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A B S T R A C T

Fish skin mucus is a viscous and semipermeable barrier made mainly of water, glycoproteins and soluble pro-
teins. It represents an important defence against the environment and previous studies have reported the pre-
sence of different substances involved in immune defence responses in it. The aim of the present work was to
characterize skin mucus protease activity by zymography and esterase activity of the subfamily of carbox-
ylesterases in three species of interest for aquaculture: gilthead sea bream, sea bass and meagre. Mucus anti-
oxidant power was also determined by adapting ferric reducing antioxidant power (FRAP) analysis. As a result of
these non-specific immune defence parameters, we compared the antibacterial capacity of skin mucus in these
species via in vitro dual bacteria strains–skin mucus co-culture growths. We used Pseudomonas anguilliseptica and
Vibrio anguillarum as marine pathogenic bacteria and Escherichia coli as non-pathogenic. For each fish species, in
the respective zymograms, we determined a pattern of proteolytic digestion bands. A high-molecular-weight
band (around 200 kDa; H-band) was evident in sea bream and sea bass, and showed chymotrypsin activity. One
or two intermediate-molecular-weight bands (around 75 kDa; I-bands) with non-trypsin and non-chymotrypsin
activity, and putatively with metalloprotease activity, were evident in all species. Finally, low-molecular-weight
bands (between 14 and 30 kDa; L-bands) showed distinct patterns for each species and matched trypsin activity.
Despite the conservative pattern of digestion bands, the levels of total proteolytic activity (TPA) were 5 and 10
times higher in meagre than in sea bass and sea bream, respectively. In parallel, three carboxylesterase activities
were detected in the mucus of the three fish species, using myristate (pNPM-CE activity), butyrate (pNPB-CE
activity) and acetate (pNPA-CE activity) as substrates. Both pNPB-CE and pNPA-CE were the most abundant in
fish mucus, and meagre was again the species with the highest levels. In contrast, the antioxidant power of
meagre skin mucus was the lowest. We established the capacity of skin mucus to block or limit bacterial growth
(lytic activity) using 24 h growth curves. The log-growth phase of V. anguillarum was strongly blocked by sea
bream and meagre mucus for a few hours; but not by sea bass mucus. However, if mucus was not renewed, log-
growth was at the end of 24 h studied period. For its part, P. anguilliseptica growth curve was delayed by the three
mucus types during the entire growth period. Only meagre achieved lytic activity against E. coli growth. All
parameters studied here will be of a great interest as non-invasive bioindicators of non-specific immune defences
in fish skin mucus.

1. Introduction

To meet the growing demand for aquatic food, nowadays fish is
increasingly farmed, and in the medium term farmed fish will be the
most important source of income from aquatic food production [1]. The
domestication of fish is still in its infancy, compared with terrestrial
animals, so fish farmers have undertaken to expand the range of fish
species farmed and also to improve fish production [2]. Fish culture

faces several problems associated with natural behaviour (e.g., con-
finement and overpopulation) that can result in stress, growth arrest,
immune suppression and ultimately, a loss of production [3]. Nowa-
days, classic diagnoses of the physiological and health status of fish are
provided by haematological analyses and clinical chemistry [4,5]. Re-
cently, however, there has been special interest in the study of phy-
siological status via non-invasive methods in order to prevent addi-
tional stressors in fishes. As the first line of defence in fish [6], the
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epidermal mucus has been suggested as a valuable tool to study fish
physiological status without causing damage or having adverse effects
on fish [7–11].

Skin mucus is secreted by epidermal goblet cells present in the
epithelia which, unlike the case in humans, constitute a living cell
stratum. Being alive, their cells are constantly secreting and absorbing
products such as ions, hormones and waste compounds; but they can
also represent a source of external pathogens and chemicals [6,12].
Mucus, due to being situated between epithelia and the environment,
acts as a semipermeable barrier which ultimately interacts with the
environment and all the products that it brings into contact with the
fish. Another characteristic that makes mucus an interesting tool is its
range of components and functions. It is mainly composed of water,
glycoproteins and lipids, but it can be modified by both endogenous and
exogenous factors, such as the fish developmental stage, stress and in-
fection [13,14]. In addition, mucus is more than a simple barrier; it
performs in fish a large number of functions that are crucial for ionic
and osmotic regulation, reproduction, excretion, nutrition, disease re-
sistance, communication or locomotion [6,15].

Fish skin mucus has the capacity to tolerate colonization by diverse
microbial commensals [16] and, at the same time, to fight pathogen
colonizers [17–19]. The adherence of bacteria to mucosal surfaces is
particularly important in subsequent infection, and this union depends
on the mucus status as well as the surrounding environment [15]. A
variety of mucus structural molecules, such as lectins or actin, diverse
enzyme activities (lysozyme, phosphatase, esterase or protease) and
other stress-related proteins (heat-shock proteins, transferrin and his-
tones) are described as innate defence mechanisms against pathogens in
skin mucus [10,12,20,21,22,23,24]. Some mucus structural compo-
nents, such as keratins and its enzyme-digested forms, are also related
to defence mechanisms through their production of antimicrobial
peptides (AMPs) [23–25]. The antimicrobial role of skin mucus appears
to result from its biochemical and mechanical properties together with
its renewal rate. The information available is restricted to a few fish
species [22,26] and it has been demonstrated that antimicrobial ac-
tivity depends not only on fish species but also on pathogen species (in
some cases, even on pathogen strain).

Proteases or proteinases are enzymes that perform a large number of
functions in nature: removing signalling peptides from proteins in the
cell secretory pathway; removing propeptides from enzymes, hormones
and receptors that are synthesized as precursors; releasing individual
proteins and peptides from polyproteins; releasing bioactive peptides
from protein precursors; releasing (“shedding”) proteins from the cell
surface; switching off the signals that peptides and proteins initiate by
degrading either themselves or the proteins they bind to; destroying
potentially lethal or toxic proteins from parasites and pathogens; and
releasing antigenic peptides from parasites and pathogens, among
others (reviewed in Ref. [27] [28]. used zymography to report different
protease activities in rainbow trout, Coho salmon and Atlantic salmon,
thereby evidencing different protease families in the mucus layers.
Meanwhile [29], showed selective responses of different proteases
produced by infection in the skin mucus of Atlantic salmon. Esterase
activity has been studied to a limited degree and is described as a de-
fence against pathogens [22,29,30]. Recently, esterase has also been
studied due to its detoxifying capacity in mucus [31,32] as assumed for
other fish tissues [33,34].

The cross-linked response between fish status and welfare relies on
physiological status and immune defence preparation before stressors
appear. In this study, we perform broad screening of non-specific innate
mucus components on three of the most important marine species in
Mediterranean aquaculture: gilthead sea bream (Sparus aurata),
European sea bass (Dicentrarchus labrax) and meagre (Argyrosomus re-
gius). Mucus zymography was performed to evaluate the presence of
different protease activities, and four different carboxylesterase (CE)
activities were determined for the first time in fish skin mucus with the
aim of evaluating the main esterase activities. Moreover, mucus

antioxidant capacity was also measured, using the novel methodology
of FRAP analysis in marine skin mucus, as a key mechanism in dealing
with a state of oxidative stress that could be pernicious to the under-
lying live epidermal cells. Finally, we proposed as a novel approach to
assess antimicrobial activities via the study of complete bacterial
growth curves, when faced with Escherichia coli, as a non-pathogenic
species for fish, and both Pseudomonas anguilliseptica and Vibrio angu-
illarum, as two of the main pathogens in Mediterranean aquaculture, via
the study of bacterial growth curves. All the data we obtain, using a
non-invasive way, could help provide a better understand of the non-
specific immune defence of skin mucus and could be useful in aqua-
culture.

2. Material and methods

2.1. Animal conditions

Juvenile gilthead sea bream (90.7 ± 3.6 g), European sea bass
(106 ± 21 g) and meagre (105 ± 2.6 g), from local providers, were
acclimated at the facilities of the University of Barcelona (UB). The fish
were kept for a month in 800 L fiberglass tanks with recirculating sys-
tems, and fed a standard commercial feed for each species twice a day.
Rearing systems controlled solid and biological filters, while water
temperature, salinity, and oxygen concentration were daily recorded
(20.3 °C ± 0.6 °C, 3.7% ± 0.1 and> 95% of saturation, respectively);
and furthermore, nitrite, nitrate and ammonia concentrations were
periodically analysed and maintained throughout trial. All animal
handling was conducted following the norms established by the Council
of the European Union (86/609/EU), the Spanish government and the
Catalan regional authorities; and the procedures were approved by the
Ethics and Animal Care Committee of the University of Barcelona
(permit no. DAAM 9383).

Skin mucus samples were collected non-invasively, following the
method of [8]. Briefly, 30 fish per species were lightly anaesthetized
with 2-phenoxyethanol (0.01%, Sigma-Aldrich) to avoid the stress of
manipulation. Sterile glass slides were used to carefully remove mucus
from the over-lateral line in a front-to-caudal direction; the skin mucus
was carefully pushed and collected in a sterile tube (2mL). The mucus
volume collected per fish ranged 300 μL for sea bream and 200 μL for
sea bass and meagre. Before mucus processing, the scales collected in
the mucus samples were individually removed. Mechanical homo-
genization was performed cold using a sterile Teflon stirrer to deseg-
regate the mucus mesh before centrifugation at 14,000 g at 4 °C for
15min. The resultant mucus supernatants were collected, avoiding the
surface lipid layer. A total of 5 fish mucus samples were pooled into
aliquots and stored at −80 °C for further analysis.

2.2. Protein determination

The protein concentration of homogenized mucus was determined
using the Bradford assay [35] with bovine serum albumin (BSA; Sigma)
as the standard. The OD was determined at λ=596 nm with a mi-
croplate reader (Infinity Pro200 spectrophotometer, Tecan, Spain).
Protein values were expressed as mg of protein · mL−1 of skin mucus.

2.3. Carboxylesterase (CE) activities

Multiple substrates were used for enzymatic determination of CE
activities due to the occurrence of multiple isozymes that generally co-
exist in a single tissue homogenate and which display different sub-
strate preference and sensitivity to potential inhibitors [36]. The ac-
tivity of CEs by p-nitrophenyl acetate (pNPA), p-nitrophenyl butyrate
(pNPB) and 1-naphthyl acetate (1-NA) substrates were measured and
adapted for mucus samples from the method reviewed by Ref. [37].
Briefly, the hydrolysis rates of pNPA-CE, pNPB-CE and 1-NA were de-
termined by a continuous spectrophotometric enzyme assay, performed
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in 50mM phosphate buffer (pH=7.4) containing the substrate (1 mM,
final concentration) and 25 μL of sample. The formation of 4-ni-
trophenolate (for pNPA-CE and pNPB-CE) was monitored at 405 nm for
5min at 25 °C and the formation of 1-naphthol (for 1-NA) was mon-
itored at 235 nm for 5min at 25 °C (following [34] in a microplate
reader (Infinity Pro200 spectrophotometer, Tecan, Spain). Additionally,
esterase activity for p-nitrophenyl myristate (pNPM-CE) substrate was
determined according to the method of [29] with some modifications.
Equal volumes of skin mucus and 0.4 mM pNPM-CE substrate were
placed in 100mM ammonium bicarbonate buffer containing 0.5%
Triton X-100 (pH 7.8, 30 °C). The formation of p-nitrophenol was
monitored at 405 nm for 15min at 25 °C in the microplate reader. The
initial rate of the reaction was used to calculate the activity.

2.4. Total protease activity

Total alkaline protease activity (TPA) was spectrophotometrically
measured in the homogenates following [38]. Thus, the samples first
reacted in 50mM Tris-HCl pH 9.0 buffer containing 1% casein as pro-
teolytic substrate. After 30min, the reaction was stopped by adding
trichloroacetic acid (TCA, 12%). The samples were then maintained for
1 h at 4 °C and centrifuged (7500 g, 5min, 4 °C). Supernatant absor-
bance was measured at 280 nm. Each sample was analysed in triplicate
and individual blanks were established by adding TCA solution. Bovine
trypsin was used as a standard. Enzyme activity was recorded as IU ·
mg−1 of protein.

2.5. Zymography

Individual alkaline protease activities were also studied by zymo-
grams according to the method previously established in skin mucus
[24] from modifications of the methods of [39,40] for fish mucosa. To
evaluate specific proteases activities the following inhibitors and con-
centrations were used: tosyl-L-lysyl-chloromethane hydrochloride
(TLCK, 10mM in HCl, 1mM) and soybean trypsin inhibitor type II-S
(SBTI, 250 μM) to inhibit trypsin-like activities; and tosyl phenylalanyl
chloromethyl ketone (TPCK, 10mM in methanol), N-benzylox-
ycarbonyl-L-phenylalanylchloromethyl ketone (ZPCK, 10mM in di-
oxane) and phenylmethane sulfonyl fluoride (PMSF, 100mM in iso-
propanol) for chymotrypsin-like activities. The selected concentrations
were assayed following [40,41].

Mucus samples were mixed 4:1 with H2OMQ as a control or the
corresponding inhibitor for 45min at room temperature. Then, the
control or inhibited samples were mixed 3:2 with the loading buffer
(2.5 ml stacking gel buffer; SDS 10%; 2ml glycerol; 2 mg bromophenol
blue). Two mucus extracts, from the pool of 5–7 mucus samples de-
pending on the fish species, were used to obtain both mucus case-
inolytic bands and inhibitions. 30 μg of protein was loaded onto 12%
polyacrylamide gel in duplicate. Electrophoresis was performed at a
constant current of 15mA per gel for 90min (Bio Rad Mini PROTEAN
Tetra Cell, 4 °C). Protease-active fractions were visualized using the
method described by García-Carreño et al. (1993) where the gels were
incubated at 4 °C under agitation in Tris-HCl 50mM pH 8.2 solution
containing 2% casein. After 30min, the temperature was raised to room
temperature for 90min with shaking. The gels were washed and stained
in a methanol:acetic:water solution (40:10:40) with 0.1% of Coomassie
Brilliant Blue R-250 (Bio-Rad). Destaining was carried out using the
same solution without colorant until the desired visualization of the
digested bands was achieved. Pure trypsin was used as a positive con-
trol. To determine the molecular weight (MW) of the protease fractions,
a commercial weight marker was used (RPN 800E, GE Healthcare). The
gels were further scanned in an ImageScanner III (Epson J181A) and
caseinolytic bands were identified.

2.6. Ferric reducing antioxidant power (FRAP)

Ferric antioxidant status is a measure of antioxidant power; it
gauges the capacity of antioxidants to convert ferric ions to ferrous ions.
The FRAP was determined by an enzymatic colorimetric test (Ferric
Antioxidant Status Detection Kit, Invitrogen). Following the manufac-
turer's instructions for plasma determinations but with slight mod-
ifications, 20 μL of mucus extract or standard solution (from 0 to
1000 μM μL−1 of FeCl2) was mixed with 75 μL of FRAP colour solution
in triplicate and incubated for 30min at room temperature. The OD was
determined at λ=560 nm with a microplate reader (Infinity Pro200
spectrophotometer, Tecan, Spain). Antioxidant values were expressed
as nmol FRAP · mg−1 of protein.

2.7. Antibacterial activity

A non-pathogenic bacteria for fish, E. coli (DSMZ number: 423) from
the German Collection of Microorganisms and Cell Cultures (Leibniz
Institute DSMZ, Germany) and two pathogenic bacteria, V. anguillarum
(CECT number: 522T) and P. anguilliseptica (CECT number: 899T) from
the Spanish Type Culture Collection (CECT, University of Valencia,
Valencia, Spain) were used in the antibacterial assay. All bacterial
strains were grown from 1mL of a stock culture. E. coli was cultured for
24 h at 37 °C in trypticasein soy broth (TSB, Laboratorios Conda, Spain),
and the two pathogenic bacteria were cultured for 24 h at 30 °C in
marine broth (MB-2216, Becton and Dickinson, USA).

Exponentially growing bacteria were centrifuged and the pellet re-
suspended in sterile PBS was diluted in new growth medium and ad-
justed to 106 colony forming units (CFU) · mL−1. Skin mucus anti-
bacterial activity was measured by absorbance in flat-bottomed 96-well
plates. Aliquots of 100 μL of the previously cultured bacteria plus
100 μL of the medium were incubated in parallel with aliquots of 100 μL
of the previously cultured bacteria plus aliquots of 100 μL of skin
mucus, to study the antibacterial activity, for 24 h. The absorbance of
the bacteria was measured at 400 nm every 30min for 24 h at 25 °C in
flat-bottomed 96-well plates. Triplicates of 100 μL of each fish mucus
plus 100 μL of medium were used as control values and subtracted from
the bacteria–mucus aliquot values.

3. Results

3.1. Enzyme activities and antioxidant capacity

Enzymatic TPA and the activities of different CEs in skin mucus are
showed in Fig. 1. TPA was species-specific, with the lowest value for sea
bream (1.4 ± 0.2 IU per mg of protein), followed by sea bass
(5.5 ± 1.2) and the highest for meagre (19.2 ± 0.4). Four CE activ-
ities were tested using the substrates pNPM-CE, pNPA-CE, pNPB-CE,
and 1-NA. Both pNPA-CE and pNPB-CE showed higher activity in
mucus than pNPM-CE (around one order of magnitude) irrespective of
fish species. As for TPA, meagre mucus showed the highest activities for
the CEs studied and sea bream mucus the lowest. 1-NA activity was not
detected in skin mucus and data are not shown. Mucus antioxidant
capacity was also measured as FRAP, with the lowest activity being in
meagre mucus: half that of sea bream and sea bass.

3.2. Zymography of protease activities

To characterize the alkaline protease activity pattern of skin mucus,
zymographic analysis was performed using casein digestion activity.
One-dimensional electrophoresis was run on 12% polyacrylamide gels
and protease-active fractions were visualized after incubation with 2%
casein as the substrate (caseinolytic activity) for sea bream (Fig. 2A),
sea bass (Fig. 2B) and meagre (Fig. 2C). The resulting zymograms re-
vealed the presence of different digested bands with caseinolytic ac-
tivity for each species. The sea bream mucus zymograms showed three
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clear digested bands: at 12–15 kDa (low-MW band or L-band) matching
the location of trypsin MW from the positive control; at 75–80 kDa
(intermediate-MW band or I-band); and at 180–200 kDa (high-MW
band or H-band). Moreover, other areas in the zymograms, not forming
a clear band, could putatively represent caseinolytic activity (indicated
by discontinuous arrows, Fig. 2A). In the zymogram of sea bass mucus,
digested bands were located at the same MWs as for sea bream; how-
ever, an extra L-band appeared above the trypsin MW and an extra I-
band at 100 kDa. With regard to the zymogram of meagre mucus, no H-
band was evidenced under the current experimental conditions,
whereas the I-band matched the sea bream and sea bass I-band, with an
extra I-band in this case below 75 kDa. In contrast, an evident digested
area was revealed at the trypsin MW location, extending from 15 kDa to
17 kDa. It is important to note that the same amount of protein (30 μg of
protein mucus extract) was loaded for the three species and the casein
incubation time was also the same (2 h), indicating that the greater area

digested corresponds to higher trypsin-like activity, matching the re-
sults obtained for higher TPA in meagre mucus when measured en-
zymatically.

To confirm the nature of the activity of these proteolytic bands,
several inhibitors of the different protease activities were assayed in
respective zymograms (Fig. 3). Table 1 summarizes the inhibitory effect
of each inhibitor tested (+or - for the dose of inhibitor proposed) on
each skin mucus. PMSF, TPCK and ZPCK completely halted the diges-
tion at the H-band location in the sea bream and sea bass zymograms,
demonstrating the chymotrypsin-like activity of the H-band. Likewise,
TLCK and SBTI decreased digestion in the L-band in sea bream and sea
bass; but the dose proposed did not affected the L-band zone of the
meagre mucus zymogram. Both TLCK and SBTI inhibit trypsin-like ac-
tivities and the perfect match with the trypsin-MW positive control
demonstrated the trypsin activity of the L-band. With regard to I-band
inhibition, the activity was not affected by any inhibitor and should be

Fig. 1. Maximum enzyme activities of total protease (TPA), carboxylesterase activities (pNPA-CE, pNPB-CE and pNPM-CE) and antioxidant power of skin mucus.
Values are mean ± SEM (n=6) and different letters indicate significant groups (p < 0.05) from one-way ANOVA.
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considered as non-trypsin and non-chymotrypsin-like activity.

3.3. Skin mucus antibacterial activity

A non-pathogenic (E. coli) and two pathogenic (V. anguillarum and
P. anguilliseptica) bacteria for marine species were used to evaluate the
antibacterial effect of the skin mucus on bacterial growth. Fig. 4 shows
the growth curves, derived from the appropriate medium for each
bacterium, each 30min for 24 h. The effects of the mucus on the bac-
terial growth was measured turbimetrically (OD at 400 nm) comparing
“free growth” (without mucus) and “in-mucus growth”. Putative anti-
bacterial potentials were analysed via lag-period growth, log-period
growth and stationary-period growth for each bacterium studied and
statistical differences supplied as Supplementary Table 1. Sea bream
mucus did not affect E. coli growth during the 24 h period. In contrast,
sea bass mucus exerted a antibacterial effect at the end of log growth

reducing the bacterial growth rate (significantly from 20 h onwards).
Meagre skin mucus delayed and reduced total E. coli growth, showing
both biocide and biostatic activity against this E. coli strain, sig-
nificantly from the start of log growth and being maximum at 18–24 h
period (data in Supplementary Table 1). With regard to V. anguillarum
growth, sea bream mucus delayed log growth significantly with the
maximum inhibition from 14 h to 18 h period but, at 18–19 h of co-
culture, a log phase of bacterial growth re-started, resulting sea bream
mucus without inhibitory effect at the end of the 24 h period. Meagre
mucus exhibited a similar pattern against V. anguillarum as sea bream
did; whereas sea bass mucus did not generally affect the log phase but
the stationary phase significantly (from 22 h onwards), as it did against
E. coli. The growth of P. anguilliseptica seemed to better approach linear
growth without clear lag, log or stationary phases of growth (under the
conditions reported in M&M). However, it was the most sensitive bac-
teria to co-culture with fish mucus. Sea bream and meagre mucus

Fig. 2. Zymograms of skin mucus protease activities of gilthead sea bream (A), sea bass (B) and meagre (C). Gel zymography: electrophoresis was performed on
polyacrylamide (12% acrylamide) gels using trypsin (10 ng) as a positive control (details in M&M). To determine the molecular weight of the protease fractions, a
commercial weight marker was used (MW-marker lane).

Fig. 3. Inhibitory study of caseinolytic activity in mucus zymograms. Details of the inhibitors used are in M&M. Arrows indicate evident inhibitory effects with
respect to control bands for each fish species.
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exhibited strong biocide activity, significantly from 5 h to 24 h of co-
culture; in contrast the effects of sea bass mucus against P. anguilli-
septica were lower in magnitude than sea bream or meagre.

4. Discussion

While traditional diagnoses of the physiological and health status in
fish are provided by haematological or pathological analysis, new tools
are emerging due to the necessity to produce no further stressors,
mainly in aquaculture systems. This is the case of skin mucus: an in-
teresting non-invasive tool the study of which has interested many re-
searchers over the last decade, due to its defensive characteristic and
plasticity against different physiological conditions and challenges
[7–11,21,23,24]. In the present work, we selected three species cul-
tured in southern Europe to study different non-specific innate defence
parameters with diagnosis potential in mucus, such as: protease and
esterase activities, antioxidant power and global antibacterial activity.

Two of the species, sea bream and sea bass, lead Mediterranean fish
production, to extent that their capture after reproduction has been
controlled since the early 1980s [1]. Meanwhile, meagre is a good ex-
ample of a new species introduced into aquaculture by fish farmers in
order to obtain the same results as its predecessors. This species is less
well known by the consumer and breeding it to consolidate current
initial production poses new challenges.

4.1. Antioxidant power of mucus

An easy method to analyses the antioxidant capacity of biological
samples is the FRAP assay [42], which has been used in fish plasma and
tissues [43,44], and recently in skin mucus from trout [11]. For the
marine species studied, FRAP was detected in unstressed animals, with
meagre levels being half those in sea bass and sea bream. In trout skin
mucus [11], proposed that there are normal oscillations in antioxidant
levels around the basal level which maintain redox homeostasis in skin
cells. In fact, those authors reported that in response to hypoxia the
mucus antioxidant levels doubled with respect to basal levels. Those
first data in trout and in the current marine species show that anti-
oxidant levels in mucus could be a good indicator of fish status, as
proposed for antioxidant levels in tissues [43,44]. However, mucus
analysis is non-invasive. Although few data exist on this mucus para-
meter, mucus antioxidant levels are good candidates for measuring
antioxidant activity as an immune defence in aquaculture conditions.
Thereby, as another possibility to measure antioxidant activity, recent
studies in skin mucus proposed reactive oxygen species in response to
stress conditions (Mercado et al., 2018) together with other immune
parameters and antioxidant enzymes as mucus oxidative markers in
response to dietary supplementation with probiotics [45]. The present
study demonstrates the importance of better understanding whether
these three species could respond to oxidative challenges differently, as
the FRAP levels suggested, via further studies.

Table 1
Protease inhibitors related to protease specific activity.

Trypsin Chymotrypsin

SBTI TLCK PMSF TPCK ZPCK

Sea bream H-Band - - + + +
I-Band - - - - -
L-Band + + - - -

Sea bass H-Band - - + + +
I-Band - - - - -
L-Band + + - - -

Meagre I-Band - - - - -
L-Band - - - - -

Symbols represents inhibition (+) or no inhibition (−). SBTI: Soybean Tripsin
Inhibitor; TLCK: Tosyl-L-lysyl-Chloromethane hydrochloride; PMSF:
Phenylmethane Sulfonyl Fluoride; TPCK: Tasyl Phenylalanyl Chloromethyl
Ketona; ZPCK: N-Benzyloxycarbonyl-L-Phenylalanylchloromethyl Ketona.

Fig. 4. Antibacterial activity study of skin mucus. Data correspond to the mean ± SEM of triplicate free growth curves (with no mucus present, black circles) and of
“in-mucus” growth (with equal volumes of mucus, white circles). Mucus samples came from 3 pools of 6 individual fish. Vertical dotted lines serve to orientate the
lag-, log- and stationary-growth phases for each bacteria. Details on statistical differences between bacterial growth without or with mucus presence of each fish
species are provided in the Supplementary Table 1.
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4.2. Defensive enzymatic activities of esterases and proteases

Mucus is the result of several enzymatic activities with a variety of
functions that are not well known or defined. It has been proposed that
esterases are: regulators of nerve impulse transmission; marker enzymes
for glial or supportive cells, or other non-neuronal elements; and de-
toxifiers of many xenobiotics and endogenous compounds (revised in
Ref. [34]. In fish mucus, they have mostly been studied in terms of their
defensive activity against pathogens [22,29,30]. Within the esterase
family, CEs are a heterogeneous group of isozymes that catalyse the
hydrolysis of a wide range of esters, amides and thioesters. To the best
of our knowledge, few studies have referred to the activity as CEs in fish
skin mucus [31,32] and most studies only attribute esterase activity to
the pNPM-CE substrate [30,46,47]; [21,22,48,49]. Our results show for
the first time in skin mucus that mucus esterase activity of the three
species studied has a higher specificity for the short-fatty-acid-chain
conjugates pNPA-CE and butyrate (pNPB-CE) than for longer ones such
as myristate (pNPM-CE). In fact, 20-fold less activity is detected for the
myristate conjugate, indicating that pNPA-CE and pNPB-CE could be
more appropriate substrates for the study of CEs in fish skin mucus. In
spite of the same pattern being observed through substrates studied,
basal levels of mucus CEs differed between species: sea bream mucus
showed less CE activity for all three substrates than sea bass, in contrast
to the observation by Ref. [22] using only myristate as a conjugate. In
contrast, meagre mucus showed the greatest CE activity if we consider
the sum of all of them. The relevance of the different CE activities in
skin mucus should be further studied to better understand the role of
each activity as providing non-specific immune power for each species
according to, for instance, their elapsed time from domestication (cul-
ture) or their exposition to pathogens. Moreover, due to the role of CEs
in detoxification processes [34], this role of CE activities should also be
considered in skin mucus.

The release of proteases into skin mucus is classically described as
acting directly on a pathogen or preventing pathogen invasion in-
directly by modifying mucus consistency and thereby increasing mucus
sloughing and the removal of pathogens from the body surface [50]. In
addition, they also activate and enhance the production of various
immunological components such as complement control proteins, im-
munoglobulins or antimicrobial peptides [6]. The analysis of total
protease activity (TPA) confirmed the species dependence of that ac-
tivity in fish skin mucus, as previously suggested [22]. Our results for
meagre mucus showed 10-fold higher TPA than for sea bream mucus
and 5-fold higher than for sea bass mucus [22]. attributed high protease
and antiprotease activities to species, such as shi drum or dentex, which
are more prone to suffer diseases produced by parasites than by bac-
teria, according to previous literature [51,52]. No similar reports ex-
isted on meagre susceptibility to bacteria or parasites with respect sea
bass and sea bream. The three studied species are considered within the
marine temperate species, although the recent phylogenetic classifica-
tion of bony fishes from Betancur et al. (2013) separated Spariformes
order, which included Sparidae family (gilthead sea bream), from the
broad order of Perciformes, which included Serranidae family (Eur-
opean sea bass) and Scianidae family (meagre). To attribute different
levels of both protease and esterase activities to phylogeny proximity
seems no consistent with the “new tree of live of fishes” proposed in
Betancur et al. (2013). Lower levels of these non-specific innate de-
fences in meagre could be related to the shorter domestication time and
the gradual loss of that potential in the skin mucus of sea bass and sea
bream. A recent review [53] analysing the effects on fish welfare during
domestication process proposed that a controversy exists between the
selected production-related traits such as growth, and the negative ef-
fects on welfare-related traits, such as response to stress or infections
[54]. In that line [55], reported in digestive mucosa of Eurasian perch
that the domestication process results in a down-regulation of genes
related to proteolysis pathways. Further studies are necessary to better
know the effects of domestication process on the non-specific immune

defences in fish, in general, and in skin mucus in particular.
To deepen the study of protease activity in fish skin mucus, for the

first time we performed comparisons of mucus zymograms, by case-
inlolytic activity, for these three species that are of such importance for
aquaculture, under the same protocol conditions. This zymographic
evaluation showed several conserved bands as recently reported in sea
bream [24] and also observed here in sea bass and meagre zymograms.
A lower-MW caseinolytic band, L-band (around 15 kDa) was present for
the three species, resulting in a considerable “digested area” for meagre
after 2 h of casein incubation, coinciding with its higher TPA. That L-
band perfectly matched the trypsin positive control MW, and it was
inhibited by the specific trypsin-like activity inhibitors TLCK and SBTI
in the sea bream and sea bass zymograms. The lack of inhibition ob-
served in the meagre zymograms could be attributed to the higher
caseinolytic activity and to a low inhibitor concentration in the per-
formed protocol. A little literature exists that reports the presence of
low-molecular-weight serine protease activity in fish mucus zymograms
in rainbow trout [56], Atlantic salmon [29,57] and olive flounder [46],
usually in response to infection challenges from Gram-positive bacteria.
In agreement with those findings, our current results with the meagre
mucus zymogram would indicate a greater defensive potential of this
species than for sea bream and sea bass. In contrast, the seabream and
sea bass zymograms presented high-MW caseinolytic bands, H-bands, at
180–200 kDa, in contrast to meagre which does not present this case-
inlotyic activity. The study with PMSF, TPCK and ZPCK inhibitors, in-
dicated chymotrypsin-like activity. Similar H-bands are also found in
other marine species such as coho salmon and Atlantic salmon [28],
olive flounder [46] and also in freshwater species [31] which are also
increasingly exuded under infection challenges. As there was no
trypsin- and chymotrypsin-like activity, the intermediate-MW case-
inolytic band, the I-band at 75–80 kDa, matched in the three species.
That I-band coincided with reported activity of metalloproteases in the
skin mucus of trout, and salmon species [31,58]. In sea bream, a pre-
vious study demonstrated that under chronic low temperatures the
caseinolytic activity of the specific I-band increased 5-fold [24]. Al-
though further studies will be necessary in fish and in higher verte-
brates, metalloprotease production has been associated with response
to injury, disease or inflammation [59], activating various immune
factors such as cytokines, chemokines, receptors [60] and other pro-
tease-like cathepsines, and antimicrobial peptides [61,62].

4.3. Antibacterial activity

The antimicrobial activity of skin mucus is one of the major interests
in studies of mucus properties and responses that address infections,
environmental challenges or nutritional improvement, such as those
concerned with supplementation with pre- and pro-biotics. It is well
known that the elimination of skin mucus and the consequent challenge
increases fish mortality [63] or increases susceptibility to bacterial in-
fection [64], thus evidencing the crucial role of the skin mucus in
preventing fish infections. To better know the antibacterial power of the
skin mucus of these three important productive species, we selected two
of the most important fish pathogen main bacteria that greatly affect
fish culture in farms: P. anguilliseptica and V. anguillarum (reviewed in
Ref. [65]; together with a theoretical non-pathogen: E. coli strain for
fish. We proposed a study of the putative effect of the skin on the dy-
namics of bacterial growth under their lag-growth, log-growth and
stationary-growth phases, to elucidate antibacterial mucus activity. As
the adherence of bacteria to mucosal surfaces and the subsequent in-
fection depend on mucus [15], we recently performed a turnover study
on mucus production and exudation [66] where we demonstrated that
mucus is continuously produced and exuded, and mucus renewal could
be a rapid process. Taking into consideration those recent insights,
bacteria adhesion and growth is a constant battle between mucus
properties and renewal, on the one hand, and bacteria growth capacity
for colonization under mucus conditions, on the other. Thus, the
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different growth curves observed between pathogens and fish species
responded to the different properties. If the focus of antibacterial ac-
tivity was in the final 24 h final, sea bream and meagre would show a
lower capacity to inhibit V. anguillarum growth than sea bass. However,
during the log-growth phase, both sea bream and meagre greatly di-
minished bacteria performance, showing an evident bacteriostatic ca-
pacity, which is more in keeping with the considerable lytic activity
reported in previous studies [21]. In the same way, the antibacterial
study of skin mucus against P. anguilliseptica, subdivided in the different
growth phases, highlighted both the bactericidal (lower growth) and
bacteriostatic (delayed growth) roles of fish skin mucus. Evaluation of
the direct lytic activity against pathogens is the most practical finding
awaited by farmers [21]. The present study emphasises the importance
of better understanding the time course of bacterial performance in the
mucus environment, also considering the daily renewal capacity of the
skin mucus components [66].

5. Conclusions

In conclusion, here we describe and compare different protease
activities and specific CE activities, as well as antioxidant power for the
first time in fish skin mucus. These are some of the main non-specific
immune defences in skin mucus for three of the most important
Mediterranean aquaculture fish species. All our results reveal that
meagre shows higher levels of these non-specific defences than sea bass
and sea bream. If the culture environment tends to produce poor phy-
siological conditions for fish and increased susceptibility to infections
[67], it could be hypothesized that meagre, as a more recently do-
mesticated species in aquaculture, have conserved greater protection
via esterase and protease trypsin-like activities in epidermal mucus. In
contrast, “old cultured” species could present lower levels of these non-
specific defences. Novelty, the antibacterial activity of fish skin mucus
is shown to perform in a time-dynamics manner between bacterial
growth and mucus properties, which could be conditioned by mucus
renewal capacity of each species, which is still known. These non-in-
vasive parameters will also be also very useful to study fish welfare, to
understand better how fish respond to nutritional enhancements such
as supplementation with pre- or pro-biotics, and even to study the ef-
fects of domestication process, scarcely known in fish, and the possible
loss of non-specific immune defences in skin mucus.
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