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Abstract

Stress coping style (SCS) is crucial for animal welfare in the context of breeding. The link
between behavioural traits and physiological responses to external stimuli is increasingly
recognized and could orient the selection of appropriate SCSs for welfare-oriented breeding.
This study aimed to evaluate how SCS influences the physiological responses of Sparus
aurata, a widely used species in aquaculture, following Vibrio anguillarum stimulation. To
this end, the serum protein electrophoretic profile, analysed by capillary electrophoresis,
was used as an innovative parameter to assess physiological variations. S. aurata individuals
were categorized into three SCS groups—bold, shy, and intermediate —based on a risk-taking
test. Serum was collected at day O (pre-inactivated V. anguillarum inoculation) and at 30
and 60 days post-inoculation. Analyses revealed an increase in the (3;-globulin fraction,
putatively associated with molecules involved in the physiological response following
inactivated pathogen inoculation, accompanied by a decrease in the y fraction over time.
This trend was particularly pronounced in bold fish, while shy ones showed a similar but
less marked pattern. Overall, the results suggest that proactive individuals exhibit a more
marked physiological modulation to inactivated pathogen stimulation than reactive ones,
highlighting modulation of serum protein electrophoresis as a sensitive bioindicator of
physiological response in S. aurata.

Keywords: gilthead seabream; pathogen injection; behaviour; aquaculture; animal welfare

Key Contribution: This study shows that stress coping style affects the physiological
responses of gilthead seabream exposed to an inactivated pathogen. Capillary electrophore-
sis of serum proteins is presented as a sensitive method to assess immune function and
welfare-related physiological changes in cultured fish species.

1. Introduction

Nowadays, fish farming practices play a fundamental and increasingly significant role
as a global source of supply, compensating for the scarcity of these resources in nature [1-3].
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Numerous studies have considered the influence of animal welfare on production efficiency
and food safety in aquaculture practices, in addition to the widely regulated ethical implica-
tions that already underscore the importance of maintaining proper welfare conditions for
farmed fish [4-10].

To explain individual intraspecific behavioural and physiological variations, the con-
cept of SCS was introduced in recent decades [11]. It is defined as “a consistent set of
individual physiological and behavioural differences that are stable over time and con-
text in response to stress” [12]. In fish, as well as in other animal species, SCS has been
described as a continuum between two extreme phenotypes: proactive and reactive [13,14].
Behaviourally, proactive fish are generally bolder, more aggressive, dominant, and less
flexible to changes in routine, while reactive individuals exhibit an opposite behavioural
profile [11,13,15-18]. Evaluating stress coping style (SCS) appears to be an effective ap-
proach for selecting farmed fish to promote welfare, as divergent behavioural responses are
generally correlated with the physiological mechanisms of the stress response [13,19]. SCS,
indeed, seems to be related to growth performance [20-22], metabolic rate [23,24], defence
mechanisms, and resistance to diseases and parasites [18,25-27].

Several previous studies have investigated how different SCSs influence stress re-
sponse mechanisms in fish species of relevance for aquaculture, including Sparus au-
rata [15,18,28]. Indeed, S. aurata, which is predominantly produced through intensive
farming, is of the greatest interest in Mediterranean aquaculture [4]. It is a protandric
species, meaning it is born as a male and becomes female around the age of three years.
It is primarily carnivorous and lives either solitarily or in small groups. Its widespread
use in aquaculture is due to its robustness, plasticity, adaptability to diet, and resistance to
diseases, which enable it to adapt to a wide range of environmental conditions. S. aurata,
like other teleost species, tends to establish social interactions within the same environment
where they share resources such as space and food, creating a dominance hierarchy that
benefits some individuals while subjecting others to greater stress [29-31].

In fish, the response to stressors is mediated by the sympathetic nervous system (SNS)
and the hypothalamic—pituitary—interrenal (HPI) axis. The activation of these systems
triggers the release of catecholamines and cortisol. The presence of these hormones in
the circulatory system induces a cascade of events leading to the production of specific
molecules that help restore the organism to its homeostatic state [11,28,32].

Since stress can induce physiological or pathological changes in the animal body,
including alterations in blood composition, monitoring serum proteins can provide valuable
information on the organism’s condition. Serum proteins are involved in a wide range
of biological processes, including immune response, blood clotting, transport of vital
substances, and regulation of homeostasis. For this reason, the electrophoretic pattern of
serum proteins is an important diagnostic tool in human and veterinary clinical biology,
particularly in terrestrial farming [33-37].

In recent years, numerous studies have considered the modulation of serum protein
patterns to evaluate fish health status. In Cyprinus carpio, the modulation of serum proteins
has been studied in response to various environmental stressors, including exposure to
industrial effluents and heavy metals [38,39]. In Oreochromis niloticus, the modulation
of serum protein electrophoretic patterns in response to chromatic stress has also been
evaluated [40]. Similar approaches have also been applied by other researchers [41-43],
suggesting that the analysis of electrophoretic patterns could serve as a sensitive tool for
assessing physiological responses in fish.

The present study aims to evaluate the changes in the electrophoretic serum protein
pattern of S. aurata following inoculation with inactivated Vibrio anguillarum, a pathogenic
bacterium that causes vibriosis in fish and represents one of the major threats in aquacul-
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ture [44]. Specifically, the focus is on variations in the response according to different SCSs
(bold, shy, and intermediate) assigned through a risk-taking test [18].

To this end, an innovative approach was applied within the context of aquaculture,
based on the evaluation of the changes in the serum protein profile. This physiological
parameter could serve as a bioindicator of animal welfare in farming systems, particularly
when measured using a rapid and sensitive technique such as capillary electrophoresis.

2. Materials and Methods
2.1. Fish Housing

Fish housing followed the protocol described in Carbonara et al. (2022) [15]. In brief,
159 farmed fish were randomly selected and tagged with RFID transponders (Trovan
Dorset Identification BV, Aalten, The Netherlands) before being housed in three different
tanks with a stocking density of approximately 19 kg/m?. Throughout the trial, the fish
were maintained under a constant photoperiod of 12 h of darkness and 12 h of light in
oxygenated seawater (35%o salinity) at a constant temperature of 18 °C. These experimental
conditions were maintained for the entire duration of the study. The fish were fed once
daily with 1% of their total body weight using commercial Marine 3P pellets (Skretting,
Vignetto, Italy) via automatic feeders (Figure 1).

Antenna

SCS screening 0 days 30 days 60 days

RFID trasponder
implantation

7 days 30 days 30 days

Vibrio anguillarum inoculation (N=159)

;;;_

Figure 1. Experimental design and sampling timeline. Fish were first implanted with RFID tags,
then underwent a risk-taking screening to classify individuals as bold, intermediate, or shy. After a
7-day acclimation period, fish were inoculated with an inactivated V. anguillarum suspension. Blood
samples were collected at day 0 (the day of inoculation), day 30, and day 60 post-inoculation for
further analyses. Blue and red syringe icons indicate inoculation and blood sampling, respectively.

2.2. Risk-Taking Test (Stress Coping Style Screening)

Fish underwent a risk-taking test to identify bold, shy, and intermediate individuals;
the test was conducted twice with a one-week interval, and the first sampling was carried
out one week after the second test, as described in [18]. The rearing tank was divided into
two equal zones by a panel with a central opening 30 cm in diameter. After an overnight
acclimation period in the safe zone, the passage was opened, allowing the fish to access the
unfamiliar zone. An antenna (Dorset Identification BV, Aalten, The Netherlands) connected
to a computer was placed around the hole to detect the RFID tag and record the individual
ID each time a fish passed through. For each fish, the time required to make the first
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passage and the number of passages through the opening were recorded. The risk-taking
test ended when half of the fish had exited the sheltered zone, or after 4.5 h from the start
of the experiment [13]. At the end of the test, a score of 1 was assigned to the first half of
the fish that had entered the risk area. An additional score of 1 was assigned to fish with a
number of passages above the 67th percentile of the population [15]. In other cases, a score
of 0 was assigned. Fish with scores > 3 were considered bold; those fish with scores < 1 were
considered shy; those with scores between 1 and 3 were considered intermediate [15].

2.3. Inactivated V. anguillarum Inoculation

On day 0, all the 159 fish were inoculated with 0.2 mL of inactivated V. anguillarum,
killed by a 4%o formalin final concentration, from a pure colony of the reference strain V.
anguillarum (LMG 10861). The production method is described in [15]. To test its sterility,
the strain was incubated for 10 days at 25 °C and 37 °C on specific growth media (AS, SDA,
and RBCA). After two washes, the final concentration of the bacterial suspension was 107
colony-forming units (CFU)/mL.

2.4. Sample Collection

Three individuals representing each behavioural type (bold, shy, and intermediate)
were selected from each tank for a total of nine individuals per group for further analy-
sis. Blood samples were collected from the same individuals at each time point: 0 days,
30 days, and 60 days (0 days = day of inoculation, 30 days = 30 days after inoculation, and
60 days = 60 days after inoculation), as shown in Figure 1. Prior to sampling, the fish were
anaesthetized with clove oil, and blood was drawn from the first gill arch of each fish using
a heparinized syringe.

2.5. Protein Concentration Measurement

Serum protein concentration was measured using the Bradford method [45] using
TBS as a blank. The assay was conducted in triplicate on flat-bottom 96-well plates. The
absorbance was read at 595 nm, and the protein concentration was determined by inter-
polating a standard curve using bovine serum albumin (BSA) and expressed as mg/mL.
Serum was diluted 1:100 in TBS (Tris-Buffered Saline) and used for subsequent analyses.

2.6. SDS-PAGE (Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis)

For the SDS-PAGE analysis, one representative serum sample was selected for each
behavioural group and experimental time point, as the analysis was intended as a qualita-
tive, descriptive assessment of electrophoretic protein patterns and not for quantitative or
inferential purposes.

SDS-PAGE was performed on the samples according to the Laemmli method [46] using
a Bio-Rad mini gel kit. A 10% polyacrylamide gel was used under non-reducing conditions
to visualize proteins in their denatured structure. Wide-range standard Thermo Scientific
(Waltham, MA, USA), PageRuler Prestained Protein Ladder 26616 (10-180 kDa) was used
for gel calibration. Electrophoresis was carried out for 10 min at 60 V and then at 180 V
for an hour. After the run, the gel was gently shaken overnight at room temperature with
Coomassie Brilliant Blue. Destaining was performed in 0.1% acetic acid, 0.4% methanol in
distilled water, and the process was stopped with distilled water.

2.7. Capillary Electrophoresis

Serum protein analysis was performed using the capillary electrophoresis method.
This technique is based on the migration of analytes through a silica capillary, exploiting
the electroosmotic flow generated by applying a voltage to the system [47]. It separates
serum proteins according to their electrophoretic mobility, which depends on both charge
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and size. The output is an electropherogram displaying, for each fraction, the migration
time and a signal proportional to the relative amount present in the sample. Serum
protein profiles were obtained using a HELENA Nexus V8 automatic capillary analyzer,
following the manufacturer’s instructions (Helena Biosciences Europe, Gateshead, UK).
The electrophoretic profiles were manually fractionated using the instrument’s integrated
software. Based on previous literature, the serum protein profile was divided into seven
fractions, as shown in Figure 2. These bands were associated with pre-albumin (I), albumin
(II), oxq-globulins (I1I), xy-globulins (IV), 31-globulins (V), 2-globulins (VI), and y-globulins
(VII) [34,48,49].

40

Protein concentration (%)

150 200
(sec)

Pre-Alb Alb al a2 p1 B2 Y

Serum protein

Figure 2. Capillary electrophoresis profile of Sparus aurata serum proteins. Representative electro-
pherogram showing the distribution of the seven major serum protein fractions. The distinct peaks
correspond to pre-albumin (Pre-Alb), albumin (Alb), -, x2-, B1-, f2-, and y-globulins, separated
according to their electrophoretic mobility.

2.8. Statistical Analysis

To test differences in serum protein composition among behavioural treatments and
sampling times, univariate and multivariate distance-based permutational analyses of vari-
ance (PERMANOVAs) were performed [50,51]. The analyses considered the behavioural
group (three levels) and sampling time (three levels) as fixed factors. The assumption of
homogeneity of dispersions was tested using PERMDISP prior to PERMANOVA.

The variables represent compositional proportions, corresponding to seven serum
protein bands expressed as relative percentages summing to 100%. The data were subjected
to a centred-log-ratio transformation to remove the compositional dependence and make
the variables suitable for multivariate statistical analysis [52].

The PERMANOVAs were based on a Euclidean distance matrix calculated from the
transformed data, using 9999 permutations under unrestricted permutations of the raw
data (for univariate tests) or under a reduced model (for the multivariate test), with Type
III (partial) sums of squares [48].

Multivariate analyses assessed the main effects of each factor (Group and Time)
and their interaction (Group x Time) on the overall protein profile. To visualize the
multivariate patterns of similarity among samples, a Principal Coordinate Analysis (PCoA)
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was performed on the same Euclidean distance matrix used for the PERMANOVA. When
significant differences were detected, pairwise PERMANOVA tests were conducted to
explore differences among the factor levels. Because of the limited number of unique
permutations in the pairwise tests, p-values were obtained using Monte Carlo sampling.

To further investigate the response of individual protein bands, univariate PER-
MANOVAs were also performed using the same model structure (Group, Time, and
Group x Time interaction).

All statistical analyses were carried out using PRIMER v7 with the PERMANOVA
add-on (Plymouth Marine Laboratory) [53,54].

3. Results
3.1. Protein Concentration

The mean protein concentration of the serum sample was 73.22 & 10.17 mg/mL.

3.2. SDS-PAGE (Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis)

After destaining, the electrophoretic profile revealed distinct protein bands. In particular,
multiple bands were observed with molecular weights higher than 130 kDa, along with a
band at approximately 100 kDa. Well-defined bands were also visible at around 70, 60, and
50 kDa, as well as an additional faint band slightly under 40 kDa (Figure 3). For this analysis,
representative individuals were randomly selected from the available samples, comprising
one shy, one intermediate, and one bold fish for each of the three experimental time points.

0 days 30 days 60 days

A A

( shy int bolsthy int bold\( shy int bold \ std

LS P s o

]

| s> 180 kDa
S—-— 130 kDa

. s —> 100 kDa

o

S — 70 kDa

55kDa

40 kDa

35kDa

Figure 3. Protein analysis by SDS-PAGE on a 10% polyacrylamide gel. Sample proteins were separated
according to their molecular weight. Representative individuals were randomly selected from the
available samples (one shy, one intermediate, and one bold fish for each of the three experimental time
points); on the right, the molecular-weight standard marker (10-180 kDa) is shown as reference. Red
arrows on the left indicate the most clearly identifiable protein bands.

3.3. Capillary Electrophoresis Analyses on S. aurata Samples

Capillary electrophoresis was performed on serum samples from S. aurata. The analy-
sis provided quantitative data expressed as relative percentages of protein concentrations.
As shown in Figure 4, the graphical representation of mean values + standard deviation
illustrates the overall consistency of the protein fraction profiles across the population,
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displaying an almost constant pattern among samples. The means and standard deviations
of protein fractions for each stress coping style are reported in Table 1.

Global Average Protein (%)

35
o 30
2
825 I
=
S
g 20
S
g1 I
8
£ 10
X 5

0

pre-alb alb al a2 Bl B2 Y

Serum protein

Figure 4. Mean protein concentration (%) in the global population. Bars represent the mean values
of the seven different fractions: pre-albumin (Pre-alb), albumin (Alb), and «4-, oz-, f1-, B2-, and
v-globulins; error bars indicate the standard deviation (£SD).

Table 1. Protein fraction percentages by stress coping styles (SCSs). Mean =+ standard deviation of the
percentage of protein concentration for each protein fraction in the shy, intermediate, and bold groups
across the three time points.

0 Days 30 Days 60 Days
Shy Intermediate Bold Shy Intermediate Bold Shy Intermediate Bold

pre alb 6.48 & 1.42 4.39 £ 1.68 4.69 £ 1.64 5.68 £1.73 6.74 + 2.60 495+ 191 6.39 +3.63 6.37 £1.32 3.82+1.58
Alb 795+ 1.19 12.40 £ 3.75 7.50 +2.98 7.13 +1.68 9.34 £3.29 6.85 + 3.35 7.07 £2.92 8.94 +1.63 894+ 1.73
o 13.70 £ 3.93 13.70 & 3.36 12.40 £ 4.42 13.44 £ 4.52 13.44 +4.13 12.08 - 4.78 11.38 & 4.06 13.34 & 3.61 14.11 4+ 4.86
o 12.40 £ 4.11 19.64 +5.14 14.63 +5.70 17.22 +7.08 15.75 & 4.05 15.81 & 2.96 18.64 £ 2.38 15.99 4 2.38 17.29 4+ 3.85
B1 20.11 4+ 3.74 24.77 £ 2.97 19.27 £ 212 22.07 +£5.13 21.53 + 3.61 222 +£4.82 21.61 4 4.08 21.37 4 5.00 21.37 +4.90
B2 19.50 £+ 5.13 2248 £ 3.64 2248 + 3.89 25.92 + 6.43 21.60 + 4.89 28.06 +2.91 21.37 +3.95 23.63 & 3.93 23.63 + 5.01
Y 14.59 £+ 4.99 8.78 £1.91 19.35 + 5.42 8.53 +0.98 9.09 +£1.81 10.04 + 1.76 9.83 £2.19 10.33 +2.19 10.33 £+ 1.57

The assumption of homogeneity of dispersions was tested using PERMDISP. In most

cases, PERMDISP results were not significant (p > 0.05), indicating comparable within-
group dispersion. Significant differences in dispersion were detected only for the x,- and
v-globulin fractions in relation to sampling time (p < 0.05).

Statistical analyses (PERMANOVA and pairwise tests) were performed to iden-

tify significant differences in relation to the two main factors: sampling time and

behavioural classification.
Multivariate PERMANOVA results indicate that both behavioural classification and

sampling time influence plasma protein composition (Table 2). Pairwise comparisons reveal
significant differences between the bold and intermediate groups at both 0 days and 60 days
(Table S1). Additionally, significant temporal changes were observed within the bold group,
with differences between 0 and 30 days and between 0 and 60 days (Table S2). The intermediate
group also showed a significant difference over time between 0 and 60 days (Table S2).
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Table 2. Effects of stress coping style (SCS) and time on serum protein patterns. PERMANOVA
analyses were conducted separately for each individual protein fraction (univariate analyses), whereas
the row labelled “Total” refers to a multivariate PERMANOVA performed on a distance matrix
constructed using all serum protein fractions jointly. Output of PERMANOVA tests examining
the effects of SCS (bold, shy, intermediate), time (0 days = day of inoculation; 30 days = 30 days
after inoculation; 60 days = 60 days after inoculation), and the interaction between two factors on
serum protein pattern: pre-albumin (Pre-alb), albumin (Alb), and «;, &y, 31, B2, and y globulins.
P (MC) = probability level; n.s. = not significant; *** p < 0.001; ** p < 0.01; * p < 0.05.

Serum
Protein
SCS Time SCS x Time
Pseudo-F P (MCQ) Pseudo-F P MCQ) Pseudo-F P (MC)
Pre-alb 3.653 * 0.411 n.s. 1.849 n.s.
Alb 2.792 n.s. 0.711 n.s. 2.915 *
1 0.331 n.s. 0.904 n.s. 0.777 n.s.
[0 03 1.049 n.s. 0.648 n.s. 1.280 n.s.
B1 0.607 n.s. 0.197 n.s. 1.913 n.s.
B2 1.534 n.s. 4.107 * 1.780 n.s.
2% 10.109 i 12.883 i 5.183 wEx
Total 2.884 ** 1.895 n.s. 2.141 **

Principal Coordinate Analysis (PCoA) was performed to visualize differences in
plasma protein profiles among the three stress coping styles (bold, intermediate, and shy)
across the three sampling times. The first two principal coordinates (PCol and PCo2)
explained 36.1% and 20.5% of the total variation, respectively (Figure 5a). The boxplots in
Figure 5 illustrate statistically supported differences among groups based on univariate
PERMANOVA analyses of the PCoA scores and pairwise test: PCol primarily separated
the shy and bold groups (Figure 5b), while PCo2 highlighted differences involving the
intermediate group, distinguishing it from both shy and bold groups (Figure 5c).

1.09 15 1.0
. A AB B A B A
o
€ 10
S 054 n A A& 0.5
g . " Ly scs
2 % g ] m ¥ A 05 ® bold
T 004 *,J R 0.0 int
[s} - N
= a2 4 x = 200 o
g Pre-alb A‘fz B1 A & e ® shy
& -05{ Ab e a3 Time
& ¥ o8 A 0day
N
3 101 16 -10 M 30 days
o R * 60 days
154 -15 -15
r T T T T T 1
15  -10  -05 0.0 05 1.0 15
PCo1 (36.1% of total variation)
(a) (b) (9

Figure 5. Principal Coordinate Analysis (PCoA) based on plasma protein profiles. (a) Distribution
of samples along the first two principal coordinates (PCol and PCo2). Symbols represent sampling
times: 0 days (triangles) = day of inoculation, 30 days (squares) = 30 days after inoculation, and

60 days (stars) = 60 days after inoculation. Colours indicate different stress coping styles (SCSs):
red = bold, yellow = intermediate, blue = shy. Grey arrows represent the main contributions of protein
fractions: pre-albumin (Pre-alb), albumin (Alb), and &, xy, B1, B2, and y globulins. The grey
dot represents the centroid of samples in the PCoA ordination space. (b,c) Boxplots of the first two
principal coordinates (PCo1l and PCo2) for each coping style. Different letters above the boxes indicate
statistically significant differences between groups (p < 0.05), based on univariate PERMANOVA
analyses of the PCoA scores and pairwise test.
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The following section describes the results of the univariate PERMANOVA analyses
for each protein band. Summary tables are provided in the Supplementary Material
(Tables S1 and S2).

3.3.1. Pre-Albumin

At 0 days, pre-albumin was significantly higher in shy individuals compared to both
intermediate and bold groups. No significant differences between groups were observed
at 30 days. At 60 days, pre-albumin was significantly higher in the intermediate group
compared to the bold group. The shy group also showed a higher value than the bold group,
although this difference was not statistically significant. Regarding temporal variation
within each group, pre-albumin showed a marked increase from 0 to 60 days in the
intermediate group, while no significant changes were observed over time in the shy or bold
groups (Figure 6).

Pre-Alb

8 r aaa aaba aba
" *

7 | [

ol |

% Concentration

0 30 60
Time (days)
=== Bold Int e=@e=Shy

Figure 6. Pre-albumin (Pre-Alb) trends over time for each SCS (stress coping style). Relative per-
centages of serum protein fractions across three behavioural groups (bold, intermediate, and shy) at
three time points (0 days = day of inoculation; 30 days = 30 days after inoculation; 60 days = 60 days
after inoculation). Data are presented as mean =+ standard error. (*) indicates significant differences
between SCS groups within the same sampling time. Letters indicate comparisons among different
time points within the same behavioural group: different letters denote the presence of statistically
significant differences over time, whereas identical letters indicate no significant differences. Line and
symbol colours identify the different behavioural groups (red = bold; yellow = intermediate; blue = shy).

3.3.2. Albumin

At 0 days, albumin levels were similar across bold, intermediate, and shy individuals.
At 30 days, no significant differences were observed between groups, although the levels
in the intermediate group appeared slightly higher than those in the bold and shy groups.
At 60 days, albumin levels were significantly lower in bold individuals compared to in
intermediate ones, likely due to opposite temporal trends in the two groups: the relative
percentage increased significantly in the intermediate group, remained constant in the shy
group, and decreased in the bold group over the experimental period (Figure 7).
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Figure 7. Albumin (Alb) trends over time for each SCS (stress coping style). Relative percentages
of serum protein fractions across three behavioural groups (bold, intermediate, and shy) at three time
points (0 days = day of inoculation; 30 days = 30 days after inoculation; 60 days = 60 days after
inoculation). Data are presented as mean =+ standard error. (*) indicates significant differences
between SCS groups within the same sampling time. Letters indicate comparisons among different
time points within the same behavioural group: different letters denote the presence of statistically
significant differences over time, whereas identical letters indicate no significant differences. Line and
symbol colours identify the different behavioural groups (red = bold; yellow = intermediate; blue = shy).

3.3.3. «1-Globulins

No significant differences in «4-globulin concentrations were observed among be-
havioural groups at 0, 30, or 60 days. Within-group temporal trends showed that both the
shy and intermediate groups decreased from 0 to 60 days, although the intermediate group
displayed a transient increase at 30 days. In contrast, the bold group remained nearly
constant from 0 to 30 days and increased at 60 days. Despite these temporal variations,
none of the changes over time within each group were statistically significant (Figure 8).

g
18 ¢
asa
17 } _I_
g16 asa l asa
E 15
§ 14 %
8
St . |
St
11
10
0 30 60
Time (days)
=B old Int  e=@u=Shy

Figure 8. «;-globulin trends over time for each SCS (stress coping style). Relative percentages of
serum protein fractions across three behavioural groups (bold, intermediate, and shy) at three time
points (0 days = day of inoculation; 30 days = 30 days after inoculation; 60 days = 60 days after
inoculation). Data are presented as mean =+ standard error. Letters indicate comparisons among
time points within the same behavioural group: different letters denote the presence of statistically
significant differences over time, whereas identical letters indicate no significant differences. Line and
symbol colours identify the different behavioural groups (red = bold; yellow = intermediate; blue = shy).
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3.3.4. xp-Globulins

At 0, 30, and 60 days, no significant differences in ay-globulin concentrations were
detected between behavioural groups. Within-group temporal trends showed distinct
patterns for each coping style. The shy group remained nearly constant from 0 to 30 days
and exhibited a subsequent increase at 60 days. The intermediate group displayed higher
values than the bold group at 0 days, followed by a decrease, particularly from 0 to 30 days,
which was maintained at 60 days. In contrast, the bold group showed a slight but steady
increase from 0 to 60 days. Despite these temporal variations, none of the changes over
time within each group were statistically significant (Figure 9).
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Figure 9. x;-globulin trends over time for each SCS (stress coping style). Relative percentages of
serum protein fractions across three behavioural groups (bold, intermediate, and shy) at three time
points (0 days = day of inoculation; 30 days = 30 days after inoculation; 60 days = 60 days after
inoculation). Data are presented as mean =+ standard error. Letters indicate comparisons among
different time points within the same behavioural group: different letters denote the presence of sta-
tistically significant differences over time, whereas identical letters indicate no significant differences.
Line and symbol colours identify the different behavioural groups (red = bold; yellow = intermediate;
blue = shy).

3.3.5. 31-Globulins

At 0 days, 31-globulin concentrations were higher in the intermediate group compared
to both bold and shy individuals. By 30 days, the differences between groups were no
longer apparent, and at 60 days, bold individuals displayed the highest values, although
these differences were not statistically significant. Within-group temporal trends showed
a significant increase in 31-globulin concentrations in bold individuals from 0 to 60 days,
indicating an overall increase over the course of the experimental period. In contrast, no
significant temporal changes were observed in the intermediate or shy groups, although
a minor decrease was observed in the intermediate group and a minor increase in the shy
group from 0 to 30 days (Figure 10).
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Figure 10. 31-globulin trends over time for each SCS (stress coping style). Relative percentages of
serum protein fractions across three behavioural groups (bold, intermediate, and shy) at three time
points (0 days = day of inoculation; 30 days = 30 days after inoculation; 60 days = 60 days after
inoculation). Data are presented as mean =+ standard error. (*) indicates significant differences
between SCS groups within the same sampling time. Letters indicate comparisons among different
time points within the same behavioural group: different letters denote the presence of statistically
significant differences over time, whereas identical letters indicate no significant differences. Line and
symbol colours identify the different behavioural groups (red = bold; yellow = intermediate; blue = shy).

3.3.6. 32-Globulins

At 0 days, [3p-globulin concentrations were similar across bold, intermediate, and shy
individuals. At 30 days, bold individuals showed significantly higher concentrations than
the intermediate group, while no differences were observed in the other groups. By 60 days,
differences between groups were no longer significant. Within-group temporal trends revealed
that bold individuals displayed a significant increase at 30 days, followed by a slight decrease
at 60 days, although levels remained above baseline. The shy group exhibited a similar pattern,
with an increase at 30 days and a decrease at 60 days, but these changes were not statistically
significant. The intermediate group showed an almost stable trend over time, with a slight and
non-significant decrease at 30 days, followed by recovery at 60 days (Figure ??).
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Figure 11. 3,-globulin trends over time for each SCS (stress coping style). Relative percentages of
serum protein fractions across three behavioural groups (bold, intermediate, and shy) at three time points
(0 days = day of inoculation; 30 days = 30 days after inoculation; 60 days = 60 days after inoculation).
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Data are presented as mean =+ standard error. (*) indicates significant differences between SCS groups
within the same sampling time. Letters indicate comparisons among different time points within the
same behavioural group: different letters denote the presence of statistically significant differences
over time, whereas identical letters indicate no significant differences. Line and symbol colours
identify the different behavioural groups (red = bold; yellow = intermediate; blue = shy).

3.3.7. y-Globulins

At 0 days, y-globulin concentrations were significantly lower in the intermediate
group compared with bold individuals, while no significant differences were observed
at 30 or 60 days. Within-group temporal trends showed that bold individuals displayed a
significant decrease in y-globulin concentrations at both 30 and 60 days compared to 0 days.
The shy group also displayed a significant decrease, but only between 0 and 30 days. In
contrast, the intermediate group showed a relatively constant trend across all three time
points (Figure 12).
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Figure 12. y-globulin trends over time for each SCS (stress coping style). Relative percentages of
serum protein fractions across three behavioural groups (bold, intermediate, and shy) at three time
points (0 days = day of inoculation; 30 days = 30 days after inoculation; 60 days = 60 days after
inoculation). Data are presented as mean =+ standard error. (*) indicates significant differences
between SCS groups within the same sampling time. Letters indicate comparisons among different
time points within the same behavioural group: different letters denote the presence of statistically
significant differences over time, whereas identical letters indicate no significant differences. Line and
symbol colours identify the different behavioural groups (red = bold; yellow = intermediate; blue = shy).

4. Discussion

Ensuring proper welfare conditions in aquaculture is crucial, as fish maintained under
low-stress and healthy conditions exhibit improved flesh quality in the final product, as
reported in the literature [11]. Fish welfare profoundly affects the market and is increasingly
valued by consumers, not only for health aspects related to the product but also from an
ethical perspective [55]. In captivity, fish face different challenges from those in the wild,
including limited space and high stocking densities, which increase the risk of spreading
infectious diseases and affect social interactions. A major challenge in recent years has been
to identify reliable indicators for assessing and maintaining fish welfare [11].

The literature suggests an association between behavioural type and stress-related re-
sponses [13,19]. From this perspective, it is particularly relevant to explore how stress coping
styles are mirrored in measurable physiological responses. Given the need for rapid and reli-
able welfare assessment tools in aquaculture, this study examined the physiological responses
of S. aurata in relation to different stress coping styles. Fish challenged with inactivated V.
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anguillarum exhibited significant time-dependent changes in serum protein electrophoretic
patterns, which varied according to their individual coping style. For a more in-depth descrip-
tion of the behavioural classification and additional details on individual behaviour associated
with stress coping style, readers are referred to previous studies [15,18].

The SDS-PAGE analysis (Figure 3) revealed an electrophoretic profile characterized
by distinct protein bands with particularly intense signals in the 70 kDa region. Similar
electrophoretic patterns have been previously reported in S. aurata serum, where a major
serum component around 70 kDa was described [56]. In that study, the strong signal in this
molecular weight range was shown to include 3-globulins, particularly serotransferrin (70-80
kDa), identified as one of the most abundant and conserved serum proteins in this species [56].
Additional bands detected between 45 and 55 kDa, and around 40 kDa, as well as several
high-molecular-weight bands above 130 kDa, are consistent with the electrophoretic profile
that was recently reported by Campos-Sanchez and colleagues, in which proteins within
these molecular-weight ranges were associated with serum components mainly involved
in transport and immune-related functions [56]. Although no protein identification was
performed in the present study, the qualitative similarity of the electrophoretic profiles suggests
consistency with previously described serum protein patterns.

Capillary electrophoresis, applied in this study, proved to be a rapid and highly
sensitive method, capable of detecting subtle variations in protein fractions that may
be less evident in PAGE analyses. This approach allowed a detailed characterization of
serum protein composition, facilitating the identification of quantitative differences among
individual fish and stress coping styles.

Across the sampled population, the electrophoretic trends obtained from capillary
electrophoresis were largely overlapping (Figure 4). The resulting spectra showed higher
peaks at higher mobility times. Based on the literature data, seven bands were hypothesized
to be associated with pre-albumin, albumin, «;-globulin, xp-globulin, (3;-globulin, 33-
globulin, and y-globulin, respectively [34,48,49]. According to this hypothesis, it seems that
the predominant fractions are the 3-globulins; «-globulin fractions are also well represented,
while y-globulins fractions are less abundant. As for pre-albumin, it represents the least
abundant fraction, with an average percentage of about 5%, whereas albumin, hypothesized
in the second fraction, represents about 10%, unlike human or mammalian serum, where
albumin represents the predominant fraction [34].

Observing the trend of albumin, at 60 days the percentage is lower in bold individuals
compared to intermediates (Figure 7), probably due to a compensatory response strategy
involving an increase in other serum proteins at the expense of albumin, as previously
observed in C. carpio [39]. A similar trend is seen for pre-albumin, which at 60 days is
significantly lower in both the bold and shy groups, likely due to the notable increase in its
relative percentage from 0 to 60 days in the intermediate group (Figure 6).

Previous studies have conducted electrophoretic analyses on S. aurata serum, reporting
dissimilar trends among them, suggesting that this aspect should be further investigated. In
particular, the effects of winter syndrome on S. aurata fish stocks, with a focus on the impact
of low temperatures on plasma composition, have been investigated. Although a decrease
in albumin concentration was observed in relation to temperature decline, in fish acclimated
to approximately 16 °C, it still accounted for about 25-30% of the total [56]. Other studies
using proteomic approaches to evaluate the immunomodulatory effects of copper suggested
an overestimation of the albumin fraction (around 20-25%). The most abundant fraction was
instead the third fraction (around 50%), likely related to x-globulins [57].

A recent study investigated the relative abundance of S. aurata blood proteins and
their modulation over time in healthy individuals using a similar capillary electrophoresis
method applied in the present study and considering the same seven protein fractions.
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Albumin was identified as the main contributor (23.39%), followed by 31 and o, globulins
(19.71% and 19.15%, respectively), whereas the v and «; fractions showed the lowest
contributions (5.34% and 8.63%), with minimal variations over time [48].

Recently, the complete absence of the albumin fraction in the serum of S. aurata was
observed [56]. The author hypothesizes that this result could be explained by the presence
of another low-molecular-weight protein, apolipoprotein C-I-like, which replaces the fatty
acid transport function of albumin. The « fraction was also found to be less abundant than
in mammals and, similarly to what is hypothesized for albumin, its functions are likely
carried out by other proteins specific to teleosts. In contrast, the most abundant fraction
was found to be the 3 globulins, in agreement with the present study, underscoring the
fundamental role it plays in maintaining homeostasis. Finally, the y fraction was also
present, but in smaller proportions [58].

Following inoculation with inactivated V. anguillarum, significant temporal changes
were observed in serum protein electrophoretic profiles. The most notable findings concern
the significant modulation of the first, second, sixth, and seventh serum protein fractions,
hypothesized to correspond to pre-albumin, albumin, and 3 and y globulins, both over
time and among different stress coping styles (SCS). Following the inoculation, the protein
concentration attributed to the y-globulins fraction decreased over time for both bold and
shy individuals, whereas it showed practically no variation in the intermediate group. Addi-
tionally, at 0 days, day of inoculation of the inactivated pathogen, bold group individuals,
on average, presented a more abundant vy fraction, especially compared to the intermediate
group; in 60 days, however, this difference diminishes (Figure 12). PERMDISP analyses
further indicated significant differences in dispersion for the y-globulin fraction across
sampling times, reflecting changes in within-group variability.

The sixth band, hypothesized to correspond to the (3, fraction, undergoes a significant
increase for bold individuals from 0 days to 30 days after inoculation, which then diminishes
at 60 days after inoculation, with the same trend, albeit less markedly, repeating for shy
individuals (Figure ??). In contrast, the intermediate group did not exhibit significant tempo-
ral modulation of the 3, fraction, with only minor, non-significant variations observed at
30 and 60 days after inoculation, resulting in an overall stable profile.

According to the literature, the 3 and 'y fractions are known to include proteins involved
in defence and immune-related processes [34]. Carbonara and colleagues, in a previous
study, analysed the modulation of IgM expression to evaluate the effect of inoculation with
the inactivated pathogen V. anguillarum. The results showed an increase in total antibodies,
particularly in bold individuals at 30 days compared to the control; these fish seemed to
respond more effectively than shy individuals, although levels returned to lower values by 60
days. Conversely, swimming activity was higher in shy individuals compared to bold ones at
30 days, while the differences diminished by 60 days, suggesting that bold individuals may
concentrate their energy on the immune response following vaccination. Moreover, in the
same study, bold fish showed higher levels of hematocrit, lysozyme, and total proteins, which
could be associated with better health status and nonspecific immunity [24,28].

The present results indicate that, following stimulation with inactivated V. anguillarum,
the 3 (VI) and y (VII) fractions exhibit distinct temporal modulation over the experimental
period, characterized by an increase in the 3 fraction and a reduction in the y fraction. The
concentration of 3-globulins indeed increases over time, both for bold and shy individuals, but
more markedly for the former, consistent with the results obtained in the previous study [15].

As for intermediate individuals, they did not consistently show patterns that were
intermediate between those of bold and shy fish. This may suggest that bold and shy indi-
viduals adopt comparable response strategies with respect to 3 and y fraction modulation,
while intermediate adaptation styles do not simply represent a midpoint between the two
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extremes, but rather a more heterogeneous physiological condition, which could be of
interest for further investigation using larger sample sizes.

Overall, based on the behavioural classification previously described by Carbonara
and colleagues, the significant differences observed in the electrophoretic patterns across
the three experimental time points following pathogen inoculation indicate that responses
vary according to the coping style adopted, supporting the hypothesis of a relationship
between behaviour and physiological and immune response [15,18]. This interpretation
is also consistent with previous findings in the literature. Indeed, Alfonso and colleagues
demonstrated that in sea bream, the SCS is associated with energy consumption patterns, and
the energy balance may be the key to explaining the differences in immune response linked to
SCS [28]. Within this framework, proactive individuals seem to respond more effectively to
the stress caused by inoculation with the inactivated pathogen under farming conditions than
reactive ones, consistent with other case studies in the literature [59-61], whereas intermediate
individuals appear to display a more heterogeneous physiological response.

A previous study demonstrated that cohabitation and hierarchy have physiological
effects. Following the establishment of a social hierarchy through controlled models, levels
of cortisol, glucose, lactate, and osmolarity, indicators of primary and secondary stress
responses, were measured. These values were higher in subordinate fish compared to
dominant ones, with the highest levels observed in y subordinates compared to beta
subordinates. In contrast, phagocytic activity was higher in dominant fish compared to
subordinates [62]. In this regard, phagocytic activity seems to be correlated precisely with
the higher stress state of subordinate fish; indeed, a dose-dependent inhibitory effect of
cortisol on the phagocytic cells of S. aurata has been demonstrated, indicating a more
pronounced stress-induced immuno-inhibition effect in subordinate fish compared to
dominant ones [63]. Similar results were obtained by Montero and colleagues, who found
that subordinate S. aurata individuals had higher plasma cortisol levels and a reduced
immunological potential, highlighting a heightened stress state, as well as lower feed
consumption and consequently reduced growth [64].

In line with these considerations, the development of standardized methods based on
serum protein models as innovative and rapid indicators could contribute to improving
the assessment of welfare conditions, not only for S. aurata but also for other commonly
farmed species. It would also be valuable to deepen the understanding of the physiolog-
ical responses triggered by different behavioural types in response to various stressors,
considering fish life stages, which influence social relationships, and different farming con-
ditions. For example, the approach used in this study could also be applied to polyculture
conditions, where it would be useful to evaluate both intra- and interspecific interactions.
Polycultures are more sustainable and resource-efficient, as they are based on circular
economy principles and the reuse of nutrients within the farming system. Understanding
the interactions between co-farmed species could therefore promote the development of
polyculture farming systems, maximizing the welfare of farmed species.

5. Conclusions

The present study shows the modulation of serum protein electrophoretic patterns
in Sparus aurata, following inoculation with an inactivated pathogen, considering the
previously defined stress coping styles (shy, bold, and intermediate). The results suggest
that proactive individuals show a more pronounced modulation in response to inactivated
pathogen stimulation than reactive ones, at least regarding the parameter analysed. In
particular, the modulation of the 3 and vy fractions suggests that bold and shy individuals
may adopt comparable modulation patterns, albeit with different intensities, whereas
intermediate individuals do not appear to represent a simple midpoint between the two
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extremes, but rather a more heterogeneous physiological condition, characterised by less
pronounced modulation and relatively stable values over time. These findings should be
confirmed in future studies involving larger sample sizes. Additionally, the modulation
of the electrophoretic pattern shows potential as a complementary physiological indicator
related to the welfare of S. aurata under farming conditions, and it is already widely used in
human and veterinary clinical practice, although further investigation is necessary. These
insights may contribute to the development of more sustainable and efficient farming
practices through improved welfare assessment.
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