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Among all the mucosal barriers, the skin and its surrounding mucus are possibly the
main defensive tool against changes in the environment that can be harmful for
fish. Due to the extraction of this mucus being less invasive, the study of its
production and functions has attracted great interest in recent years. However,
there are still many gaps concerning the sampling process as well as the possible
alterations in skin integrity and mucus composition. In the current study, the effects
of skin mucus extraction were determined by comparing the effects of a single
extraction (single extraction group, SEG) with those of three successive extractions
separated by 3 days (repetitive extractions group, REG). Intact skin histology
without mucus extraction (QEG) and both plasma and skin mucus biomarkers
and antibacterial capacities were also assessed. Regarding the skin histology and
skin barrier properties, both the SEG and REG did not show differences in the intact
skin. Interestingly, repetitive mucus extractions seemed to activate skin mucus
turnover, significantly increasing the number of small-sized mucous cells (cell
area< 100 ym?) and reducing the number of large-sized mucous cells (cell area >
150 pm?). Repetitive extractions significantly decreased the amounts of soluble
protein and increased cortisol secretion. These metabolites remained unaltered in
the plasma, indicating different responses in the plasma and mucus. Despite
changes in the mucus biomarkers, antibacterial capacity against pathogenic
bacteria (Pseudomonas anguilliseptica and Vibrio anguillarum) was maintained in
both the plasma and mucus irrespective of the number of mucus extractions.
Overall, the mucus sampling protocol had little effect on skin integrity and mucus
antibacterial properties, only modifying the amounts of soluble protein exuded and
stimulating mucous cell replacement. This protocol is a feasible and minimally
invasive way of studying and monitoring fish health and welfare and can be used as
an alternative or a complement to plasma analysis. This methodology can be
transferred to farm culture conditions and be very useful for studying threatened
species in order to preserve fish welfare.
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1 Introduction

Fish skin has evolved to perform several different functions. The
skin mucosa (skin layers plus the exuded mucus) acts as a dynamic
and semipermeable barrier that is involved in several functions in fish,
such as osmoregulation, respiration, nutrition, and locomotion
(Shephard, 1994; Esteban, 2012; Sanahuja and Ibarz, 2015). Several
sensory receptors are also present on the skin surface together with
chromatophores, often located under iridocytes or leucophores,
which one of their function is effectively camouflaging the animal
by reproducing the colors of the surroundings (Weitzman and
Parenti, 2021). As a layer of active living cells, fish skin also has a
set of cells specialized in the secretion of a mucus substance that
covers and protects the entire surface of the fish. The main mucus-
producing cells are the goblet cells that are almost universally present
in the skin of fishes, proving its important secretory function.
However, there are some exceptions such as the ancient lampreys
and some teleost fish (Elliott, 2011). In these species, mucus is
secreted by epithelial cells, which have been suggested to be the
precursors of the common goblet cells. This indicates that the skin
mucus acquires its composition from the skin epidermal cell complex.

Skin mucus is a complex matrix with several functions. It is
mainly composed of water and mucins, which are specialized
glycoprotein molecules that provide rheological, viscoelastic, and
adhesive characteristics to the surface of the fish body (Fernandez-
Alacid et al., 2018). Proteomic studies in several fish species have
revealed that skin mucus is a complex matrix with numerous proteins
(Cordero et al., 2015; Sanahuja and Ibarz, 2015; Patel and
Brinchmann, 2017; Faeste et al., 2020), some of which have been
identified as biomarkers of stress (Pérez-Sanchez et al., 2017;
Sanahuja et al., 2019a; Fernandez-Montero et al., 2021). Mucus also
contains several proteins with defensive enzymatic activity, such as
lysozyme and several isoforms of esterases, proteases, and
antiproteases, among others (Firth et al., 2000; Sanahuja et al,
2019b; Sanahuja et al, 2020; Sridhar et al, 2021). This immune
capacity has been investigated in several studies, which have
demonstrated the antimicrobial and antiparasitic capacities of
mucus (Conforto et al., 2021; Fernandez-Montero et al., 2021; Firth
et al., 2000; Sanahuja et al., 2019b).

In addition to the defensive role in fish health, skin mucus
possesses other interesting qualities that can be determined to
evaluate fish welfare. Some studies have shown parallel reactions in
the skin and its mucus in response to dietary modifications (Reyes-
Lopez et al,, 2021) and in response to physical damage (Saleh et al.,
2018; Sveen et al., 2019). Therefore, the sum of the properties offered
by both matrices, the skin and its mucus, is crucial for the survival of
these aquatic animals and for them to cope with changes in the
environment. Natural changes in the water, such as in the salinity,
temperature, and pH (Balebona et al., 1995; Ordofez-Grande et al.,
2020; Ordofez-Grande et al,, 2021; Wang et al., 2021), as well as the
presence of contaminants (Dallarés et al., 2020; Omidi et al., 20205
Mosley et al., 2018) elicit physiological changes in the composition of
skin mucus. Due to its dynamism and plasticity as well as its
modulation by physiological factors, this matrix has an interesting
and potentially useful role in aquaculture as an accessible indicator to
evaluate the effects of new feeds and dietary additives (Firmino et al.,
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2021; Gisbert et al., 2021) or culture conditions in farmed fish (Vakili
et al., 2021). It could also be used as an ecological indicator reflecting
the impact of changes in natural environmental conditions on wild
fish (Fernandez-Alacid et al., 2018).

Skin mucus differs from other viscous/liquid matrices (such as
blood, feces, seminal fluid, and urine) in its external location, thus
being more accessible and avoiding excessive manipulation of the fish
in order to obtain it. Its collection can be, at least, less invasive than
that of the other above-mentioned matrices. As skin mucus is a non-
conventional matrix, there is no consensus for its collection, storage,
or analysis. Thus, existing methodologies in the literature use different
materials and techniques. Mucus sampling procedures may alter the
external barrier by affecting the upper layers of the skin, which are
involved in mucus production and secretion (Elliott, 2011; Ivanova
et al,, 2018; Tartor et al., 2020), thus changing its efficiency as well as
impacting the validity of subsequent samplings. The potential
defensive ability of the skin barrier, which is composed of skin and
mucus layers, can be inferred from the mucus-producing capacity and
by measuring the morphological traits of mucus-related cells
(Pittman et al., 2013; Dang et al., 2020). Variations in these traits
indicate the health of the barrier and its potential to cope with
environmental challenges. The degradation of this barrier offers
access to potential opportunistic pathogens or deleterious chemicals
present in the surrounding water that can affect fish health and lead to
a decline in fish welfare.

In view of the recent studies proposing the evaluation of skin
mucus biomarkers as a minimally-invasive method and regarding the
controversy on the possible deleterious impact of its collection on skin
integrity and functional capacity, we aimed to evaluate the feasibility
of skin mucus utilization as a non-invasive tool by: (1) determining
the systemic response against the repetitive extraction of skin mucus
by analyzing several mucus and plasma biomarkers, and (2)
determining the skin barrier status and the effectiveness of skin
mucus against possible infections. This knowledge will be valuable
in determining the utility of mucus biomarkers and developing best
practices for its collection and usage to monitor fish statuses in both
“indoor” and field studies.

2 Material and methods
2.1 Animals and experimental procedures

Juvenile gilthead sea bream (277.3 + 11.7 g) from local providers
were acclimated indoors at the Center of Marine Sciences (CCMAR) in
the Ramalhete marine station (Faro, Portugal). The fish were reared for
one month in open-flow 1000-L fiberglass tanks supplied with running
seawater pumped from a marine environment, under natural
temperature (17.9 £ 0.2°C) and salinity (34.5 + 0.1%o) conditions.
The fish were exposed to a simulated natural photoperiod (October-
November) and fed twice a day (2.5% w/w) with a commercial diet
(Sparos, Portugal). Oxygen, pH, and ammonia were monitored daily to
ensure the best culture conditions. Two weeks before the start of the
experiment, 30 fish were randomly distributed between three groups in
six 500-L fiberglass tanks (5 fish per tank, density 2.8 kg m™ per tank;
two tanks per group) under the same conditions as described above.
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The three separate experimental groups were designed as follows:
(1) a control group (@ Extraction Group, @EG) was kept untouched
until the end of the experiment for histological purposes; (2) a Single
Extraction Group (SEG), in which both skin mucus and blood were
extracted at the end of the experiment; (3) and a Repetitive
Extractions Group (REG), in which skin mucus was collected three
times total, with a 3-day interval between the samplings, and blood
was extracted at the end of the experiment.

2.2 Sample collection

For the first two samplings of the repetitive extraction group, the
fish were lightly anesthetized (buffered 150 mg/L of MS-222, Sigma-
Aldrich, Spain) to facilitate handling, avoid fish injuries and mucus
loss through rubbing against the tank and other fish, and reduce stress
due to manipulation. Skin mucus was immediately collected following
the method described by Fernandez-Alacid et al. (2018). To minimize
the stress and harm to the animals, mucus was collected quickly (time
per fish< 1 min) using sterile glass slides, moving from behind the
operculum in a front to caudal direction on the dorsal region over
the lateral line. A sterile slide was gently wiped along both sides of the
animal, and the epidermal mucus was carefully pushed and collected
in a sterile tube (2 mL), taking care to avoid wounds and/or any
urinogenital and intestinal excretions. At the end of each extraction of
the Repetitive Extraction Group (REG), fish were recovered and
returned to the same tank. For the final single and repetitive
samplings and after the skin mucus collection as described above,
the fish were deeply anesthetized with a lethal dose of MS-222. Fish
weight, standard length, and the skin mucus extraction area were
measured. Blood was obtained from the caudal vein with a 2-mL
heparinized syringe fitted with a 21G needle and the fish were
sacrificed by cervical dislocation.

The collected mucus samples were homogenized using a sterile
Teflon pestle to desegregate the mucus matrix before centrifugation at
14,000 g. The resulting mucus supernatants were collected, aliquoted,
and stored at —80°C. Blood was centrifugated (13,000 g for 30 min at
4°C) to obtain plasma samples, which were stored at —80°C until use.
For histological purposes, the skin was rinsed in seawater and 1 cm? of
the skin from the dorsal anterior region of the body was dissected
(N =5 fish per tank) and fixed in Bouin’s solution (Sigma-Aldrich,
Madrid, Spain) for 24 h at room temperature. Overall, there were 10
histology samples per treatment: without mucus sampling, OEG (Day
0); after one mucus sampling, SEG (Day 2); or after three mucus
samplings, REG (Day 10, after three mucus extractions, with a 3-day
interval between each sampling).

2.3 Mucus exudation values

To determine the exudation values through single and multiple
extractions, total mucus exudation was calculated by measuring: the
amount of mucus collected (mg), the amount of skin mucus produced
per area of extraction (mg of skin mucus-cm™), and the quantity of
skin mucus produced per fish weight (mg of skin mucus-100 g of
fish), following the method described in Ordonez-Grande
et al. (2020).
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2.4 Metabolite and cortisol analyses

Both glucose and lactate were measured using commercial kits
(LO-POD Glucose and LO-POD Lactate, respectively; SPINREACT®,
Barcelona, Spain), which were adapted to microplates as described in
Fernandez-Alacid et al. (2018). Briefly, following the protocols of the
manufacturers, skin mucus extract and plasma optical density (OD),
in triplicate, were analyzed at A = 505 nm with a microplate reader
(Infinite 200 PRO spectrophotometer, Tecan, Spain). Values are
expressed as [1g of metabolitemL ™' of skin mucus and mg of
metabolite-dL. ™" of plasma.

Cortisol levels were measured using an ELISA kit (IBL International,
Germany), as described in Fernandez-Alacid et al. (2018). Following the
manufacturer’s instructions, the OD was determined (after adding 50 UL
of the mucus extract, plasma, or standard solutions to the reaction
solutions), in triplicate, at A = 450 nm in a microplate reader (Infinite 200
PRO spectrophotometer, Tecan, Spain). The cortisol values are expressed
as ng cortisol-mL ™" of sample.

The soluble protein concentration of homogenized mucus and
plasma was determined using the Bradford assay (Bradford, 1976),
with bovine serum albumin (BSA; Sigma) as the standard. Mucus
samples, plasma or standard solutions (from 0 to 1.41 mgmL™), in
triplicate, were mixed with 250 pL of the Bradford reagent and
incubated for 5 min at room temperature. The OD was determined
at A = 596 nm in a microplate reader (Infinite 200 PRO
spectrophotometer, Tecan, Spain). The protein values are expressed
as mg protein-mL ™" of sample.

2.5 Antibacterial activity measurement

The study of mucus and plasma antibacterial activity in gilthead
sea bream was performed as described in Fernandez-Alacid et al.
(2021), using two different pathogenic bacteria for marine fish species:
Vibrio anguillarum (CECT522T) and Pseudomonas anguilliseptica
(CECT899T). V. anguillarum and P. anguilliseptica were grown in
Marine Broth culture media (MB, Difco Laboratories, Detroit, MI,
USA). The effect of skin mucus on bacterial growth was determined
by monitoring the absorbance of the bacterial cultures grown in flat-
bottomed 96-well plates. Each well was filled with 100 uL of the
bacterial suspension (OD = 0.2) in the culture media plus 100 puL of
skin mucus (4 uguL™" of mucus protein) to obtain a final volume of
200 pL. Additionally, a bacterial growth control was prepared by
adding 100 UL of the bacterial suspension (OD = 0.2) to 100 pL of the
culture media. The absorbance was measured at A= 400 nm every
30 min for 14 h at 25°C in flat-bottomed 96-well plates. All assays
were performed in triplicate (methodological replicates). Data are
presented as growth curves (increased absorbance at A = 400 nm per
unit of time) and as a percentage of inhibition with respect to bacterial
growth for every two hours of co-culture with skin mucus.

2.6 Skin morphology and barrier assessment
After 24 h of fixation with Bouin’s solution at room temperature,

the samples were dehydrated in a graded series of ethanol and stored
at 4°C. The samples were cleaned with xylene, embedded in paraffin,
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and cut into serial sections (3-pum thick). After dewaxing and
rehydration, the sections were mounted on glass slides. The slides
were stained using a periodic acid-Schift (PAS) and Alcian blue (AB)
staining protocol. The morphometric slides were digitalized
(Hamamatsu NanoZoomer 2.0-HT, Hamamatsu Photonics K.K,,
Hamamatsu City, Japan). Digital images (600 dpi) were processed
and analyzed using an image analysis software (ImageJ 1.52, National
Institutes of Health, USA). Measurements of epidermis thickness as
well as mucous cell measurements were based on the analysis of
randomly chosen fields from each skin sample.

The skin barrier status was assessed as described in Dang et al.
(2020) using 3 different indices:

(a) Mean mucous cell (MC) area (um?)

(b) Mean MC volumetric density (%) = MC area MC number y 1()()

Epithelial area

(c) Barrier status = x 100

R S
MC area MC density

2.7 Data analysis

Results are presented as mean values + standard error of the mean
(SEM). The data were checked for normality and homoscedasticity
prior to analysis. The Shapiro-Wilk test was first used to ensure the
normal distribution of the data, while the uniformity of the variances

10.3389/fmars.2022.1095246

was determined by Levene’s test. Comparison between the skin mucus
and plasma parameters as well as of the antibacterial activity between
the SEG and REG were evaluated by Student’s t-test. Histological
parameters were analyzed by one-way ANOVA followed by the post-
hoc Bonferroni test (if variances among the groups were equal) or
Dunnett’s test (for unbalanced variances) to assess the effect of the
extractions (QEG, SEG, and REG). Statistical analysis was performed
using SPSS Statistics for Windows, version 22.0 (IBM Corp.; Armonk,
NY, USA).

3 Results

3.1 Effects of repetitive extractions
on mucus exudation, properties,
and composition

The comparisons of the mucus exudation parameters between a
single mucus sampling and repetitive mucus sampling, including the
amount of collected mucus as well as the mucus biomarkers, are
summarized in Table 1. No differences were observed in the amount
of mucus collected, which was slightly, but not significantly, higher
(by around 20%) in the fish subjected to repetitive extractions.

TABLE 1 Exudation parameters and Skin Mucus-Associated Biomarkers (SMABs) of gilthead sea bream skin mucus subjected to single or repetitive extractions.

Single skin mucus extraction

Repetitive skin mucus extraction

Exudation parameters

Collected mucus (mg) 233.0 + 184 285.4 + 26.0
Mucus per area (mg cm’?) 42+03 4.7 + 0.4
Mucus collected per fish (mg 100g™) 821+13 984+ 7.6
Mucus biomarkers

Soluble protein (mg mL™) 0.44 + 0.07 0.25 + 0.05*
Glucose (pg mL™) 9.74 + 1.02 6.83 + 0.87*
Lactate ¢ (ug mL™") 1.60 + 0.17 1.49 £ 0.11
Cortisol (ng mL™7) 0.04 + 0.01 0.13 + 0.04*
Mucus RATIOS

Glucose/Protein (pg mg) 23.36 + 5.66 3341 + 8.96
Lactate/Protein (ug mg") 3.88 £0.73 6.55 + 1.15
Glucose/Lactate (pg pg™) 6.13 +0.22 4.82 £ 0.67
Cortisol/Protein (ng mg'l) 0.13 + 0.04 0.57 + 0.14*
Total exuded

Soluble protein (ug) 102.74 + 17.74 63.69 + 8.89%
Glucose (pg) 2.28 +0.37 1.43 £ 0.14
Lactate (ug) 0.41 + 0.06 0.41 £ 0.05
Cortisol (ng) 0.01 + 0.00 0.04 + 0.01*
Values are mean + standard error of the media (SEM) from individual fish (N=10). (*) indicates significant differences between single and repetitive extractions (P< 0.05; Student’s t-test).

Frontiers in Marine Science

04

frontiersin.org


https://doi.org/10.3389/fmars.2022.1095246
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Sanahuja et al.

Consequently, the relationship of the amount of mucus collected with
the extraction area or fish weight was also not affected by the number
of extractions.

Regarding the main mucus biomarkers, the abundance of the
soluble protein content was lower (P< 0.05) after repetitive
extractions. In parallel, the mucus glucose level was significantly
reduced by about 30% (P< 0.05), whereas the mucus lactate level
was not modified. Moreover, the mucus cortisol levels increased 3-
fold in response to the repetitive extractions (P< 0.05). Despite a slight
increase in the total amount of mucus exuded under repetitive
extractions, the total levels of the mucus biomarkers showed the
same composition as in the relative amount (per mL of mucus).
However, when the mucus ratios were calculated (glucose/protein;
lactate/protein; glucose/lactate; and cortisol/protein), no differences
were observed between the single extraction and the repetitive
extractions, except for the cortisol/protein ratio.

The impact of the repetitive extractions on the antibacterial activity
of skin mucus against the pathogenic bacteria V. anguillarum and P.
anguilliseptica in co-culture is shown in Figure 1, which displays the
respective growth curves (Figures 1A, B) and the calculated inhibitory
effect (Figures 1C, D). Regarding the antibacterial capacity of the mucus
against V. anguillarum, both types of mucus samples (from the SEG
and REG) delayed bacterial growth throughout the experimental period
when compared to mucus-free bacterial growth (Figure 1A), inducing a
growth inhibition of about 20-30% (Figure 1C). A slight decrease in the

10.3389/fmars.2022.1095246

inhibitory power was detected for the samples obtained from repetitive
extractions at the end of the co-culture period (10 h -14 h, P< 0.05).
Skin mucus from both the SEG and REG showed a great capacity of
inhibiting P. anguilliseptica (Figure 1B), reaching inhibitory values of
over 60% at 8-10 h of co-culture, with no differences between the SEG
and REG (Figure 1D).

3.2 Plasma properties and composition

Plasma soluble biomarkers (Table 2), in contrast to the mucus
biomarkers, did not show differences between the SEG and REG.
Their levels were 23-25 mg mL™ for soluble protein, 60-70 mg dL™
for glucose, 24-25 mg dL™' for lactate, and 3 ng mL™" for cortisol,
indicating a lack of effect of the repetitive extractions with respect to
the single extraction.

Figure 2 shows plasma antibacterial activity against the two
pathogenic bacterial strains in co-culture. Regarding the plasma
antibacterial capacity against V. anguillarum, both conditions
(single extraction and repetitive extractions) showed little capacity
to inhibit bacterial growth during the first hours of co-culture, with
the inhibitory growth capacity becoming evident only at the end of
co-culture (10-12 h of co-culture), with no differences between the
SEG and REG. By contrast, plasma from both conditions promoted
an OD increase in P. anguilliseptica co-culture from 6 h onwards.

B
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FIGURE 1

The antibacterial properties of juvenile gilthead sea bream skin mucus. Antibacterial activity against V. anguillarum (A) and P. anguilliseptica (B) of skin
mucus obtained from a single extraction (SEG; black squares) or after repetitive extractions (REG; white triangles). Dashed lines correspond to the growth
of both pathogenic bacteria used as a control. Inhibition rates against V. anguillarum (C) and P. anguilliseptica (D) for the skin mucus obtained from a
single extraction (SEG; black bars) or after repetitive extractions (REG; white bars). (*) indicates significant differences between the single extraction and

repetitive extractions (P< 0.05; Student's t-test; N = 3)
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TABLE 2 Plasma biomarkers of gilthead sea bream subjected to single or
repetitive skin mucus extractions.

Single skin mucus

Repetitive skin mucus

extraction extraction
Soluble protein 2470 + 1.27 23.07 + 0.23
(mg mL™?)
Glucose (mg dLh) 71.24 + 7.41 61.40 + 4.21
Lactate (mg dLh) 2521 + 1.25 24.71 +2.27
Cortisol (ng mL™) 2.87 £ 1.13 3.05 + 1.00

Values are mean + standard error of the media (SEM) from individual fish (N=10). No
significant differences were found between single and repetitive extractions (Student’s t-test).

3.3 Effects of repetitive extractions on skin
morphology and the mucus barrier

To study the effects of the mechanical impact of a single mucus
extraction or repetitive mucus extractions on the integrity of the skin
layers, a control group of fishes was used as the reference condition
(Figure 3). Skin integrity was evaluated by measuring the histological
properties of the epidermal layer (thickness, mucous cell density, and
relative mucus exudation) together with the indices of the skin mucus
barrier properties (data in Table 3). Interestingly, the mucus
extraction protocol for single or repetitive extractions did not alter
the epidermal thickness or the indices of the barrier properties.
Mucous cell density tended to increase with the number of mucus

B
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FIGURE 2
The antibacterial properties of juvenile gilthead sea bream plasma. Antibacterial activity against V. anguillarum (A) and P. anguilliseptica (B) of plasma
obtained after a single skin mucus extraction (SEG; black squares) or after repetitive skin mucus extractions (REG; white triangles). Dashed lines
correspond to the growth of both pathogenic bacteria used as a control. Inhibition rates against V. anguillarum (C) and P. anguilliseptica (D) for plasma
obtained after a single skin mucus extraction (black bars) or after repetitive skin mucus extractions (white bars). (*) indicates significant differences
between the single extraction and repetitive extractions (P< 0.05; Student’s t-test; N = 3).
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extractions, but this was not statistically significant. However, a
deeper analysis of the mucous cell shape showed that the
percentage of larger mucous cells (> 150 um?) had decreased by
half (P< 0.05) for both mucus extraction conditions, whereas the
number of smaller mucous cells (< 100 pmz) increased with the
number of mucus extractions (Figure 4).

4 Discussion

Skin mucus is considered one of the most novel and promising
tools for studying fish health and welfare, mainly due to its barrier
function and adaptative responses to environmental and
physiological changes as well as the minimally invasive procedure
to collect it (Esteban, 2012; Sanahuja and Ibarz, 2015; Dash et al.,
2018; Fernandez-Alacid et al., 2018; Tiralongo et al., 2020; Franco-
Martinez et al., 2022). Mucus samples are obtained through a non-
invasive or minimally invasive collection process that is a particular
advantage in evaluating the fish condition and physiological status in
conservation studies, such as those dealing with protected species or
those concerning animal care and welfare in production systems
(Ekman et al., 2015; Fernandez-Alacid et al., 2019a; Sanahuja et al.,
2019b; Ivanova et al, 2021). Although mucus sampling is widely
classified as or suggested to be minimally invasive, there is a lack of
studies on the skin status and putative lesions occurring from mucus
sampling as well as of assessments of mucus properties upon
repetitive sampling. This information is necessary to consider
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FIGURE 3

whether skin mucus extraction is non-invasive and whether it is an
accurate, sensitive, and reproducible tool to study fish.

Several studies have evaluated comparative methodologies of
extraction, indicating different skin mucus composition depending
on whether the mucus was scraped off, wiped, or absorbed (Stabell
and Selset, 1980; Ivanova et al., 2018; Tartor et al., 2020). Moreover,
post-extraction treatments crucially define the quality and
composition of skin mucus, which must be considered prior to
analytical procedures. Distinct metabolic profiles have been
observed among the different procedures due to the limiting factors
inherent to each extraction method. For example, in the wiped and
absorbed methods, some of the components might remain partially
absorbed on the wipes, while in the scraping method, components
will inevitably include epidermal cells or even scales. To our
knowledge and based on the results of previous studies, the quality
of the resulting sample and potential skin injuries are mainly
associated with the skill and practice employed during the
extraction and the subsequent preparation of the sample rather
than the tool or method used. Nevertheless, this must be contrasted
with histological studies. Therefore, our main goal was to study the
effects of skin mucus removal on mucosal integrity, using our

Histological sections for non-sampled (QEG), single-sampling (SEG), and repeated-sampling (REG) treatments (N = 5). The epidermis (E) presented
magenta-stained mucous cells (mc) showing neutral mucin. The stratum spongiosum (Ds) and stratum compactum (Dc) of the dermis as well as the
scales (sc) and subdermal space (Sd) presented no abnormalities. Stain: PAS and Alcian blue. Scale bar: 100 ym.

established technique, by analyzing the effects on cell structure and
the classic properties of mucus. Thus, in the current work, skin mucus
was obtained by carefully scraping/wiping the skin surface with an
easily sterilizable glass slide, following the method reported in
Fernandez-Alacid et al. (2018).

4.1 Effects of repetitive extractions on skin
integrity and cell structure

Skin mucus is mainly produced by cells in the epidermis (Elliott,
2011; Esteban and Cerezuela, 2015). Due to its viscous properties, the
mucus remains adherent to the epithelial surface, protecting the entire
body of the fish against changes in the environment that can be
harmful for fish (Cone, 2009). In nature, the skin and its adhering
mucus layer can be disturbed, for example, by contact with the
benthic surface or with other fish or due to abrupt or prolonged
swimming, resulting in a potential risk to fish health. As skin mucus is
constantly renewed and replaced if removed (Ingram, 1980;
Benhamed et al, 2014; Ibarz et al, 2019), it provides constant
protection to the animal and also allows the study of the mucus to

TABLE 3 Histological and barrier properties of gilthead sea bream skin subjected to zero, single or repetitive skin mucus extractions.

@ skin mucus extraction

Single skin mucus extraction

Repetitive skin mucus extraction

Histological properties

found among @ extractions, single and repetitive extractions (One-way ANOVA test).

Average thickness (um) 52.07 £ 8.11 64.63 + 10.15 45.60 + 4.38
MC density (cells mm™) 201.50 + 16.86 235.43 + 43.81 295.75 + 39.92
MC production (ng cell!) N.A. 0.38 + 0.08 0.22 + 0.02
Barrier properties

Mean MC area (p.mz) 146.21 + 11.81 122.44 £ 5.40 125.58 + 15.67
Mean volumetric density (%) 3.58 +0.74 3.09 +0.58 3.83 £ 0.86
Barrier status 0.20 = 0.02 0.24 + 0.04 0.30 + 0.04

Values are mean + standard error of the media (SEM) from individual fish (N=6). (@) means no extraction. (MC) means mucous cells. (N.A.) means not analysed. No significant differences were
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FIGURE 4

Mucous cell grouping by cell area. Data correspond to the mean
percentage + standard error of the mean (SEM) of the mucous cells of
fish skin with: @ skin mucus extractions (white bars), a single skin
mucus extraction (gray bars), and repetitive skin mucus extractions
(black bars). Letters indicate significant differences between no
extractions (QEG), a single extraction (SEG), and repetitive extractions
(REG) (one-way ANOVA; N = 5).

be feasible if its extraction is carried out under controlled conditions.
However, the scenario changes if the epidermal surface is
compromised. Healing depends on several factors (Sveen et al,
2020; Yun et al, 2021), and its response to possible superficial
injuries is relatively quick (Raj et al., 2011). As mentioned before,
the scraping/wiping method could impact the upper layers. However,
at the histological level, our results showed no obvious changes in the
epidermis. The skin sections analyzed, where mucus had been
removed, maintained their structure and integrity after one or
several extractions. Thus, the scraping method with the proper
use of a hard glass slide enables an injury-free collection, similar
to that demonstrated in previous works with other methods using
soft materials as collection tools, although they performed only
one extraction (Raj et al, 2011; Tartor et al, 2020). Our data
further show that despite small modifications, there were no
significant differences in skin thickness or mucous cell density
between untouched skin sections and those used for single or
repetitive scrapings.

As skin mucus is constantly secreted, the skin mucosa is forced to
expend energy to maintain its homogeneity and mucus characteristics
(Peatman et al,, 2015; Ibarz et al, 2019). It is well known that
epidermal mucous cells are differentiated and recruited from the
basal layers of the epidermis, maturing while migrating to the upper
layers and later releasing their contents to the surface (Chambraud
et al., 1989; Kim and Ho, 20105 Elliott, 2011). We observed that after
the mechanical extraction of skin mucus (sampling), this pathway was
stimulated by a change in the proportions of small and large mucous
cells (which could be indicative of an increased turnover), with the
global mean area and volumetric density showing only a slight non-
significant upward trend in parallel to the number of extractions
(from one to three extractions). Studies in this field show an
interesting relationship between mucous cell density and its area,
which is also described as the “barrier status”, indicating the reactive
capacity of the epithelium (Dang et al., 2020). The barrier status can
be altered by several factors such as nutrition and contaminants
(Dang et al., 2019; Serensen et al., 2021), denoting the feasibility of its
use. Using this novel matrix, single or repetitive mucus extractions did
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not significantly alter the histological properties or the barrier
capacity in our study, indicating the non-aggressive nature of the
applied technique. These results also reinforce the fact that practice
and skills are crucial for extraction and will determine the quality and
quantity of the obtained skin mucus.

4.2 Effects of repetitive extractions on skin
mucus biomarkers

Classic skin mucus-associated biomarkers (SMABs), such as
soluble protein, glucose, lactate, and cortisol, are used to evaluate,
in a minimally invasive way, the effects of several biotic and abiotic
factors on fish welfare (Fernandez-Alacid et al., 2018; Carbajal et al,
2019; Dallares et al., 2020; Fernandez-Montero et al., 2020).
Alterations in their relative amounts have been linked to
physiological modifications. For example, elevated mucus glucose
and mucus cortisol levels have been observed after acute stress, while
low mucus glucose levels have been reported after a period of fasting
and increased soluble protein levels have been detected during
infections (Fernandez-Alacid et al., 2018). It is well known that one
of the first responses of fish to being captured is a rapid mucus
exudation (Shephard, 1994; Reverter et al., 2018). Due to the
repetitive extractions, we observed an increase, although not
significant, in the volume of exuded mucus, which showed a lower
concentration of soluble protein, but no changes in the other
biomarkers such as lactate and glucose. In previous works, we
considered this reduction as non-favorable for the fish condition
(Fernandez-Alacid et al., 2018; Fernandez-Alacid et al. 2019b) due to
the putative loss of defensive properties. However, when the same
biomarkers were analyzed in the plasma, no differences were observed
between the single extraction and repetitive extractions, which
indicated that a systemic response to cope with the repetitive
mucus extractions was efficient in maintaining plasma homeostasis.
These results could also reinforce the idea that mucus can provide
information on some alterations that are not provided by plasma
biomarkers. However, it may also be that such responses have
different time windows that must be considered when using these
matrices as proxies for physiology. In fact, recent studies in sea bass
have demonstrated that mucus biomarkers are more sensitive than
plasma ones to acute stress (Ordonez-Grande et al., 2020) compared
to chronic stress (Ordofiez-Grande et al., 2021).

4.3 Effects of repetitive skin mucus
extractions on bactericidal activity

As one of its main functions is defense, when the skin surface suffers
any alteration, damage or infection, the exuded mucus responds
accordingly (Cordero et al,, 2017; Saleh et al,, 2018; Sveen et al,, 2018).
Mucus presents different physical properties and consists of enzymatic
and molecular components that, all together, create a powerful shield
against possible changes in the environment that can be harmful for fish.
Mucus glycoproteins, or mucins, produce a gel structure that generates
an inhospitable environment for parasites and microorganisms
(McAuley et al, 2007; Sveen et al, 2017). Furthermore, the distinct
molecules with important enzymatic activities, such as lysozyme and
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proteases, continuously protect against external agents (Sanahuja et al,
2019b; Wang et al,, 2019; Sanahuja et al., 2020), with their levels varying
under challenging conditions (Sanahuja et al., 2019a; Espinosa-Ruiz and
Esteban, 2021). To evaluate the defensive capacities of skin mucus in fish
exposed to repetitive extractions, we developed the bacteria-mucus co-
culture assays to ascertain the antibacterial capacity of the mucus
(Sanahuja et al,, 2019b). We analyzed the response against two of the
most recurrent marine bacteria: Pseudomonas anguilliseptica and Vibrio
anguillarum. Our results showed that the protective defense capacity of
the mucus remained unaltered, as the reduced growth pattern of these
bacteria and, thus, the antibacterial effects were similar in the cultures
exposed to mucus collected in a single extraction and to that obtained
after repetitive extractions. Mucus obtained from both conditions (single
extraction and repetitive extractions) showed an antibacterial capacity
similar to that reported in other studies with gilthead sea bream (Firmino
et al, 2021; Gisbert et al., 2021). This suggests that a recovery period of
three days is enough for the fish to regain the protective mucus layer,
validating and confirming the type of extraction method proposed.
Whether this period can be even shorter remains to be tested and may
very much depend on the number of repeated extractions as well as on
the initial condition of the fish.

5 Conclusions

Skin mucus is being increasingly studied mainly due to its
potential in indicating the health and welfare of fish and the
minimally invasive methods of collecting it. In this study, we
demonstrate the non-aggressive and minimally harmful nature of
the applied technique. Single extraction or repetitive extractions of the
exuded mucus did not affect the skin barrier of the handled and
sampled animals when compared to the pristine skin of untouched
fish. Repetitive skin mucus extractions produced a response in the
epidermal layers, increasing de novo cell formation. However, the
main defensive function of this mucus seemed to be unaffected, as
shown by its effects on two of the major aquaculture pathogenic
bacteria, P. anguilliseptica and V. anguillarum. Although, in biological
terms, any change in a natural behavior is sufficient to indicate
invasiveness, this study demonstrates the minimally invasive nature
of a protocol for repetitive skin mucus extractions as well as the
feasibility of using skin mucus to determine fish health and welfare.
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