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Evaluating mucus exudation dynamics through
isotopic enrichment and turnover of skin mucus
fractions in a marine fish model
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Fish skin mucus is composed of insoluble components, which form the physical barrier, and soluble components, which are key
for interrelationship functions. Mucus is continuously secreted, but rates of production and exudation are still unknown, as
are the underlying mechanisms. Using stable isotope analysis, here, we evaluate skin mucus turnover and renewal in gilthead
sea bream, separating raw mucus and its soluble and insoluble fractions. Isotopic abundance analysis reveals no differences
between mucus and white muscle, thus confirming mucus samples as reliable non-invasive biomarkers. Mucus production
was evaluated using a single labelled meal packaged in a gelatine capsule, with both '3C and "N, via a time-course trial.
13C was gradually allocated to skin mucus fractions over the first 12 h and was significantly (4-fold) higher in the soluble
fraction, indicating a higher turnover of soluble mucus components that are continuously produced and supplied. >N was
also gradually allocated to mucus, indicating incorporation of new proteins containing the labelled dietary amino acids, but
with no differences between fractions. When existent mucus was removed, dietary stable isotopes revealed stimulated mucus
neoformation dependent on the components. All this is novel knowledge concerning skin mucus dynamics and turnoverin fish
and could offer interesting non-invasive approaches to the use of skin mucus production in ecological or applied biological
studies such as climate change effects, human impact, alterations in trophic networks or habitat degradation, especially of
wild-captured species or protected species.
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Introduction (Maruyama et al., 2001; Church et al., 2009). SIA has been

used to evaluate dietary sources and the trophic position of
Stable isotope analysis (hereafter SIA) is a very powerful fish. From a productive point of view, SIA has also been
and effective tool to determine trophic relationships, dietary  used to trace the metabolic fate of food nutrients and their
switching and migrating patterns when studying fish ecology  distribution within fish tissues, given different dietary sources,
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regimes or rearing conditions (Beltrdn et al., 2009; Felip et al.,
2012, 2015; Martin-Pérez et al., 2013). Irrespective of the
aim of those studies, in traditional methods of isotope anal-
ysis, fish must be killed in order to sample the tissues most
commonly used: the white muscle and liver (Logan et al.,
2006; Guelinckx et al., 2007; Boecklen et al., 2011). Dorsal
white muscle is considered the best tissue as it represents
fish dietary adaptation isotopically (Martin-Pérez et al., 2013;
Busst et al., 2015; Vander Zanden et al., 2015). Meanwhile,
the liver, blood and plasma exhibit shorter half-lives than
dorsal muscle (Thomas and Crowther, 2015; Vander Zanden
etal.,2015). The use of fish tissue samples necessarily implies
invasive or fatal collection methods. To avoid this, non-
invasive collection of alternative tissues, such as fin and scales,
is increasingly used (Busst et al., 2015; Busst and Britton,
2016). However, early experiments reported that the isotopic
half-lives exhibited by these tissues can be longer than those
of dorsal muscle (Busst and Britton, 2018; Winter et al.,
2019). A recently proposed and encouraging alternative for
isotopic analysis is to use skin mucus. Although limited SIA
has been performed on fish mucus, and mostly in freshwater
fish species, initial suggestions are that mucus has a relatively
fast turnover, similar to or faster than that of muscle (Church
etal.,2009; Maruyama et al.,2015,2017; Shigeta et al.,2017;
Winter et al., 2019).

The importance of skin mucus for fish physiology and
welfare studies has therefore increased over the past decade.
As the most external bodily layer positioned between the
epidermis and the environment, fish skin mucus provides a
protective barrier against physical, mechanical and chemical
agents as well as both biotic and abiotic stressors (reviewed
in Esteban, 2012). Skin mucus is produced mainly by goblet
cells located in the epithelium and composed mainly by water
and gel-forming macromolecules such as mucins and other
glycoproteins (Ingram, 1980; Sheppard, 1994). Nevertheless,
some components are incorporated via the secondary circu-
latory system and the epithelial cells themselves (Easy and
Ross, 2009). Most of the components of skin mucus are
related to mucus defences (Rajan et al., 2011; Sanahuja and
Ibarz, 2015; Cordero et al., 2015; Patel and Brinchmann,
2017; Pérez-Sanchez et al., 2017, Sanahuja et al., 2019a,b), to
mucus metabolites such as glucose or lactate, or to hormones
like cortisol (Guardiola et al., 2016; Fernandez-Alacid et al.,
2018,2019a,b). Mucins can generally be considered the insol-
uble components, or the insoluble fraction, of the mucus
that provide the physico-chemical properties on which the
biological functions depend. Mucus viscosity is a property
that is mainly attributed to mucin contents and hydration, and
it provides the surface of the body of the fish with rheologi-
cal, viscoelastic or adhesive characteristics (Ferndndez-Alacid
et al., 2018, 2019b). The soluble components, or soluble
fraction, come from goblet cells as well as from epithelial
cells and the inner body; they endow the mucus with its
protective, structural and metabolic properties (Cordero et al.,
2015; Sanahuja and Ibarz, 2015; Sanahuja et al., 2019a,b;
Fernandez-Alacid et al., 2018, 2019a). Moreover, skin mucus
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is continuously secreted and replaced to prevent pathogen
adhesion (Benhamed et al., 2014), but this production and
secretion can be augmented in response to external factors
such as stress by increasing skin mucous cell number or size
(Sheppard, 1994; Vatsos et al., 2010; Fernandez-Alacid et al.,
2018). Recently, we proposed a methodology to study mucus
dynamics via stable isotope enrichment from one force-fed
meal (Ibarz et al., 2019), following the methods proposed by
Beltran ef al. (2009) and Felip et al. (2012, 2015) to study
the fate of ingesta. However, no studies have yet addressed
exudation dynamics of each mucus fraction, soluble and
insoluble, considering their different functions and putatively
different internal origin.

To fill some of the gaps that still exist in our knowledge
of fish skin mucus as a bioindicator, in this study, we used
SIA and experimental procedures on the gilthead sea bream,
Sparus aurata, fish model. Specifically, our objectives were
as follows: (i) to determine the isotopic signature (for the
isotopes 15 N and 13C) of skin mucus, for the first time
analysing soluble and insoluble mucus fractions, comparing
these with other tissues such as the liver, white muscle and
plasma; (ii) to determine the new mucus production via the
isotopic enrichment (§15N and §13C) of the total and mucus
fractions after one force-fed meal; and (iii) to test the effects
of a renewal process (by removal of the existing mucus) on
the mucus production via the isotopic enrichment. The SIA
technique and procedures allowed us to determine which
mucus components are more easily replaced and provided
practical approaches to the study of mucus production and
renewal rates under different conditions, stimuli or challenges
in ecological or applied biological studies.

Materials and methods

Sea bream juveniles were obtained from a local provider
(Piscimar, Burriana, Spain) and acclimated indoors at the Fac-
ulty of Biology facilities (University of Barcelona, Barcelona,
Spain) at 22°C for 1 month, using a standard commercial fish
feed (Skretting ARC, Burgos, Spain). A total of 60 fishes (body
weight average, 186.1+5.31 g) were tagged with a passive
integrated transponder (Trovan Electronic Identification Sys-
tems, UK) and fed twice a day a daily ration of 1.5% of body
weight. The rearing systems were controlled and monitored as
described in Ibarz et al. (2019). All animal handling was con-
ducted following the European Union Council (86/609/EU)
and Spanish national and Catalan regional norms and proce-
dures, with approval from the University of Barcelona Ethics
and Animal Care Committee (permit no. DAAM 9383).

Two different SIA trials were conducted. The first included a
time-course enrichment trial of skin mucus and representative
tissues together with study of the natural isotopic abundances.
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We used 50 fishes to perform the time-course isotopic enrich-
ment via skin mucus exudation. In accordance with previous
studies on the use of the fate of dietary nutrients in gilthead
sea bream, the meal was labelled with algal starch (3% "C)
and algal protein (1% ""N) (Beltran et al., 2009; Felip et al.,
2013). The feed was ground, mixed with the labelled com-
pounds and packed into gelatine capsules (PsoriasisEX Ltd,
Germany) following the method of Ibarz et al. (2019). Four
sampling points were scheduled at 0, 6, 12 and 24 h after
feeding, and 10 fishes were sampled at each point. The fishes
were lightly anesthetized (0.1 g.L™' MS-222) force-fed four
gelatine capsules of approximate 0.2 ml each, using a gastric
cannula containing a meal equivalent to 0.6 % of body weight.
To determine the natural abundance of *C and N in tissue
and skin mucus, 10 fishes received the same diet and meal
weight but containing similar proportions of unlabelled pro-
tein and starch. These fishes were sampled as 0 h after feeding,
to determine isotopic signature. To obtain the diet isotopic
signature, three independent samples of the unlabelled diet
were used.

The second SIA trial was the renewal trial aiming to analyse
the skin mucus isotopic renewal by previous mucus removal.
We used 10 fishes that were slightly anesthetized and
had mucus removed after drying their body surface with
absorbent sterile paper for few seconds (4-5 s) and then
they were immediately force fed, as described above, to be
further sampled at 24 h post-feeding. As control fish, animals
sampled at 24 h of time-course trial were used.

After force feeding, the fishes were held for a minute in
individual tanks to check regurgitation and to ensure recovery
before being returned to their rearing tank. In the time-course
enrichment trial, after being anesthetized, mucus samples
were immediately collected as described in Fernandez-Alacid
et al. (2018) and in Ibarz ez al. (2019). Briefly, a sterile glass
slide was used to carefully remove mucus from the over-
lateral line, starting from the front and sliding in the caudal
direction. The glass was gently slid along both sides of the
animal only three times, to avoid epithelial cell contamination
(Ferndndez-Alacid et al., 2018), and the skin mucus was
carefully pushed into a sterile tube (1.5 ml) and stored at
—80°C until analysis. The non-desirable operculum, ventral-
anal and caudal fin areas were avoided. Afterwards, the
fishes were weighed and laterally photographed to record
the mucus extraction area and killed by severing the spinal
cord, and the plasma, liver and muscle were sampled to mea-
sure stable isotope enrichment. To verify the post-prandial
process, plasma glycaemia was analysed measuring plasma
glucose using a commercial kit (Spinreact, Spain) adapted to
96-well microplates. In the renewal trial, after being anes-
thetized, mucus samples were collected 24 h post-prandial, as
described above, and the fishes were weighed and laterally
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photographed to record the area the mucus was collected
from. All fish images were analysed using Image] software
manually delimiting the mucus extraction area for each indi-
vidual fish and using our own software (Schindelin et al.,
20135) to calculate the skin area (in cm?) and the correspond-
ing mucus production (as mg of mucus per cm?).

Skin mucus samples were lightly homogenized using a sterile
Teflon implement to avoid possible depositions on the bot-
tom of the tube. For each sampling point and the blanks,
five mucus samples were used to measure the total raw
mucus isotopic abundance or enrichment, and five different
samples were used to measure the insoluble and soluble
mucus fractions. To obtain mucus fractions, raw samples
were centrifuged at 14 000 g as described in Fernandez-Alacid
et al. (2018) to separate the insoluble (pellet) and soluble
components. For the post-prandial trial, the pieces of the
liver (100 mg) and white muscle (300 mg) were ground in
liquid N; using a pestle and mortar to obtain a fine powder.
Mucus samples, plasma and tissue samples were dried using
a vacuum system (Speed Vac Plus AR, Savant Speed Vac Sys-
tems, South San Francisco, CA, USA). Pre-weighed vials were
used to dry the insoluble and soluble mucus fractions and to
calculate water content. Dried aliquots ranging from 0.3 to
0.6 mg were accurately weighed in small tin capsules (3.3—
5 mm, Cromlab, Barcelona, Spain) and analysed for their C
and N isotope composition using a Mat Delta C isotope-ratio
mass spectrometer (IRMS, Finnigan MAT, Bremen, Germany)
coupled to a Flash 1112 Elemental Analyser (ThermoFisher
Scientific, Madrid, Spain); both at the Scientific Services of
the University of Barcelona: CCiTUB. The EA-IRMS burned
the samples and converted them into gas (N, and CO,), and
then transported them through a continuous helium flux to
determine the percentage carbon and nitrogen content in the
samples. Isotope ratios (“C/*?C and “N/"N) in the samples
were expressed on a relative scale as deviation, referred to in
delta (8) units (parts per thousand, %oc) and according to the
international standards: PDB (Pee Dee Belemnite, a calcium
carbonate) for C and air for N.

The net enrichment of tissue or atom percentage excess
(APE) was calculated from the difference between the at.%
and their corresponding blank at.% values:

APE = at.% sample-at.% blank
Finally, the results for total allocation were expressed as a
percentage of ingested dose in each tissue (*C or "N g/100 g

of BC or “N ingested) using APE, molecular weight and
Avogadro’s number:

100- ( (g“C or"Ny/g m.fr.) - (g m.fr./g tissue)

- (g tissue/g b.w.) / (g ingested>C or'*N/g b.w.) )
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where m.fr. is the mucus fraction and b.w. is body weight.
Tissue values for white muscle and plasma were obtained
according to the literature (Felip et al., 2013 and Fazio et al.,
2013, respectively). For skin mucus, total exudation of mucus
was referred to extraction area in cm? and in cm? per g of fish.

For the comparison of the isotopic signature between diet,
mucus and tissues, one-way analysis of variance (ANOVA)
was performed. For the time-course enrichment trial, statisti-
cal differences in isotopic enrichment throughout the post-
prandial samples were analysed by one-way ANOVA. For
the renewal trial, the comparison between the 24 h renewal
enrichment and 24 h time-course enrichment was performed
using Student’s #-test. For all the statistical analysis, a previous
study of homogeneity of variance was performed using Lev-
ene’s test. When homogeneity existed, Tukey’s post-hoc test
was applied, whereas if homogeneity was not established, the
T3-Dunnet test was applied. All statistical analysis was under-
taken using SPSS for Windows, v22.0 (IBM Corp, Armonk,
NY, USA), and all differences were considered statistically
significant at P < 0.05.

Results

The stable isotope abundances (§"°N and §*C) for diet and
each tissue analysed, as well as the isotopic signature (biplot
3N vs §C), are shown in Fig. 1. Diet "N and §"C were
4.2+0.2% and —24.1+0.4%, respectively. The isotopic
composition of tissues, at 1 month of diet acclimation,
showed that both "N abundance and *C abundance depends
on the tissue studied. For 8N, total mucus and both its
fractions (soluble and insoluble) had values around 8%,
with no differences (P > 0.05), while white muscle values
were significantly lower: 7.2+ 0.4%0. The liver showed
intermediate §*N values, between the low diet values and
the high ones for mucus or white muscle, whereas plasma
values were equivalent to those of the diet. For §°C, mucus
and white muscle ranged from —22%o to —20%o: significantly
higher than for diet, whereas the liver and plasma values
matched those of the diet.

SIA was used to determine the incorporation of the isotopes
into the mucus fractions (soluble and insoluble) after force
feeding the fish with a labelled meal. Figures 2 and 3 show
isotope enrichment values with respect to total ingested stable
isotopes, respectively, over the one-day time-course trial (0 h,
6 h, 12 h and 24 h after feeding). The stable isotope enrich-
ment (Fig. 2A) revealed that the soluble fraction of mucus,
SM, incorporated more “C than the insoluble fraction, IM,
did: delta values were 5-fold higher at 6 h (240455 vs
4545 %o, P <0.05) and remained over 3-fold higher at 12 h
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Figure 1: Stable isotope abundances '*C (A) and '*N (B), and a biplot
of the isotopic signature (C). Values are means =+ s.e.m. of five
individual samples for total mucus (TM), insoluble mucus (IM),
soluble mucus (SM), liver (L), plasma (P) and white muscle (WM). For
dietary isotopic abundance, three independent samples were
analysed. Different letters indicate significant differences between
mucus fractions, tissues or diet (P < 0.05, ANOVA and the post-hoc
Tukey test).

(489 £15vs 16549 %o, P < 0.05). The time interval between
12 h and 24 h after feeding saw no further *C enrichment.
Surprisingly, "N was not incorporated differently into SM
and IM, with values matching those for total mucus (Fig. 2B).
However, at 6 h, a slightly higher enrichment into SM was
detected (P < 0.05). The time-course trial also showed that
after 12 h, most "N enrichment had occurred, with no
significant increase between 12 h and 24 h. This demonstrated
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Figure 2: Time course of mucus isotopic enrichment after a single
meal: (A) §"3C levels and (B) §"°N levels. Values are means =+ s.e.m. of
the five individual samples. Different letters indicate significant
differences during the time course (P < 0.05, ANOVA and the
post-hoc Tukey test) and x indicates significant differences between
soluble and insoluble fractions (P < 0.05, Student’s t-test).

that maximum enrichment of labelled nutrients (both "N and
13C) into mucus components after a single meal is achieved
before 12 h has passed.

To calculate the total ®C and "N enrichment into each
mucus fraction, SM and IM percentages were obtained gravi-
metrically. No differences between percentages in the frac-
tions were detected during the time-course samplings and
the means obtained were 82.4 4+2.1% for the soluble frac-
tion and 15.3 £ 1.6% for the insoluble fraction. Correspond-
ingly, when isotope allocation was expressed as total isotope
ingested (Fig. 3), our data showed that the soluble fraction
was highly labelled (P <0.05) for both isotopes than the
insoluble fraction was. The ingested *C (Fig. 3A) sent to the
raw (or total) mucus gradually increased from 0 h to 12 h,
and then increased slightly at 24 h to the maximum values of
0.25+0.02%, with apparently faster enrichment (6 h) into
SM and more gradually over the 24-h time interval for IM. In
this way, the ingested "N (Fig. 3B) destined for the raw mucus
showed the highest enrichment from 6 h to 12 h, achieving a
maximum of 0.11 £0.01% at 24 h. As opposed to “C, total
N incorporated into SM only doubled that incorporated into
IM, although significantly at each time interval.

Liver, muscle and plasma N and "*C enrichment was also
calculated with respect to total isotope ingestion, as explained
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Figure 3: Time course of total isotopic allocation to mucus fractions
after a single meal: (A) *C levels and (B) *N levels. Values are

means =+ s.e.m. of five individual samples. Total allocation, expressed
as percentage (g9/100 g of ingesta), was calculated as indicated above
in M&M. Different letters indicate significant differences during the
time course (P < 0.05, ANOVA and the post-hoc Tukey test) and
indicates significant differences between soluble and insoluble
fractions (P < 0.05, Student’s t-test).

in M&M and represented in Fig. 4, to compare further with
amounts incorporated into mucus and their dynamics. Con-
trary to the case of mucus enrichment, for each of the tissues
studied (Fig. 4A), > C was not incorporated gradually but with
a peak in plasma and white muscle at 6 h, and with a marked
increase in the liver between 6 h and 12 h, to values as high
as over 40% of ingested *C. This demonstrates considerable
assimilation of the labelled meal when using the proposed
gelatine capsule method. In the case of the fate of N, that
ingested in a single meal was gradually incorporated between
0 and 12 h, reaching values of around 15% for the liver,
3% for white muscle and 1% for plasma. As confirmation
of feed assimilation, plasma glucose was measured (Fig. 4C)
and showed a post-prandial peak value at 6 h with a return
to the expected basal values at 12 h and 24 h.

In the second experiment, the enrichment of stable isotopes
into recently exuded (new) mucus was analysed using the
same force-fed meal method. To this end, before feeding the
gelatine capsules with the labelled meal to the fish, their skin
mucus was individually removed and, to avoid healing so
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Tukey test).

as to be able to collect mucus twice in a short time period,
only 24 h sampling was performed. Table 1 summarizes data
comparing mucus volume collected and isotopic enrichment
between control samples (without previous mucus removal)
and ‘renewal’ samples (24 h after the mucus removal). The
mucus removal provoked a significant reduction in mucus
collected (290+35 mg per fish) with respect to control
mucus (510 mg+49 mg per fish) as well as in the mucus
exuded per skin area or per 100 g of fish, as there were no
differences in fish collecting area or fish weight. Referring the
fate of the ingested diet to the mucus renewal process, our
data demonstrated that new mucus exuded in 24 h showed
greater enrichment for *C, which was doubled in total mucus
(P <0.05) and affected both soluble and insoluble mucus
components. "N enrichment of the new mucus also increased,
although it was only significant for 30% enrichment of the
SM. However, the volume of mucus collected was reduced,
as mentioned above, which consequently affected the total
isotope allocations in raw mucus and its fractions. Thus, the
results we calculated of the fate of one ingested meal showed
that labelled "*C in the new exuded mucus reached the control
values in total mucus and IM but did not in SM. In contrast,
labelled "N did not reach control values in new total mucus or
SM, evidencing that the mucus turnover differed according to
the origin of each labelled dietary component, starch for *C
or protein for "N, and even depending on SM or IM.

Discussion

Most studies of fish skin mucus have been performed on the
soluble fraction, considering isotopic composition (Church
et al.,, 2009; Maruyama et al., 2017; Shigeta et al., 2017)

or mucus properties (reviewed in Esteban, 2012 and in
Benhamed et al., 2014). In the present work, we studied
separately raw mucus and its soluble and insoluble fractions.
We compared their natural isotopic signatures and isotopic
enrichment after a force-fed meal or during a renewal process
using SIA to gain better knowledge of the mechanisms
underlying the rhythm of skin mucus exudation and the
importance of its soluble and insoluble components.

The few previous SIA studies of fish mucus used skin
mucus from defrosted fish directly wiped on glass microfiber
filters (Maruyama et al., 2015, 2017; Shigeta et al., 2017;
Winter et al., 2019). That would correspond to raw
mucus collected in the current experiment, which we
obtained directly from live animals. However, no studies
have compared stable isotopes abundance in whole (raw)
mucus and either its soluble (typically used to study mucus
properties) or insoluble fraction (much less used: only to
study physical properties such as viscosity). The first result
derived from our analysis of mucus fractions was the am
ount of each fraction in gilthead sea bream skin mucus. These
amounts were around 80% for soluble fraction, and 20%
for the insoluble fraction, irrespective of the moment and
condition of sample collection in the current trials. From
our best knowledge, no data have been published on mucus
fraction amounts in fish species to compare with our results
in sea bream. Due to recent findings that reported specific
changes in mucus physical properties in response to stress
conditions in pelagic species such as sea bream, sea bass and
meagre (Fernandez-Alacid et al., 2019a) and in benthonic
species such as Senegalese sole (Fernandez-Alacid et al.,
2019b), more experiments are necessary to explain the role
of mucus fractions better; for instance, in conditions that
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Control Renewal

Values are expressed as mean +s.e.m. N =10 for data of mucus exuded and
n =5 for data of isotopic enrichment. * indicates significant differences between
control and renewal groups (from Student’s t-test).

induce chronic mucus exudation or using hormonal implants
to favour mucus exudation, in the same species or others.

In spite of the fraction amounts, the natural abundance of
neither of the stable isotopes considered, *C and N, differed
between the soluble and insoluble fractions or compared with
raw mucus. These data would indicate the equivalence of
analysing the whole mucus with respect to the soluble frac-
tion: the most common way to study other mucus properties
in fish. In the current study, the differences between diet iso-
topic abundance and tissue isotopic abundances at 1 month
of diet acclimation resulted in higher values: over 2.7%o and
3.5%0 for ®C and "N, respectively. In the literature, it has
been reported that isotopic discrimination between predators
and their prey increases as the protein quality decreases,
especially for "N (Roth and Hobson, 2000). In aquaculture
conditions, higher isotopic values in tissues were attributed
to plant material in the diet (Beltran et al., 2009; Busst and
Britton, 2016) as was also reported for whole mucus (Winter
et al., 2019). The second finding derived from the natural
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abundance in mucus fractions under the current conditions
confirmed that skin mucus in both forms, raw mucus or
SM, collected from live fish provides the same information
as white muscle: the classic tissue used to evaluate dietary
trophic effects (Busst et al., 2015; Vander Zanden et al.,2015).
Considering that mucus have a relatively fast turnover, as
we discuss below, with an isotopic half-live similar to muscle
(Church et al., 2009; Shigeta et al., 2017; Winter et al., 2019),
together with the valuable less-invasive way to obtain fish
samples; we consider mucus as a reliable alternative in aquatic
stable isotope studies. Thus, the proposed procedure could
also be useful in threatened species or in conservation studies,
where fish sacrifice are inadvisable or prohibited, to evaluate
the effects of environmental challenges, to known the fish
status, the rearing conditions, etc.

SIA has successfully been used to study the metabolic fate
of food nutrients (Hesslein et al., 1993; MacAvoy et al.,
2005; Martin-Pérez et al., 2012; Xia et al., 2013; Felip et al.,
2012, 2015), and we recently demonstrated that SIA was
also valid for mucus studies, as skin mucus is also a fate of
dietary components (Ibarz et al., 2019). In contrast to other
SIA studies of mucus, data obtained in the current study
provide information on the amount of isotope enrichment
into raw mucus after 24 h for the first time: 0.25% and
0.1% of ingested *C and N, respectively. Both plasma glu-
cose and plasma "*C allocation showed the expected pattern
of one marked peak 6 h post-prandial, in agreement with
that reported by Felip er al. (2013, 2015) using a stable
isotope post-feeding trial, or by Montoya et al. (2010) and
Gomez-Mildn ef al. (2011), who analysed plasma glycaemia
performance after ingesta. Moreover, both lower levels (<1%)
of total stable isotope allocation per g of ingested isotopes
confirmed that plasma does not act as a final fate but rather a
transitory pathway with a fast turnover (Carter et al., 2019).
N allocation to the liver also corresponded to reports in
previous studies by Beltran et al. (2009) and Felip et al. (2012,
2015) for gilthead sea bream after a force-fed meal. Inter-
estingly, the improved method used for diet administration
(Ibarz et al., 2019) corresponded to global higher levels of
isotopic enrichment. In consequence, gelatine capsules filled
with labelled diet would allow several precise checkpoints
at which to measure the exact stable isotope dose ingestion,
controlling any regurgitation event, and guaranteeing higher
levels of label incorporation. This would be crucial for mucus
studies, where lower levels of labelling are achieved.

The time course of allocation of each isotope to the mucus
fractions provided relevant information on skin mucus forma-
tion and exudation processes. The allocation of *C depended
on the fraction analysed, being significantly higher for the
soluble fraction. Unexpectedly we found that mucus fractions
incorporated dietary "N at the same rhythm, irrespective of
whether to total mucus or the soluble or insoluble fractions.
Whereas *N enrichment is classically used as an indication
of the origin of dietary protein, *C is used as an indication
of isotopic routing from several dietary constituents (pro-
tein, lipids and carbohydrates) (DeNiro and Epstein, 1977;
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Schwarcz and Schoeninger, 1991; Martin-Pérez et al., 2011).
Thus, as could be expected, the great “C enrichment and
allocation to the soluble fraction of the mucus, composed of
small molecules, would indicate a higher turnover of soluble
metabolites than insoluble components, mainly mucopolysac-
charides with slower synthesis rates. Interestingly, compared
to isotope enrichment into tissues, mucus “C enrichment
was fast and continuous for the first 12 h, with maximum
enrichment at 24 h. This is in contrast to plasma, where *C
allocation diminished after 12 h, and to both muscle and
liver, with maximum incorporation at 12 h. These dynamics
demonstrate that fish skin mucus not only represents the fate
of dietary nutrients, as does muscle (Beltran et al., 2009; Felip
et al., 2013), but is continuously produced differently to the
muscle or liver.

It is well accepted that insoluble components of all body
mucosae are mainly mucins, which form mucus gel layers
either directly or through their ectodomains, whereas solu-
ble components are adhered or trapped within such layers
(reviewed in Beck and Peatman, 2015). Thus, the key to
understanding the different rhythms in isotope allocation
demonstrated by the current results lies in the internal origin
of the components of each fraction. Goblet cells located in the
epithelium mostly exuded mucins and other heavy glycopro-
teins (Ingram, 1980), but their involvement in exuding soluble
components is still not clear. Surprisingly, the appearance of
YN in skin mucus showed no differences between the soluble
and insoluble components, with the amount of "N g per
100 g of “N ingested depending only on mucus fraction
proportions. The rhythm of incorporation in mucus is also
continuous and similar to that observed in the liver. Most
of the "N allocated to muscle is linked to new protein
incorporation, and the lack of differences between soluble and
insoluble components necessary implies that labelled dietary
amino acids are incorporated at the same rhythm into both
fractions, which has not previously been reported in the
literature. Daily rhythms of mucus composition cannot be
ruled out, as recently proposed by Lazado and Skov (2019) for
several mucosal defences. Although the use of stable isotope
enrichment via a single labelled meal would mask the daily
rhythms of soluble and insoluble components of skin mucus,
further studies should address both renewal rates and the
daily/photoperiod rhythms of specific mucus components.

Other mucus components are presumably transferred from
the circulatory system and the epithelial cells themselves (Easy
and Ross, 2009). For instance, we recently demonstrated a
high degree of correlation in some soluble components, such
as glucose, lactate or cortisol, between a plasma overshot
and a mucus overshot in response to stress (Fernandez-Alacid
et al.,, 2019a). Moreover, preliminary results reported by
Reyes-Lopez et al. (2019) suggest that skin cells provide
skin mucus with a great number of soluble components. The
results drawn from isotope '*C enrichment of soluble compo-
nents seem to agree with the presence of such a secondary
system of exudation and filtration of mucus components
from plasma and epithelial cells. However, further studies
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using stable isotopes labelling will be necessary to understand
the turnover of each specific mucus component better; for
instance, by inducing mucus exudation with stress factors, as
in Fernandez-Alacid et al. (2018, 2019a), or with hormonal
stimulation. Moreover, in a previous study of Senegalese
sole, Fernandez-Alacid et al. (2019b) demonstrated for the
first time that mucus metabolite exudation could be side
dependent in flatfish species with marked body asymmetry.
In view of the present results on mucus secretion dynamics,
the need for further studies on morphometrics and the distri-
bution of mucus-secreting cells acquires greater importance
to overcome the weakness of single-disciplinary approaches.
It is known that goblet cell number can vary among different
body regions of fish. Several studies have already shown
that mucus cell distribution and skin gene expression vary in
different fish skin areas, depending on species (brown trout
and char, Pickering, 1974; cod, Caipang, et al., 2011; Atlantic
salmon, Pittman et al., 2013; gilthead sea bream, Cordero
et al., 2017; lumpfish, Patel et al., 2019; Senegalese sole,
Fernandez-Alacid et al., 2019b). New and complementary
studies of the distribution of mucus cells and their underlying
secretory mechanisms must be developed, for instance by
combining STA model studies with the histological approach
both of which reinforce the idea of mucosa tissue. As the
exudation and renewal rates of soluble and insoluble mucus
fractions seem to be different, such studies would clarify
the role of the diverse mucus cells in producing soluble and
insoluble mucus components: the goblet cells, as the most
abundant in all fish epidermal surfaces producing neutral
mucus granules (Sheppard, 1993); sacciform cells and aci-
dophilic granular cells, the latter producing basic proteins
(Zaccone et al., 2001); and club cells, which secrete larger
proteinaceous and smaller carbohydrate components (Faluso
et al., 1993; Zaccone et al., 2001).

The aim of our current second trial was to evaluate the
production and exudation of ‘new mucus’ by removing exis-
tent mucus. In this study, we demonstrate the presence of
new exuded mucus by measuring the volume of the collected
mucus (in mg per fish) and the turnover rate of new mucus via
stable isotope enrichment, compared with unremoved mucus
turnover. To the best of our knowledge, no similar experiment
has been reported previously. In this way, we found half
the volume of post-removal mucus after 24 h, compared to
the amounts of natural, non-stressed, mucus collected. These
results show that the biological barrier afforded by the mucus
layer is compromised by any aquaculture handling processes,
which exposes fish to mucus losses (weight classification,
manual vaccination, high density, holding facilities, etc.). In
specific conditions where mucus layers are shed or digested,
pathogens can adhere to cells on the epithelium surface before
mucus has been renewed (Cone, 2009; Benhamed et al.,
2014). In contrast, in stressful situations, one of the most
evident fish responses is an increase of skin mucus exuda-
tion (Shephard, 1994; Vatsos et al., 2010; Fernandez-Alacid
et al., 2018, 2019a,b). However, greater mucus exudation
would modify the protein turnover in goblet mucus cells,
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which affected protein exudation in sea bass (Azeredo et al.,
2015), reduced the total protein content in soluble mucus
in sea bream (Ferndndez-Alacid et al., 2018) and Senegalese
sole (Fernandez-Alacid et al., 2019b) and even altered the
mucus viscosity in Senegalese sole (Fernandez-Alacid et al.,
2019b).

From a physiological point of view, isotope enrichment
values allow us to determine the turnover modulation of
mucus exudation via the incorporation of dietary compo-
nents. Here, we have demonstrated that '*C enrichment of
renewed mucus is higher than in control mucus (without
previous removal), irrespective of the mucus fraction studied.
These results indicate stimulated enrichment of “C from
dietary labelled starch, which necessarily implies an increase
in intermediary metabolism to produce newly synthetized
mucus components. Meanwhile, the new mucus exuded only
saw N increased by 10%-20%: only significantly for solu-
ble mucus components, thus illustrating a different dynamic
from that of “C. Only the protein fraction is labelled with
N, whereas many other molecules labelled with *C are
incorporated into different tissue fractions (protein, carbohy-
drate, lipids). Although no data exist on mucus, other studies
validated the stimulated turnover in tissues, for instance,
under exercise conditions (Felip et al.,2012,2013), where *C
turnover increased in the liver and N was in white muscle.
Therefore, our current results suggest that when an external
factor induces the formation of new mucus, we must take
into account the different dynamics of each component during
mucus neoformation, shown here by the different isotope
enrichment. Thus, this SIA methodology is again proving to
be a very interesting tool to study the turnover of mucus com-
ponents and opens a new window for practical approaches to
studying mucus production rates under different conditions,
stimuli or challenges.

In summary, we conclude that our comparison of isotopic
signature among mucus fractions and tissues confirms that
mucus samples represent an advantageous less-invasive way
to study fish ecology and applied biology. *C and N allo-
cation to skin mucus fractions was gradually achieved over
the first 12 h post-feeding, but continuous until 24 h post-
feeding, as opposed to what occurred in other tissues. The
study of mucus fractions demonstrated that soluble compo-
nents contained more **C-labelled components than insoluble
components, but no differences were shown in N, which
exclusively marked newly synthetized proteins. Knowledge of
these rhythms could be of great interest, considering that skin
mucus one of the fates for the dietary additives (reviewed
in Lee, 2015). When mucus renewal was induced by the
removal of existent mucus, 24 h was not enough to achieve
the non-stressed amount of mucus secretion, but via isotopic
enrichment this replacement mucus showed a higher presence
of de novo components. All these data on skin mucus exuda-
tion turnover in fish allow us to propose this methodology
to improve knowledge via further fish studies of mucus
turnover.
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