (absent in the deep-

sea) and much greater enrichment in O2 compared to deep-water vents (Tarasov 

et al. 2005). 

Marine CO2 vents are abundant in the Mediterranean, especially around Italy and 

Greece on arc volcanoes, back-arc basins, and hot spot volcanoes. The 

Mediterranean hydrothermal complexes are characterized by a range of 0–1200 

m depth, with temperatures ranging between 13–135 °C. All the Mediterranean 

sites share the presence of a well-noted gaseous composition (CO2, H2S, CH4). 

Not all Mediterranean vents are characterized by hot emissions, as revealed by the 

low temperature value (between 13–25 °C) detected in the deep Ischia Island (Fig. 

2), Palinuro Cape, some areas of the Panarea Volcanic Complex, Yali, Methana, 

Nisiros, Santorini, and Kos HVs. 

Although these are circumscribed areas in which pH variations cannot be 

controlled, the use of natural CO2 vents as 'natural laboratories' on the other hand 

provides variables that cannot be reproduced in the laboratory and mesocosm.  

On wild experiments indeed, allow to investigate on long term effects to exposure 

to high pCO2/low pH values on natural populations which continue to maintain 

interactions with the surrounding environment (currents, nutrients and species 

interactions) (Barry et al. 2010). 

 



9 
 

 

Figure 2. The underwater volcanic vents occur in a semi-submerged cave at 5 m depth, release 

continuously gaseous emissions (92%–95% CO2, no sulfur), and do not elevate temperature. 

Copyright: https://communities.springernature.com/ 

 

Study area 

The experiments were conducted at CO2 vent system of the Island of Ischia. 

Marine CO2 vents are abundant in the Mediterranean Sea and the Island of Ischia 

(Tyrrhenian Sea, Italy) is already widely utilized to assess the effects of OA on 

flora and fauna communities (Hall-Spencer et al. 2008; Kroeker et al. 2011; 

Mecca et al. 2020; Signorini et al. 2023) (Tyrrhenian Sea, Italy). Shallow and cold 

vent occur at 0.5 – 3m depth on both sides of the Castello Aragonese adjacent to 

a steeply sloping rocky shore causing a decrease of the seawater pH in some area 

also down to 6.50 (Hall-Spencer et al. 2008; Kroeker et al. 2011). The emitted gas 

is almost entirely composed by CO2 (90–95%) with no toxic sulphur compounds 

https://communities.springernature.com/
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(Hall-Spencer et al. 2008; Foo, Byrne, e Gambi, 2018; Gambi et al. 2010). 

Although the presence of natural CO2 vents affects the abundance of most species, 

it seems not to cause a disturbance for several fish species that are widely 

distributed on both sides of the Castello Aragonese. 

The use of high site fidelity species (March et al. 2010; Goverts, Nührenberg, e 

Jordan 2021) represents a useful tool to directly address the likely impact on fish 

physiology and health of changing CO2 of fish naturally exposed to high 

pCO2/low pH conditions. 

The sampling sites included one acidified site on the north side of the Castello 

Aragonese (40°43’55” N, 13°57’51” E) and one ambient pH site located 2 Km far 

away from the vents, in front of S. Pietro beach (40°44'48"N 13°56'40"E) used as 

control station. The vents area on the north site of the Castello Aragonese is 

characterized by the strong bubbling activity of gas composed almost completely 

of CO2 (90.1 - 95.3%) with no toxic sulphur compounds and with no variation on 

temperature and salinity if compared to the surrounding waters (Hall-Spencer et 

al. 2008; Foo, Byrne, e Gambi, 2018; Gambi et al. 2010). The CO2 emissions 

cover an area of 5000 m2 and host a high diversity level of teleost leading a 

recorded average pH of 7.21 ± 0.34 (Kroeker et al. 2011; Ricevuto et al. 2014; 

Foo, Byrne, e Gambi, 2018) in the studio area comparable with values predicted 

for the year 2300 (Caldeira e Wickett 2005). The site off S. Pietro beach almost 2 

km northwest from Castello Aragonese, was chosen as control given the presence 

of similar conditions and environmental features (exposure, depth, habitat 

complexity, species richness) and the lack of volcanic activities and pH values of 

8.1. 
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Figure 3. Map indicating the location of the study area in Ischia Island (Italy).  

 

Aim and goals 

The aim of this PhD project was to evaluate the responses of two marine teleost 

species exposed to pH reduction, as potential predictive scenario of climate 

change for 2100. Fish are a key biological component whose monitoring is 

relevant not only from the ecological standpoint, but also for the economic 

repercussions (i.e. impacts on seafood - Branch et al. 2013).  Hence, the present 

study was focused on samples collected from natural acidified seawater due to 

venting of CO2 by hydrothermal vents, in the area of Castello Aragonese (Ischia). 

The species selected are the Mediterranean rainbow wrasse C. julis and the 

painted comber S. scriba. These two species are small, territorial marine fish 

inhabiting rocky and seagrass meadows areas (Costello et al, 1991) of the shallow 



12 
 

water of the whole Mediterranean Sea and in eastern Atlantic (Fischer et al. 1987; 

Bauchot,1987).  

The Mediterranean rainbow wrasse, (C. julis) is a demersal labrid species, and is 

the only specie of its genus and it can be found in the Mediterranean, usually from 

a few metres to 50 m depth (Quignard and Pras 1986). It is a protogynous 

hermaphroditic species, where part of the females of a population turn into males. 

The painted comber, S. scriba (Linnaeus, 1758) is a demersal serranid species 

generally found along the continental shelf covered with Posidonia oceanica or 

Cymodocea spp. beds at 0.5–150 m depth. It is a simultaneous hermaphrodite 

(Fischer and Petersen, 1987).  

The choice of two different teleost species provides the chance to assess species-

specific characteristics but also more global responses to acidification. Using 

samples collected from the natural environment means the results are likely to be 

more representative of the fluctuating environmental conditions. Ocean 

acidification caused by anthropogenic activity is known to influence 

physiological processes causing reduced growth of calcified structures, otolith 

development, and fertilization success. The investigation on skeleton 

mineralization process might allow us to evaluate any possible premature skeleton 

ageing as a response to the effect of OA on CO2 vent. 

Furthermore, environmental stress as acidification might modulate resident 

microbiota on the mucosal surfaces (epithelia) on skin, gut and gills (Butt e 

Volkoff 2019). The global characterization of fish microbiota can provide 

information about the relative abundance of potentially pathogenic and non-

pathogenic bacteria and their interaction with the host, contributing to the 

development of measures for the prevention and control of disease.  

In the light of above mentioned, the goals of the PhD project were: 
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1) to obtain information that could enhance our understanding of how the skin 

and gills microbial communities respond under lower than normal pH 

conditions.  

2) assess the elemental composition and the mineral features of the skeleton 

of fish naturally exposed to high pCO2/low pH conditions against fish 

living in two normal pH conditions (controls). 

A molecular and a mineralogical approach were carried out to assess how natural 

exposure of fish to acidified conditions shifts in skin microbiome and skeleton 

development.  
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1. LONG-TERM EFFECTS OF HIGH CO2 LEVEL EXPOSURE 

ON FISH MICROBIAL COMMUNITY  

1.1 Introduction 

Teleost fish's first defence against biological, physical and chemical hazards are 

the mucosal surfaces (epithelia) on skin, gut and gills and olfactory organs 

(Salinas 2015; Lazado e Caipang 2014). All four mucosal organs contain mucosa-

associated lymphoid tissues (MALT) which are involved in the detection, 

recognition and defence against pathogens (Salinas 2015). These four MALTs are 

called gut-associated lymphoid tissue (GALT), gill-associated lymphoid tissue 

(GIALT), skin-associated lymphoid tissue (SALT), and nasal-associated 

lymphoid tissue (NALT). Thus, teleost MALT is a primary immune response site 

with strong activity from the innate immune system and antimicrobial peptides 

(Ángeles Esteban e Cerezuela 2015). All mucosal surfaces are unique 

microenvironments for non-pathogenic and co-habitant microorganisms and they 

likewise provide another layer of defence by antagonising pathogens through the 

production of bacteriocins, H2O2, and antimicrobial peptides and other inhibitory 

compounds. The diverse array of microorganisms found in association with fish 

tissues such as stomach, gills, skin, and even internal organs is known as fish 

microbiota. These microbes may include viruses, fungus, bacteria, or archaea. 

Nevertheless, fish like other organisms (e.g., human) could hosts also pathogenic 

bacteria. The host-microbe interactions are ubiquitous and play important roles in 

the host's biological activities, such as nutritional acquisition and immunology, as 

well as competing pathogen suppression. In turn, the host supports the nutrition 

pool and colonisation of internal and external microbes. When an imbalance 

(dysbiosis) occurs, it can shift the microbiota composition towards pathogenic 

species and facilitate disease outbreaks (Brugman et al. 2018; Wynne et al. 2020). 
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The microbial community associated to fish tissues might easily be modulated by 

the environmental conditions (Butt e Volkoff 2019). Teleost fish provide an 

excellent repertory of host species for studying the nature of vertebrate microbial 

communities (Nayak 2010) and the mechanisms influencing animal-associated 

microbiomes (Lescak e Milligan-Myhre 2017). Among the environmental 

variants, the rising levels of carbon dioxide may have a greater influence on the 

microbiome of aquatic hosts.  

The skin microbiome is in continuous contact with the environment. Among the 

others, the microbial community of the skin is greatly influenced by 

environmental perturbations that impair host fitness(Byrd, Belkaid & Segre, 

2018; Kuziel e Rakoff-Nahoum 2022). Skin mucus is an important component of 

fish immune systems and contains various immunoglobulins, mucins, 

antimicrobial peptides, and other mucosal biomolecules that protect the fish from 

pathogens (Tiralongo et al. 2020). 

Changes in skin microbial composition have been described after acute short-term 

acid stress in tambaqui (Colossoma macropomum), a freshwater fish found in the 

Amazon river (Sylvain et al. 2016).  
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1.2 Materials and Methods 

1.2.1 Fish samples collection and processing  

S. scriba and C. julis individuals were collected in July 2023 from two different 

locations along Ischia Island. Fish were sampled in both sites between 2 and 4 m 

depth in snorkelling with baited hook, placed in sterile bags and transported to the 

lab. The 40 specimens sampled were measured to the nearest 0.1 cm to obtain the 

total length (TL) and weighed to the nearest 1 g for total mass (TW) and 

immediately dissected, and tissue collected and placed in RNA later for 

preservation. From each fish the following tissues were collected: 

1) about 1 cm x 1 cm of skin was collected removing as much muscle as 

possible;  

2) about 20 scales;  

3) 1 -2 gill bars plus filaments; 

4) about 1 cm long piece of gut taken immediately after the stomach. 

The samples were preserved with RNAlater avoiding dilution with water and 

respecting a ratio 1/10 between sample and RNA later to ensure an optimal 

preservation. The samples in RNAlater were stored at 4°C overnight (to allow the 

solution to thoroughly penetrate the tissue), then the tubes containing the samples 

were moved to – 20°C until the extractions carried out at CCMAR (Faro, 

Portugal). 

Genomic DNA was extracted in order to sequence 16S rRNA and determine how 

the microbiome of the gills and skin are affected by environmental conditions. 

Extracted genomic DNA quality was determined and then used for nanopore 

sequencing. Bioinformatics analysis and statistical analysis were carried out. 40 

individuals were sampled for molecular analysis, 20 specimens of each species: 
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10 from the low pH site and 10 from the control site. All 40 samples were used 

for DNA extractions. 

 

1.2.2 DNA extraction 

DNA was extracted from fish skin, using a DNAse Blood & Tissue Kit (Qiagen, 

Germany) with some modifications. 

About 30 mg of skin, gills and gut and ~ 15 mg of scales stored in RNA later were 

collected in tubes with 400 μl of lysis mix (200 μl of lysis buffer 20 mM Tris- 

HCl, pH 8, 2 mM sodium EDTA; 1.2 % Triton X-100; 40 mg/ml lysozyme mixed 

with 200 μl of AL buffer provided by the Qiagen kit). Afterward, approx. 400 mg 

of 0.1 mm zirconia/silica beads (Biospec) were added. The tubes were maintained 

on ice until mechanical disruption, which was carried out at room temperature in 

a Tissue Lyser (Qiagen, Germany) for 3 cycles of 5 min at 25 Hz. 

After the mechanical disruption of samples in the lysis mix the samples were 

incubated for 30 min at 37°C with the lysozyme (80 μl of 100 mg/ml lysozyme 

solution per sample, included in the lysis mix), followed by 30 min at 56°C with 

proteinase K (25 μl of 20 mg/ml). Tubes were centrifuged for 1 min at 4300 ×g to 

pellet the beads, and the lysate was collected into a clean microcentrifuge tube 

and treated with RNase (10 μl of 10 mg/ml solution) for 10 min at room 

temperature, and then 0.5 volumes of 100 % ethanol were added. The lysate mix 

was then purified using the column supplied in the DNeasy Blood & Tissue kit. 

DNA was eluted into two tubes in 40 μl of Tris- HCl (10 mM, pH 8). DNA quality 

and integrity were analysed using a Nanodrop spectrophotometer and verified on 

1 % agarose gel electrophoresis. 

Initially a pre-test was carried out on two samples of each type of tissue. The 

tissues with low quality and integrity were discarded and not used for the study. 
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Thus, 24 samples in total were selected between skin and gills of both species. 

For both C. julis and S. scriba, 3 replicates of skin from both sites were sequenced.  

 

1.2.3 16S rRNA gene microbiome library preparation and sequencing 

Each sequencing library was constructed using DNA from individual samples of 

skin. Library preparation followed the 16S rRNA gene Sequencing Library 

Preparation protocol for the Illumina MiSeq system, using optimized primers 

targeting the hypervariable V3 and V4 regions of the 16S rRNA gene (Klindworth 

et al. 2013). Libraries were paired-ended sequenced (300 bp ×2) on an Illumina 

Novaseq platform at BKMGENE (previously Lifesequencing S.L.; Münster, 

German).  

 

1.2.4 Sequence processing and bioinformatics 

Raw reads were processed for quality control. They were primarily filtered by 

Trimmomatic (Bolger, Lohse, e Usadel 2014) (version 0.33) with a window size 

setted as 50 bp. The low-quality reads were identified and removed by Cutadapt 

(Martin, 2011) (version 1.9.1) with a maximum mismatch accepted of 20% and 

minimum coverage of 80%. Paired-end reads obtained from previous steps were 

assembled by USEARCH (Edgar 2013) (version 10) with a minimum length of 

overlap of 10 bp, a minimum similarity within the overlapping region of 90% and 

a maximum mismatch accepted of 5 bp. Chimeras were removad using UCHIME 

(Fig.4) (Edgar et al. 2011) (version 8.1).  
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Figure 4. Schematic flow of UCHIME was shown in the following figure. Each query sequence 

is split into non-overlapped chunks. These chunks were compared with the reference database 

to identify the best hit of each chunk in the database and further define the two best parent 

sequences. The query sequence was subsequently compared with the two parent sequences. If 

a fragment with over 80% similarity to the query sequence is found on both parents, this query 

sequence will be defined as chimera sequence. 

 

Raw subreads were adjusted to generate Circular Consensus Sequencing (CCS) 

reads by SMRT Link (version 8.0). Then lima (v1.7.0) was used to identify CCS 

sequences of different samples by barcode sequence and remove chimeras to 

obtain high-quality CCS sequences. The sequences were used for classification of 

operational taxonomic units (OTU) by USEARCH (version 10.0). The sequences 

were clustered with similarity over 97% (default). Starting from de-noise 

sequences, ASVs were generated through the DADA2 method (Callahan et al. 

2016) in QIIME2 (Bolyen et al. 2018).  

Microbial community composition at phylum, class, order, family, genus and 

species level was revealed by blustering the feature sequences against the 
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reference database by classify-consensus-blast in QIIME2. Those that did not 

match the reference database were further classified by classify-sklearn in QIIME. 

Regarding Alpha Diversity analysis, Chao1 richness estimator and Ace richness 

estimator were used to measure community abundance. Community diversity was 

instead measured through Shannon-Wiener's diversity index, Simpson's diversity 

index and phylogenetic diversity. The rarefaction curve was used to assess 

whether the amount of sequencing is sufficient to cover all groups.  

Functional information were obtained by linking genes in the genome with a 

network of interacting molecules in the cell by means of KEGG. 

 

1.2.5 Statistical analysis  

To analyze changes in species composition on temporal and spatial scales, Beta 

Diversity Analysis was used. The algorithms of binary Jaccard, Bray-Curtis, 

weighted Unifrac (bacteria only), and unweighted Unifrac (bacteria only) were 

used to calculate the distance between samples. Samples were rearranged using 

principal component analysis (PCA), principal co-ordinate analysis (PCoA), and 

Nonmetric multidimensional scaling (NMDS) in the R software. After 

standardized processing (logarithm) according to OUT data, the top 80 species 

with the largest number are selected and mapped based on the R heatmap. To test 

whether the differences between groups (two or more groups) are significantly 

greater than the differences within groups, and thus whether the grouping is 

meaningful it was used the ANOSIM analysis. Permutational analysis of variance 

(PERMANOVA) using the adonis function was used to test whether the overall 

microbial community differed with each variable under analysis. LefSe analysis 

was performed only on the groups, the number of groups was ≥ 2, and the number 

of samples contained in each group was ≥ 2. Metastats software (White, 

Nagarajan, e Pop 2009) was used to conduct the T-test on species richness data 
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between groups at the taxonomic level of phylum, class, order, family, genus and 

species for intergroup significance analysis, with a default value of p ≥ 0.05. 

At the correlation level of environmental factors, the correlation analysis of 

taxonomic diversity, environmental factors, and Alpha index was conducted to 

obtain the correlation characteristics of taxonomy and environmental factors. 

Based on the correlation between environmental factors and taxonomy (default 

genus level) and Alpha index (default Pearson), Mantel analyzed and plotted 

heatmap and network combinatorial diagram. Based on environmental factors and 

taxonomy (default parameter, genus level, Pearson correlation, correlation 

threshold 0.3, correlation p value threshold 0.05, node number 80, edge number 

100), correlation network diagram is made. 

 

1.3 Results 

1.3.1 Sequencing statistics 

A total of 1.721.534 raw read sequences were generated from the 12 samples. 

Upon that, 1.660.607 clean reads were obtained after PE reads quality control and 

assembly. Minimum of 76.784 and average of 138.384 clean reads were generated 

for each sample. The detailed sequencing statistics for each sample is provided in 

Table 1. 

The rarefaction curves indicated saturation or close to saturation coverage for 

diversity in each sample (Fig.5). Based on the number of detected OTUs, the 

rarefaction curves also revealed different bacteria richness (between different 

species and site). In general, S. sciba had higher richness values (2846–3367 

OTUs), with the highest number of OTUs detected in samples from the control 

site (Tab. 2) as showed also by the Shannon index (Fig 10a). 
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 Table 1. Details from post-run analysis obtained for each sample. 

Sample ID Raw 

Reads 

Clean Reads Denoised 

Reads 

Merged 

Reads 

Non-chimeric 

Reads 

C. julis 62 low pH 80.346 76.784 76.708 73.917 71.064 

C. julis 64 low pH 140.296 134.020 133.830 127.173 120.823 

C. julis 67 low pH 134.235 129.418 128.886 123.794 112.572 

C. julis 75 Ctrl 159.984 154.354 153.915 147.649 136.520 

C. julis 78 Ctrl 139.865 133.573 133.370 128.327 122.378 

C. julis 79 Ctrl 133.128 127.430 127.305 122.788 116.552 

S. scriba 50 low pH 160.007 155.024 154.025 143.546 125.259 

S. scriba 54 low pH 160.024 155.331 154.412 144.347 124.843 

S. scriba 55 low pH 160.148 155.227 154.288 144.798 126.191 

S. scriba 60 Ctrl 147.049 142.242 141.275 131.311 108.898 

S. scriba 62 Ctrl 151.893 147.397 146.181 134.641 114.466 

S. scriba 57 Ctrl 154.559 149.807 148.600 135.541 112.602 

 

 

 

Figure 5. Flat rarefaction curve that sequencing substantially covered all the species in the 

sample. 
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Table 2. Diversity indices and OTUs number obtained from fish samples 

Sample OTU_Num Seqs_Num 

C. julis 62 low pH 664 70.909 

C. julis 64 low pH 952 120.445 

C. julis 67 low pH 1.400 112.269 

C. julis 75 Ctrl 1.559 136.205 

C. julis 78 Ctrl 1.254 122.069 

C. julis 79 Ctrl 969 116.314 

S. scriba50 low pH 3.272 124.581 

S. scriba54 low pH 2.846 124.175 

S. scriba55 low pH 3.215 125.747 

S. scriba60 Ctrl 3.038 108.260 

S. scriba62 Ctrl 3.779 113.724 

S. scriba57 Ctrl 3.367 111.856 

 

1.3.2 Bacterial community composition 

The bacterial communities associated with skin of the two fish species showed 

differences in the taxonomic structure. In the following section the relative 

abundance of each taxa will be detailed at phylum, family and genus level, 

expressed as average value between the three replicates for fish species.  

The most abundant phyla in the S. scriba skin microbial communities were 

Proteobacteria (average relative abundance  34.6% in the total microbial 

community), with a range between 28.4% and 42% in the samples from the 

acidified site and between 26.6% to 39.6% in the samples from the control site; 

followed by Firmicutes (average relative abundance 29.8% in the total microbial 

community), with a range between 27.3% to 35.0% in the samples from the 

acidified site and between 27.0% to 32.5% in the samples from the control site. 

The third abundant phylum was represented by Bacteroidota (average relative 

abundance 12.9% of the total microbial community) with higher values in the 
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samples from the control site (12.6-15.6%) than in samples from the acidified site 

(9.9-14.4%). 

The presence of the group Thermotogota was also evidenced (average relative 

abundance of 10.1% of the total microbial community), with a range between 

8.5% to 10.9% in the samples from the acidified site and between 10.0% to 11.8% 

in the samples from the control site (Fig. 6). Acidobacteriota and Actinobacteriota 

were detected in all samples with lower relative abundance (<2.6%). 

At family level, the most abundant families were represented by Vibrionaceae 

(average relative abundance of 25% of the total microbial community), with a 

range comprised between 17.4% and 34.0% in the acidified site and from 16.9% 

to 30.7% in the samples from the control site; Petrotogaceae (average relative 

abundance of 10.13 % on the total bacterial community) with relative abundance 

values of 8.5-11% in the samples from the acidified site and  10-11.8% in the 

samples from the control site; Lactobacillaceae (average relative abundance of 

5.2  %) in the range 4.3-5.6% and 4.7-6.9% in the samples from the acidified and 

control sites, respectively. Other groups were represented by: Lachnospiraceae 

(average abundance 3,4 %, range = 2.7-4.1 and  3.2-4.6% in the samples from the 

acidified and control sites, respectively); Muribaculaceae (average abundance 3.5 

%, range = 2.7-3.7 and  3.2-4.7% in the samples from the acidified and control 

sites, respectively); Enterococcaceae (average abundance 3.2 %, range = 2.5-3.9 

and  3.1-3.3% in the samples from the acidified and control sites, respectively); 

Clostridiaceae (average abundance 2,8 %, range = 3.1-4.5 and  1.5-2.6% in the 

samples from the acidified and control sites, respectively) (Fig. 7). 

In general, in the microbial communities associated with C. julis skin a higher 

percentage of Bacteroiodota was detected (average relative abundance of 33% on 

the total microbial community), ranging between 21.9% and 42.2% in the samples 

from acidified site, and between 22.1% to 40.6% in the samples from the control 

site. The second most abundant phylum was represented by Firmicutes (average 
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relative abundance of 19.4% of the total microbial community), ranging between 

13.2% and 26.5% in the samples from the acidified site, and between 14.3% to 

31.0% in the samples from the control site. The group of Proteobacteria was 

detected less represented in C. julis skin. The presence of Fusobacteriota member 

was detected in relative abundance ranging between 5.5% and 16.6% in the 

samples from the control site (Fig. 6). 

Paludibacteraceae was the most abudant family (average relative abundance of 

9.12 % of the total microbial community), with a range comprised between 5.9% 

and 12.6% in the acidified site and from 4.3% to 13% in the samples from the 

control site; followed by Weeksellaceae (average relative abundance of 8.8 % on 

the total bacterial community) with relative abundance values of 4.5-11.5% in the 

samples from the acidified site and  5.8-11.4% in the samples from the control 

site; Bacteroidaceae (average relative abundance of 8.2 %) in the range 4.9-11.1% 

and 4.9-6.2% in the samples from the acidified and control sites, respectively; 

Lactobacillaceae (average relative abundance of 6.19 % on the total bacterial 

community) with relative abundance values of 1.4-12.6% in the samples from the 

acidified site and 2.3-13.3% in the samples from the control site. Other groups 

were represented by: Fusobacteriaceae (average abundance 5.44 %, range = 0.7-

6 and  2.6-16.6% in the samples from the acidified and control sites, respectively); 

Vibrionaceae (average abundance 4.14 %, range =0-34.15.4 and  0-6.8% in the 

samples from the acidified and control sites, respectively); Morganellaceae 

(average abundance 2 %, range = 1-3.3 and 0.7-2.5% in the samples from the 

acidified and control sites, respectively); Rikenellaceae (average abundance 2 %, 

range = 1.9-2.2% in the samples from both the acidified and control sites, 

respectively) (Fig. 7). 
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Figure 6. Taxonomic composition of fish skin associated bacterial communities at Phylum 

level. 
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Figure 7. Taxonomic composition of fish skin associated bacterial communities at family level. 

 

The size of the microbiome and common/core bacteria genera were analysed by 

counting the number of bacterial genera across all samples. In general, the 

samples of S. scriba from both acidified and control sites had the highest number 

of bacteria genera while C. julis had the lowest number which is further low in 

the acidified site (Fig. 8).  
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Figure 8. Number of microbial genera in fish skin microbial communities 

  

The microbiota abundance was determined up to the species level, but for higher 

confidence in OTU assignment, it is only discussed up to the genus level. The 

bacterial genera detected with an average abundance (between samples) higher 

than 1 % are listed in Table 3. The clustered heatmaps of relative abundance only 

include the genera/OTUs with relative abundance >8%. A graphical summary of 

the five most abundant genera per sample type is presented in Fig. 9. 

Photobacterium was the most abundant genus in S. scriba (average relative 

abundance 16.7 %, comprised between 13.3 and 29.3 in specimens from acidified 

site and 8.1 and 14.9 in specimens from the control site); followed by Defluviitoga 

(average relative abundance 10.1 %, comprised between 8.5 and 11 in specimens 

from acidified site and 10 and 11.7 in specimens from the control site) and Vibrio 

(average relative abundance 8 %, comprised between 3.2 and 4.5 in specimens 

from acidified site and 7.8 and 15.6 in specimens from the control site) . In the 

species C. julis the most represented genus were Paludibactearaceae family 

(average relative abundance of 9%), Apibacter (average relative abundance of 

8.5%) and Bacteroides (average relative abundance of 8.2%). High relative 
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abundance of some genera was limited to a few samples such as Vibrio members 

in C. julis CSA3 (13.5%) and Propionigenium (14.2%) in C. julis CCS2. Some 

clusters of unsassigned taxa had high abundance in the C. julis from both acidified 

and control site. Unclassified genus of Paludibactearaceae family were among 

the most abundant genera in C. julis from acidified site (average relative 

abundance of = 9.9 %, range = 5.9- 12.6%) (Tab. 3). 

 

Table 3. Relative abundance of the most abundant ten bacterial genera detected in fish skin 

associated bacterial communities 

 

 

Genus

S. scriba        

50 low pH

S. scriba     

54 low pH

S. scriba      

55 low pH

S. scriba        

60 Ctrl

S. scriba       

62 Ctrl

S. scriba        

57  Ctrl

C. julis           

62 low pH

C. julis          

64 low pH

C. julis           

67 low pH

C. julis          

75 Ctrl

C. julis             

78 Ctrl

C. julis          

79 Ctrl

Unassigned 0.83 0.57 0.94 0.82 0.71 1.16 21.49 25.58 7.69 11.44 13.05 22.87

Photobacterium 29.32 25.81 13.35 14.96 8.16 8.86 0.00 0.00 1.82 0.34 0.23 0.00

Vibrio 4.50 3.21 3.38 15.66 13.44 7.85 0.00 0.09 13.56 6.51 2.17 0.08

unclassified    Bacteria 2.12 1.84 2.24 2.15 2.74 2.91 10.07 8.31 10.44 8.10 7.28 9.05

Defluviitoga 9.41 8.48 10.98 9.99 10.13 11.78 0.00 0.01 1.08 1.52 0.19 0.01

unclassified       

Paludibacteraceae 0.85 0.81 1.23 0.89 1.11 1.06 11.43 12.63 5.92 4.28 7.22 13.09

Bacteroides 1.26 1.29 1.80 1.42 1.41 1.64 10.94 11.15 4.90 4.94 8.34 9.20

Apibacter 0.92 0.65 1.31 0.98 1.12 0.94 10.51 11.24 4.43 5.71 7.98 11.17

unclassified          

ClostridiaUCG014 0.51 0.39 0.71 0.56 0.74 1.08 8.25 9.54 3.37 3.91 6.36 9.14

Lactobacillus 3.03 2.46 3.43 2.70 2.84 4.88 0.18 0.34 4.81 5.74 1.58 0.56

Ligilactobacillus 1.46 1.51 1.78 1.95 1.58 1.69 0.99 1.14 6.89 6.82 3.98 1.54

Propionigenium 0.11 0.07 0.27 0.12 0.65 0.53 0.12 0.70 4.24 4.52 14.23 1.70

Enterococcus 3.29 2.57 3.95 3.14 3.31 3.29 0.00 0.01 0.86 1.18 0.18 0.03

uncultured       

Clostridium_sp. 3.09 2.79 4.43 3.52 3.78 3.30 0.00 0.00 0.00 0.00 0.00 0.00

Gilliamella 1.27 1.13 2.11 1.41 1.56 2.10 0.39 0.50 3.12 5.02 1.44 0.74

unclassified      

Muribaculaceae 2.30 2.04 2.94 2.69 2.85 3.69 0.00 0.00 0.03 0.05 0.00 0.00

unclassified      

Lachnospiraceae 1.60 1.41 1.94 1.49 1.73 2.43 0.13 0.15 1.81 2.23 0.57 0.16

Buchnera 0.13 0.15 0.25 0.20 0.17 0.22 2.49 1.97 0.71 1.07 2.72 3.28

Cetobacterium 0.00 7.30 0.03 0.71 0.24 0.29 0.08 0.37 1.35 0.19 2.03 0.39

Clostridium      

sensu_stricto_1 2.26 4.04 3.30 1.12 0.56 0.76 0.00 0.02 0.14 0.19 0.25 0.01
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Figure 9. Selection of the five most abundant bacterial genera in each sample, obtained from 

the detailed analysis of the ten genera represented in the highest proportion in all analysed 

microbiomes (Tab. 3). The percentage of each identified genus relative to the total reads per 

library is presented for each sample. Different samples are represented with different colour. 

 

1.3.3 Alpha diversity 

The Simpson index showed no significant differences across all samples (Fig 

10a). There was a high variation in Chao1richness and Shannon diversity between 

the two different species (Fig.10b). Multiple pairwise comparisons showed 

divergent bacterial richness between C. julis – S. scriba regardless of the site 

(difference between average values = 2119.6, p < 0.05). The Chao1 richness 

between C. julis from control and acidified sites was not significantly different (p 

> 0.05) (difference between average values = 255,6) as well in S. scriba in control 

and acidified site (difference= 283.8, p> 0.05). 
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a) 

 

b) 

 

Figure 10. Boxplot presenting the median and IQR of a) Simpson’s diversity and b) Chao1 

diversity in S. scriba and C. julis from both low pH and control sites. Significant difference 

levels are also shown where p value < 0.05. 
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The average Shannon diversity index was around 7.26 ± 0.58 and multiple 

pairwise comparisons revealed that it was only significantly different between S. 

scriba from control site and C. julis both from control site (difference = 1.07, p < 

0.05) and from acidified site (difference = 1.3, p < 0.05). The Shannon curve 

showed a higher number of OTU species and a higher richness of species in S. 

scriba (Fig. 11).  

  

Figure 11. The alpha diversity of bacterial communities at different sampling times is measured 

by non-parametric Shannon index of S. scriba and C. julis from both low pH and control sites. 

Significant difference levels are also shown where p value < 0.05. 
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1.3.4 Beta diversity 

Overall, a comparison of the beta diversity composition of the microbiome 

between samples using non-metric multidimensional scaling (nMDS) showed 

sample type clustering within the species (Fig. 12). The effect of species and 

geographical location (control and low pH) caused divergence in the microbiome. 

The comparison between the two different species within acidified and control 

site showed that C. julis and S. scriba were generally differentiated. C. julis from 

control site clustered with C. julis from low pH site, while in S. scriba, the 

individuals from control site were discriminated from the individuals from low 

pH site. 

 

Figure 12. Nonmetric multidimensional scaling (NMDS) analysis of the two species collected 

in low pH and control sites. Bray–Curtis distance and data transformation were applied for the 

analyses. 
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1.3.5 Differential abundance according to sample type  

The beta diversity analysis revealed distinct microbial communities between the 

two species and sampling sites with regard to the species S. scriba. Intraspecific 

bacterial populations were more similar between themselves compared to the 

other species (as is showed by the PERMANOVA analysis in Fig. 13). 

 

Figure 13. PERMANOVA analysis (permutations = 1000) between different types of samples 

groups. Above is indicated the p-value between the two species. 

 

For example, the Vibrionaceae and Petrotogaceae families were more abundant 

in S. scriba from both sites than in C. julis (p<0.05, Fig. 14). Paludibacteraceae, 

Weeksellaceae and Bacteroidaceae were present at higher abundance in C. julis 

(p<0.05, Fig. 14).  
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Figure 14. Relative abundances of the most abundant families in the samples grouped by 

species and site. 

 

Some bacterial genera were more abundant (e.g., Photobacterium, Defluviitoga, 

Vibrio) in S. scriba compared to C. julis, while others were less abundant (e.g., 

Apidebacter and same genera from Palidibacteraceae) (Fig. 15). Although also 

in terms of genus the bacterial populations were more similar between the same 

species, in S. scriba the genus Photobacterium was significantly more abundant 

in low pH site and this was confirmed by metagenomseq. 
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Figure 15. Relative abundances of the most abundant genus in the samples grouped by species 

and site. 

 

 1.3.6 Functional prediction  

Common KEGG orthologs (KOs) were identified by both the RNA-seq method-

edgR algorithm and metagenomeSeq used in KEGG enrichment analysis (Suppl. 

Table 8). Enriched KEGG pathways were identified by comparing species with 

each other both within the same site and between the different sites, but also by 

comparing the same species from different sites. Comparing the two species 

within the control site “Drug resistance: Antineoplastic”, “Signal transduction”, 

“Infectious diseases: Parasitic”, “Circulatory system”, “Digestive system”, 

“Cancers: Specific types”, “Excretory system”, “Neurodegenerative diseases”, 

“Infectious diseases: Bacterial” and “Cell motility” were enriched in S. scriba 

compared to C. julis, while “Nucleotide metabolism” were enriched in C. julis 
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(Fig.16). C. julis from control site in turn showed a great number of enriched 

pathways compared to S. sciba from control site (Fig. 16) and S. scriba from low 

pH site (Fig. 17a).  

 

Figure 16. KEGG pathways significantly enriched in microbial communities associated to S. 

scriba and C. julis in the control area. 

 

Enriched pathways in C. julis from control included “Signaling molecules and 

interaction”, “Replication and repair”, “Cell growth and death”, “Folding, sorting 

and degradation”, “Metabolism of terpenoids and polyketides”. “Cell motility”, 

“Signal transduction”, “Cancers: Specific types”, “Circulatory system, Digestive 

system”, “Infectious diseases: Bacterial”, “Cellular community – prokaryotes” 

and “Drug resistance: Antineoplastic” were enriched in S. sciba from low pH 

compared to C. julis from control site, while “Translation” and “Biosynthesis of 

other secondary metabolites” were enriched in C. julis from control site (Fig. 17a). 

“Cell motility” was enriched in S. scriba from low pH compared with C. julis 

from the same site (Fig. 17b) and C. julis from control site (Fig. 17a).  
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a) 

b) 

 

Figure 17. KEGG pathways significantly enriched in microbial communities associated to a) 

S. scriba from low pH site and C. julis from control site; b) S. scriba and C. julis in low pH site. 
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1.4 Discussions 

The initial project was to investigate the microbiome of the skin and gills of C. 

julis and S. sciba living in two different natural environments and characterized 

by different pH conditions. The aim was to identify a core bacterial community 

in both tissues and for both species with the purpose to observe how the microbial 

community of skin and gills changed in the two species and at the two sites. 

However, to date, sequencing and bioinformatics have only been performed on 

skin DNA. 

The present 16S rRNA gene metabarcoding study shows that there the significant 

differences in microbial communities between C. julis and S. scriba were most 

specie-specific than correlated to the pH conditions. Anyway, the S. scriba 

species, seems to be more sensitive to the acidified pH conditions.     

The most abundant and common phyla detected across all skin samples were 

Firmicutes, Proteobacteria and Bacteroidota that may be considered core or 

common bacterial phyla in fish since they have also been identified among the 

topmost bacterial phyla in other studies of fish microbiomes. 

 

1.4.1 Microbiome’ species richness and diversity 

Species richness and diversity of the skin microbiomes were higher in S. scriba 

than in C. julis. A higher variation in Chao1 richness and Shannon diversity was 

reported between the two different species. Differences in microbial communities 

were revealed also by the beta diversity analysis. Although the phyla 

Proteobacteria, Firmicutes, Bacteroidota were detected for both S. sciba and C. 

julis, they were differently represented in the total microbial communities 

between the two species. Proteobacteria were the most abundant phylum in S. 
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scriba and significantly higher rather than in C. julis, whose top phylum was 

represented by Bacteroidota. The phyla Thermotogota was highly represented in 

S. sciba and almost absent in C. julis. The families Vibrionaceae and 

Petrotogaceae were higher in S. sciba compared to C. julis which presented on 

the other hand a higher abundance of Paludibacteraceae, Weeksellaceae and 

Bacteroidaceae. The higher bacterial richness in S. scriba was prominent also at 

genus level, in particular Photobacterium, Defluviitoga and Vibrio were more 

abundant compared to C. julis. This may indicate who are more vulnerable to 

disease given the nature of Vibrio and Photobacterium. Indeed, Apidebacter and 

same genera from Palidibacteraceae were more abundant in C. julis. 

 

1.4.2 The effect of pH on microbiome 

No significant variations in Chao1 richness were detected for both S. scriba and 

C. julis specimens between the two different sites. The non-metric 

multidimensional scaling (nMDS) and the beta diversity analysis revealed some 

significant differences within the species S. scriba from the two different sites. 

The results revealed a higher relative abundance of the phylum Proteobacteria in 

S. sciba living under low pH conditions than under normal conditions. These 

results are in line with those obtained by (Sylvain et al. 2016) and are further 

confirmation of the opportunistic nature of Proteobacteria, as already 

documented by Shin, Whon, e Bae (2015) and (Laplante, Sébastien, e Derome 

(2013). The higher abundance of the genus Photobacterium is in S. scriba exposed 

to low pH conditions is most likely explained by its presence proliferation under 

ocean acidification (Ng e Chiu 2020). Surprisingly and in contrast to other studies 

that display how the abundance of Vibrio sp. was increased under acidified 

conditions at least in S. scriba, specimens that were naturally exposed to low pH, 

the genus Vibrio was significantly less abundant compared to the control site. 
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These results suggest an increased sensitivity of the species S. scriba under 

acidifying conditions and a species-specific response. Additionally, Vibrio sp. and 

Photobacterium sp. are known to play a critical role in fish diseases, causing 

vibriosis and pasteurellosis, two of the most common and severe illnesses in 

global marine aquaculture. For instance, P. toruni and P. malcacitanum have been 

found to be pathogenic to red banded seabream in Southern Spain (A. M. Labella 

et al. 2018; A.M. Labella et al. 2020), while Vibrio harveyi and V. alginolyticus 

are commonly isolated from diseased fish in the initial stages of farming (Ina‐

Salwany et al. 2019). 

 

1.4.3 Further analysis 

Next aim is to integrate the data obtained on the skin microbiome with a view to 

conduct a comprehensive molecular study. The specific tasks are the microbiome 

determination from other tissues (gills) and the evaluation of potential changes in 

gene expression in gills tissue. In order to achieve these goals, further DNA 

extractions have already been carried out from the gills to sequence 16S rRNA 

and determine potential microbiome changes in this anatomical location as well. 

In addition, RNA was extracted by the gills samples to carry out limited RNA seq 

and design quantitative PCR reaction for the analysis on gene expression. The 

final goal will be to evaluate possible changes in the microbiome for other tissues 

outside the skin and to assess whether acidified conditions determine changes in 

the host gene expression. 
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2. LONG-TERM EFFECTS OF HIGH CO2 LEVEL EXPOSURE 

ON MINERALOGICAL FEATURES OF FISH BONES   

2.1 Introduction 

To date, climate change research has primarily focused on organisms with 

calcium carbonate biological structures. However, more research is needed on 

calcium phosphate minerals produced by small and large marine organisms 

(elasmobranchs, teleosts, and marine mammals) to understand how they will react 

to different environmental conditions in future oceans.  

Fish built biological mineralized structure in hydroxylapatite (HAP), a calcium 

phosphate mineral with a very specific structure and composition. HAP features 

naturally change with time (mineral becomes more crystalline, its PO4
2- content 

increases and its content of carbonate and acid phosphate decreases) but also can 

be altered by environmental factors resulting in an abnormal composition (Boskey 

e Mendelsohn 2005; Glimcher 1998). Although fish have been considered able to 

cope with extra-cellular acidosis thanks to their acid-base regulation (Melzner et 

al. 2009), some effect on their mineral structure was showed after a low pH 

exposition. The natural exposition of some fish species to natural CO2 emissions 

and reduced pH leads a significant change in otoliths elemental and isotopic 

signatures showing likewise their potential application as natural tags (Mirasole 

et al. 2017). While other studies show how otoliths size and density increased in 

fish exposed to low pH conditions with the potential to substantially influence the 

dispersal, survival, and recruitment of a pelagic fish species (Mirasole et al. 2017; 

Bignami et al. 2013; Checkley et al. 2009). Another fish body part made of 

calcium phosphate minerals impacted by the corrosive effect of acidified seawater 

are the denticles. In demersal shark Haploblepharus edwardsii it was observed 

the denticles corrosion as a result of chronic exposure to low pH (Dziergwa et al. 

2019). Although OA appear to affect negatively marine organisms, in Port 
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Jackson shark, Heterodontus portusjacksoni the fluorapatite (Ca5(PO4)3F) 

composition of the teeth changed increased fluoride content under ocean 

acidification that was associated with increased crystallinity by suggesting an 

adaptive response considering that the teeth were more resistant to corrosion 

(Leung et al. 2022).  

Although fishbone has already resulted in excellent environmental bio-indicators 

showing as heavy metal contamination can alter the biochemical and mineral 

contents in fishbone (Scopelliti et al. 2015), there are no knowledge about the 

response to this structure to OA. While the direct effects of OA on skeletal 

development are not expected (P. Munday et al. 2011a) under acidified and 

hypercapnic conditions, fish compensate for acidosis by increasing the plasma 

bicarbonate and non-bicarbonate buffer levels (a process known as acid–base 

regulation) (Brauner e Baker 2009), and it has been suggested that this buffering 

capacity may have the side effect of accumulating phosphate in blood with 

possible interference on skeletal development (Di Santo 2019).  

Spectroscopic methods enable the measurement of physicochemical changes in 

minerals caused by mechanical testing (Ager et al. 2005; Akkus, Adar, e Schaffler 

2004; A. Carden et al. 2003), age-related modifications (Ager et al. 2005; Akkus 

et al. 2003; L. M. Miller et al. 2007), and pathological or treatment-related 

changes (Boskey e Mendelsohn 2005; Angela Carden e Morris 2000; Fratzl et al. 

2004; L. M. Miller et al. 2004). By combining X-Ray Diffraction (XRD), Fourier 

Transform Infrared Spectroscopy (FT-IR) and ICP-OES spectroscopy we wanted 

to investigate the fishbone mineral composition of two different fish species that 

differ in age and exposure conditions. There were three different goals:  

1) evaluate how mineral composition might change within the same species 

as the fish gradually become older; 

2) evaluate any potential difference between specimens of the same age but 

different species and exposure conditions; 
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3) develop a method and provide useful information on the correlation 

between skeletal composition and age for the two species: C. julis and S. 

scriba. 

Otoliths were analysed to determine fish age and then to assign specimens to an 

age range. Otoliths, indeed, are a valuable tool for several scientific approaches 

(species identification - Tuset, Rosin, e Lombarte 2006; Jawad 2007, population 

studies Stransky et al. 2008, ecomorphological studies - Volpedo 2003, 

determining prey identity in feeding studies - Waessle, Lasta, e Favero 2003; 

Tarkan et al., 2007 including fish ageing - Pino et al. 2004; Do, Gronkjaer, e 

Simonsen 2006.    

 

 

2.2 Materials and Methods 

2.2.1 Sampling and analytical methods 

For mineralogical analysis, a total of 104 specimens were collected in the control 

site and in a low pH site. Between August 2022 and May 2023, 28 S. scriba and 

41 C. julis were sampled from a low pH site (mean pH = 7.21 ± 0.34) on the north 

side of the Castello Aragonese (40°43’55” N, 13°57’51” E) while 16 S. scriba and 

19 C. julis were collected from one ambient pH (mean pH = 8.1 ± 0.02) site 

located 2 Km far away from Castello Aragonese vents, in front of S. Pietro beach 

(40°44'48"N 13°56'40"E) used as control station. Specimens were collected 

during fishing sessions conducted in snorkelling by hand line with natural bait. 

Each specimen was measured to the nearest mm (Standard Length, SL; Total 

Length, TL) and weighed to the nearest 0.1 g (Total Weight, TW). Individuals 

were dissected to collect otoliths and skeleton. From each fish, the sagittal otolith 

pair was removed by opening the otic bulla under the operculum, cleaned and 
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stored dry. Sagittal otoliths were used for age determination, whereas the whole 

skeleton was prepared for mineralogical analysis (see details in the following 

paragraphs). Age was determined in order to correlate it with the mineral 

characteristics of the skeleton. then only the most abundant age classes were used 

for spectroscopic analysis, with the goal of ensuring a suitable number of 

replicates. Thus only 22 C. julis and 28 S. scriba from both sites were analysed 

out of a total of 104 individuals. 

 

2.2.2 Age determination 

The sagittal otoliths were used to determine fish age (Gordoa, Molı́, e Raventós 

2000). They were removed, cleaned, washed with distilled water to remove 

organic tissues, dried and stored in labelled plastic vials. Age was estimated from 

60 C. julis and 44 S. scriba.    

Whole otoliths were immersed in a glycerol – ethanol (1:1) clearing solution to 

enhance the visualization of annual increments during the reading (Alonso‐

Fernández et al. 2011; Alós et al. 2010). The otoliths were positioned in a glass 

petri dish with the sulcus acusticus down, using a stereo microscope (Stemi 508 

Microscopy with Axiocam 305 colour) under reflected light against a black 

background. An otolith was discarded because it was unreadable. 

According to current knowledge, the period of maximum settlement (the 

movement of a juvenile fish from the planktonic to the benthic environment) is 

the beginning of August for C. julis (García-Rubies e Macpherson 1995) and 

August – September for S. scriba (Biagi, Gambaccini, e Zazzetta 1998). 

Considering that the duration of the larval stage of life varies between one and 

two months, it was assumed a birthdate in June/July for both C. julis and S. scriba. 
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For these reasons, according to (Carbonara e Follesa 2019) a theoretical birth date 

of 1 July was set for these species (fish with a spawning period concentrated in 

late spring/summer/early autumn). 

Translucent bands (hyaline zones) that extended around the whole diameter of the 

otolith were identified as annuli, and the total number of these bands was 

recorded. According to the ageing scheme (Carbonara e Follesa 2019) (Tab.4) for 

the specimens caught in the first part of the year (winter/spring) when the 

translucent ring on the edge was present this was not counted as an annual ring as 

the birth date has not yet passed. Thus the age was estimated as the number of 

translucent rings, including the edge, minus 0.5. 

                   Table 4.  Ageing scheme for species with a birth date of 1 July. 

  

 

 

In the specimens caught in the second part of the year (summer/autumn), when an 

opaque ring was present on the otolith edge, the age was equal to the number of 

translucent rings (Tab.5). 

 Table 5.  Ageing scheme for species with a birth date of 1 July. 

  

  

  

A distinctive opaque core consist­ing was observed in all the examined otoliths. 

this more opaque central zone can be considered on the basis of the daily ring 
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count, corresponding to the planktonic larval duration (PLD) (N. e E. 2001; Fontes 

et al. 2010; Škeljo et al. 2012). 

The PLD zone is followed by the narrow translucent ring (F), an opaque O1 and 

another translucent T1 ring all formed within eight months of birth. The second 

opaque ring (O2), much larger than the first, corresponds approximately to the 

first year of life (Škeljo et al. 2012). Thus fish age was estimated by counting 

opaque annual rings, starting with the second one.  Images were employed for age 

reading since their size and quality made interpreting the zoning pattern simpler 

than direct microscopy views (Fig.19). 

  

 

 

 

 

 

 

 

 

Figure 19.  Coris julis. Sagittal otolith of a 4-year-old specimen, in­dicating: planktonic larval 

duration (PLD), “false” translucent ring (F), four translucent rings (T1-T4) and five opaque 

rings (O1-O5); second opaque ring (O2) corresponds to the first year of age.                    
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2.2.3 Analytical methods 

Fifty-nine C.julis and 44 S. scriba were initially prepared for the XRD. A number 

of vertebrae were removed from the stripped skeleton. After an initial clean-up 

trying to remove as much excess non-bone tissue as possible, vertebrae were 

freeze-dried (Alpha 1-2 LDplus, Martin-Christ) for at least 48 hours. Afterwards, 

the samples were washed with acetone in an ultrasonic bath for 60 min to remove 

collagens, fats and other impurities (Scopelliti et al. 2015; Juraida et al. 2011). All 

vertebrae were ground to a fine powder using a tissue lyser (Mixer Mill MM400). 

Finally, only 22 C. julis and 28 S. scriba were subjected to XRD analysis at the 

laboratories of the University of Palermo (under the supervision of prof. Giovanna 

Scopelliti) as they belonged to the size classes that were to be assessed. Specimens 

within the following size classes were used: 2, 3 and 4 years for C. julis and 1,2,3 

and 4 years for S. scriba. Each size class consisted of at least 3 replicates. 

X-Ray Diffraction (XRD) is a standard method for investigating crystal structure 

and atomic spacing. XRD examination was done on fishbone-powered samples 

using a Philips PW14 1373 with Cu Ka radiation filtered by a mono-chromator 

crystal. The step size was 1/2 °2ϑ and the time/step was 2 s. The angle of 

diffraction was 20-60 °2 ϑ (Scopelliti et al. 2015).  

  

2.3 Results 

2.3.1 Age determination 

Otoliths from 44 S. scriba and 59 C. julis specimens were analysed for age 

determination. Up to seven marks, assumed to be annuli, were visible in the 

otoliths. Age classes in the otolith sample ranged from 1+ to 5 years for C. julis 
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and from 1 to 7 for S. scriba; dominant age classes were 2 and 3 for C. julis and 

1 and 2 for S. scriba (Tab. 4a and 4b). 

 Table 6. Age-length key for a) S. scriba and b) C. julis. 

a) 

Total  Age (years) 

length (cm) 1 2 3 4 5 6 7 

        

10 1       

12 1 1      

13  4      

14 1 8 2 1    

15 2 7 4 3    

16      1 1 

17    2    

18      1  
19     1  1 

22      1  

        

n 5 20 6 6 1 3 2 

TL Mean 13,1 14,1 14,7 15,2 19,0 16,9 17,3 

 

 b) 

Total Age (years) 

length (cm) 1 2 3 4 5 

       

10 3     

11  3    

12  9 1   

13  6 9   

14  8 3 2  
15   4 1  
16   4 2  
17   1   

19    1 1 

20    1  

      

n 3 26 22 7 1 

TL Mean 10.0 12.8 14.1 16.4 19.2 
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2.3.2 X-ray diffraction 

 Mineral crystallinity is defined as the degree of order in a solid and the width of 

an X-ray diffraction line represents a measure of the average bone crystallite size, 

perfection and ordering (crystallinity) in a particular diffraction plane (Cullity, 

1967), where narrower linewidths indicate increased crystallinity. The (002) 

reflection, which offers an indicator for c-axis crystal size, is perhaps the simplest 

approach to assess the crystallinity of bone mineral (Alvarez-Lloret et al., 2006; 

(L. M. Miller et al. 2001). This reflection was used in this study to construct the 

Crystallinity Index (CIXRD) as the inverse ratio of the full width at half maximum 

(FWHM; Farlay et al. 2010). Data obtained for C. julis were in the range of 1.2 – 

1.8 °2ϑ while for S. scriba were in the range of 1,23 – 1,78 °2ϑ (Tab.7). 

 Table 7. correlation of site age and C.I. 

Species Site Age CI 

C. julis Ctrl 2 1.27 

C. julis Low pH 2 1.35 

C. julis Ctrl 3 1.46 

C. julis Low pH 3 1.47 

C. julis Ctrl 4 1.59 

C. julis Low pH 4 1.69 

Species Site Age CI 

S. scriba Ctrl 1 1.49 

S. scriba Low pH 1 1.66 

S. scriba Ctrl 3 1.38 

S. scriba Low pH 3 1.32 

S. scriba Ctrl 4 1.46 

S. scriba Low pH 4 1.56 

  

In general, for C. julis, crystallisation index values increase with age. Between the 

two sites (control and low pH), there were no significant differences for C. julis 

in the three-year-old age groups. Considerably higher values were shown by 4 and 
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two-year-old C. julis in the low pH site than in the control site (Fig.20a). The 

values for S. scriba show no particular differences between the different age 

groups however, in individuals from the low pH site, age classes 1 and 4 had 

higher CI values than individuals of the same age but from the control site 

(Fig.20b).  

 

 

 Figure 20. Mean (±SD) of skeleton C.I. of a) C. julis and b) S. scriba among the age in the 

two different site.  
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2.4 Discussion 

The initial project involved investigating the mineral features of the skeleton of 

C. julis and S. scriba across the age classes and living in two different natural 

environments with different pH conditions. One of the objectives was to find the 

correlation between age and the state of maturation of the vertebrae and to 

examine whether low pH conditions can interfere with skeletal maturation in 

teleosts. 

The methodological approach envisaged in the initial project involved combining 

different spectroscopic techniques such as XR-Diffraction, FT-IR Spectroscopy 

and ICP-OES analyses. The results obtained are the result of a preliminary 

analysis as to date only XRD analyses have been carried out on the skeleton 

samples. The diffractometric analysis revealed that the main mineral component 

of skeleton tissues is the HAP, which is an end-member of the apatite group and 

is of scientific interest due to its wide range of applications in (environmental) 

mineralogy, geology, biomineralization, medicine, and biomaterials. The HAP is 

an end-member of the apatite group with general formula Ca10(PO4)6(OH)2 

(Wopenka e Pasteris 2005). It has sites for ion attachment that can be occupied by 

different elements with different ionic charge (Pan e Fleet 2002; Piccoli e Candela 

2002). The ionic substitutions into the HAP structure will result in slight structural 

changes and they may vary as a function of age. These changes may be quantified 

by measuring the skeleton mineral features, such as the crystallinity index (C.I.), 

the mineral maturity (Min. Mat.), and the phosphate/carbonate content 

(Phosp/Carb). One of the key points of this project was to evaluate if variations in 

the chemical composition and bone mineralogy are only due to normal bone 

development related to biological growth or if they are also influenced by trace 

element substitution, like in natural high CO2 areas such as Castello Aragonese. 

The results indicated that the XRD reflection (002) showed a narrower peak in 

correspondence with an increase in crystallization degree. As expected, in C. julis 
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the crystallization degree seems to be correlated with the age as this increases with 

age. The clearest change observed is, indeed, an increase in bone mineral 

crystallinity with ageing (e.g., Alvarez-Lloret et al., 2006). However, in S. sciba 

samples the mineral parameters are uncorrelated with ageing and show 

dissociation values, especially for the 1-year age group. The higher crystallisation 

index in all the age classes analysed for C. julis and of two out of three age classes 

for S. scriba at the low pH site compared to the control site is in line with the 

results found by Di Santo (2019), confirming that acidification may play a 

significant role in other physiological processes related to mineralization.   

However, a better understanding of physiological responses from the perspective 

of mineralogical structures in fish will require further investigation. To pursue this 

goal Fourier transform infrared spectroscopy (FT-IR) and ICP-OES analyses will 

be performed to evaluate other mineral features, such as carbonate/phosphate 

mineral content and chemical composition in fishbone. 
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General conclusions 

This study underscores the rilevant role of CO2 vents as natural laboratories for 

testing ecological hypotheses regarding the effects of ocean acidification on 

marine organisms. The findings suggest that CO2 vents can be utilized as unique 

environments to investigate the biological impacts of decreased pH levels, 

offering valuable insights into the resilience and adaptability of marine life.  

The microbiome investigation on the studied fish species identity had a more 

pronounced influence on microbial community composition than the surrounding 

environmental conditions. Specifically, the microbiota of S. scriba is richer and 

more diverse than that of C. julis, indicating that different species may have 

evolved distinct microbial associations that could influence their health and 

ecological roles. 

Furthermore, our results suggest a species-specific response to low pH conditions, 

with S. scriba showing a marked increase in the abundance of Proteobacteria and 

Photobacterium in acidified environments. In contrast, the relative decrease in 

Vibrio abundance points to potential shifts in microbial dynamics under stress, 

which could have implications for disease susceptibility and overall fish health. 

Although no statistical analysis were conducted, the comparative mineralogical 

analysis revealed that the C.I. measured in both C. julis and S. scriba were slightly 

higher under low pH conditions than control, these findings align with previous 

studies suggesting that acidification may influence mineralization processes Di 

Santo (2019). Despite the absence of malformations, the subtle changes in the C.I. 

could reflect underlying physiological adaptations or stress responses that warrant 

further investigation.  

Differences in C.I. index seen in fish exposed to high pCO2 levels could could 

suggest interference with neural activity or a physiological response with 

uncertain ecological implications. These initial observations emphasize the 
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complexity of the responses to acidification, highlighting the need for a 

multifaceted approach in future studies to fully elucidate the effects of pH on fish 

physiology and ecology. 

In conclusion, while our study utilized a limited methodological framework, the 

preliminary findings offer crucial insights into fish physiology under high 

pCO2/low pH conditions. This research not only emphasizes the significance of 

shallow volcanic vents as natural experimental sites but also points to the need for 

further studies that integrate diverse methodologies to comprehensively 

understand the ecological and physiological implications of ocean acidification. 

Future research should aim to explore the long-term impacts of acidification on 

marine ecosystems, including the potential for shifts in community structure and 

function. Additionally, examining the interplay between microbial communities 

and their host species could unveil new dimensions of resilience in marine 

organisms facing climate change. 
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