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Background. Fish epidermal mucus is a key component of innate immune system and plays a major role in pro-
tecting fish against invading pathogenic microbes. The information on the role of epidermal mucus components
is insufficient for many commercially important freshwater fish species. Hence, this study was directed to under-
stand the innate immune components of epidermal mucus in these fish species.

Materials and methods. Mucus samples were obtained from African catfish, Clarias gariepinus (Burchell,
1822); Indonesian snakehead, Channa micropeltes (Cuvier, 1831); striped snakehead, Channa striatus (Bloch,
1793); marble goby, Oxyeleotris marmorata (Bleeker, 1852); Nile tilapia, Oreochromis niloticus (Linnaeus,
1758); and Asian redtail catfish, Hemibagrus nemurus (Valenciennes, 1840). The variation in the protein profile
of the mucus were observed using SDS-PAGE analysis. The specific activities of various hydrolytic enzymes
including lysozyme, alkaline phosphatase, esterase, and protease were analysed in the mucus and the levels of
enzyme activities were compared among the experimental fishes. We also elucidated the effect of various protease
inhibitors on the protease activity and identified the type of proteases in the fish mucus by azocasein hydrolysis
assay and zymography.

Results. Significantly (P < 0.05) highest levels of lysozyme-, alkaline phosphatase-, and esterase activities were
observed to be 15.77, 18.96, and 10.65 U - mg! protein respectively in C. striatus followed by 13.67, 15.06, and
16.67 U - mg' protein, respectively in C. gariepinus. The highest level of protease activity was recorded in H.
nemurus (1630.97 U - mg™! protein) and C. gariepinus (1596.4 U - mg™ protein). A wide range of variation was
noticed in the enzyme activities of fishes, even from the same genus, for example C. micropeltes and C. striatus.
Specific inhibitors were added to azocasein hydrolysis assay and zymography experiments to characterize the
individual proteases present in the mucus of each fish species. This result revealed the highest level of serine
proteases in mucus of redtail catfish and African catfish compared to cysteine and metalloproteases. In contrast,
Indonesian snakehead and marble goby had similar levels of serine, cysteine and metalloproteases.

Conclusion. This study provides an insight into the presence of various epidermal mucus enzymes in fishes and
therefore believed to be the components of innate immune system that may possibly provide protection for the fish
against invading pathogenic microbes.
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INTRODUCTION

Global aquaculture fish production has increased sig-
nificantly over the past few decades. In order to increase
the fish production, intensive farming method has been
widely practiced. Due to this practice, a number of asso-
ciated factors such as overcrowding, transport, handling,
size grading, and poor water quality tend to adversely af-
fect the health of cultured fish. These factors have led to
the suppression of the immune system, increasing the sus-
ceptibility of fish to infectious diseases as well as substan-
tial economic losses in aquaculture (Anonymous 2014).
Further, in the aquatic environment, fishes are constantly
exposed to various numbers and types of beneficial and
pathogenic microbes and they have evolved an array of
strategies and defence mechanisms to prevent the inva-
sion of pathogens. Fish have less developed and slower
immune responses compared to other higher vertebrate
animals (Manning 1998). Activation of the adaptive im-
mune system requires specific receptor selection, cellular
proliferation, and protein synthesis, and all of these are
limited by temperature (Harding and Neefjes 2005, Hut-
tenhuis et al. 2005, Randelli et al. 2008). For example,
salmonids require 4—6 weeks, while Atlantic cod, Gadus
morhua Linnaeus, 1758 needs 10—12 weeks to exhibit the
specific immune responses (Ellis 2001a, Magnadottir et
al. 2001). Therefore, fish are likely to rely highly on their
innate immune mechanisms. Several specific and innate
immune components have been identified and character-
ized in different fish species. The major innate immune
components include the mucus layer on the skin, gills and
gastrointestinal tract, phagocytes, non-specific cytotoxic
cells (Evans et al. 2001, Neumann et al. 2001), as well as
epithelial and dendritic cells (Dalmo et al. 1996, Ganassin
and Bols 1996). Among these, fish mucus is considered
a primary and a key component of fish immune system
(Ingram 1980). The epidermal mucus is produced primar-
ily by epidermal goblet or mucus cells and is composed
mainly of water and gel-forming macromolecules, includ-
ing mucins and other glycoproteins (Shephard 1993). The
mucus layer covers the external surface of fish and reduc-
es the body friction against water and thus protects it from
abrasion and/or injuries. Mucus also performs a number
of other formidable functions including disease resistance,
respiration, ionic and osmotic regulation, locomotion, re-
production, communication, feeding, and nest building
(Ingram 1980, Shephard 1994). The mucus layer is con-
tinuously replaced, which prevents stable colonization of
potential infectious microorganisms and invasion of para-
sites (Nagashima et al. 2003). The composition and rate of
mucus secretion have been observed to change in response
to microbial exposure or to environmental perturbations
such as hyperosmolarity and pH (Ellis, 2001b). Fish mu-
cus contains a variety of biologically active substances
and innate immune components including lysozyme (LY),
proteases (PR), alkaline phosphatase (AP), esterase (ES),
immunoglobulins (IG), complement proteins (CP), lectins
(L), C-reactive protein, and various other antibacterial
proteins and peptides (Subramanian et al. 2008, Palaksha
et al. 2008, Arockiaraj et al. 2012, 2013, 2014, Arasu et al.

2013, 2014). It has been reported that these substances are
constitutively expressed in mucus to provide immediate
protection to fish from potential pathogens. Therefore, fish
mucus is considered one of the important components in
first-line defence against infectious pathogens.

LY—a bacteriolytic enzyme called N-acetylmuramide
glycanohydrolase or muramidase—has been identified in a
diverse range of organisms including fish (Alexander and
Ingram 1992). LY tends to hydrolyse the chemical bond,
B-glycosidic linkage between N-acetylmuramic acid and
N-acetyl glucosamine in the peptidoglycan layer of bacte-
rial cell wall and bind polymers of N-acetyl glucosamine
(Arnheim and Wilson 1967). Fish LY has been shown
to kill both Gram-positive and Gram-negative bacteria
(Jolles and Jolles 1984, Grinde 1989). Enhanced levels of
LY have been found in infected and injured fish (Fast et
al. 2002, Ross et al. 2000). AP has been demonstrated
as a potential stress indicator in the epidermal mucus of
Atlantic salmon, Salmo salar Linnaeus, 1758 (see Ross
et al. 2000). It is also thought to play a protective role in
the initial stage of wound healing in fish and it is known
as an antibacterial agent because of its hydrolytic activity
(Iger and Abraham 1990, 1997). The level of AP has been
shown to be higher in the epidermal mucus of infected fish
(Ross et al. 2000, Fast et al. 2002). ES is a hydrolytic en-
zyme that may act individually or in conjunction with oth-
er immune substances in the mucus in resisting pathogens
or in wound healing (Palaksha et al. 2008). Fish mucus
also contains a variety of PR, which have a significant role
in innate immune mechanisms (Subramanian et al. 2007,
Palaksha et al. 2008). PR cleaves bacterial proteins and
thus directly damaging the pathogen (Ingram 1980). Fish
mucus has been found to have metallo-, serine-, cysteine-,
and aspartic proteases (Cho et al. 2002, Fast et al. 2002).
They also function indirectly by activating and enhanc-
ing the production of various immunological components
such as complement, immunoglobulin and antimicrobial
peptides (Yoshikawa et al. 2001, Cho et al. 2002). LY, AP,
and ES with potential immunological functions have been
reported from the skin mucus of different species of fish
(Subramanian et al. 2007, Palaksha et al. 2008).

To the best of our knowledge, limited studies have
been attempted on the innate immune components of
the epidermal mucus of Malaysian freshwater fish spe-
cies. Hence, the presently reported study was aimed to
investigate the innate immune components in the epi-
dermal mucus of six commercially important freshwater
fish species such as: African catfish, Clarias gariepinus
(Burchell, 1822); Indonesian snakehead, Channa micro-
peltes (Cuvier, 1831); striped snakehead, Channa stria-
tus (Bloch, 1793); marble goby, Oxyeleotris marmora-
ta (Bleeker, 1852); Nile tilapia, Oreochromis niloticus
(Linnaeus, 1758); and Asian redtail catfish, Hemibagrus
nemurus (Valenciennes, 1840). This study provided a
good insight into the innate immune components of mu-
cus, which is imperative for the better understanding of
the innate immune mechanisms in fish.
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MATERIALS AND METHODS

Collection and maintenance of fish. Mucus samples were
obtained from Clarias gariepinus, Channa micropeltes,
Channa striatus, Oxyeleotris marmorata, Oreochromis
niloticus, and Hemibagrus nemurus. All the fishes were ob-
tained from a local fish farm at Sungai Petani, Kedah Darul
Aman, Malaysia. The collected fishes were maintained in
aerated aquaria at a laboratory of the AIMST University.
The fishes were acclimatized separately in circular, 500 L,
cement tanks at a stocking density of 10 fish per tank with
a water temperature of 28.8 + 0.56°C and pH of 6.7 + 0.13.
The African catfish, tilapia, and redtail catfish were fed ad
libitum with commercial pellet diet twice a day whereas,
marble goby, striped snakehead, and Indonesian snake-
head were fed with trash fishes (Rasbora spp.). The mean
(= standard deviation) body weight of fish was recorded to
be 107 + 18, 640 + 168, 320 + 154, 145 + 48, 116 = 50,
and 515 + 58 g for African catfish, Indonesian snakehead,
striped snakehead, marble goby, tilapia, and redtail catfish,
respectively. The uneaten feed particles were siphoned out
from the fish tanks and 50% water was replaced daily.
Mucus collection and extraction. Mucus was collected
following the method of Ross et al. (2000). Only healthy
fishes were chosen for mucus collection and fishes with
lesions were discarded. Mucus was obtained from 10 in-
dividuals of each species. All these fishes were starved for
24 h before mucus collection, and they were anaesthetized
with a sub-lethal dose of 100 mg - L' of MS-222 (tric-
aine methanesulphonate, Sigma, USA). The fishes were
transferred individually into a sterile polyethylene bag fol-
lowed by addition of 5 to 10 mL of 50 mM NaCl into the
bag immediately. The fish was first gently moved back and
forth inside the bag for 3 to 5 min to slough off the mucus
and then the used fish was released into the tanks. The col-
lected mucus samples from individual fish species were
pooled and split into three replicates per fish species. The
pooled mucus samples were stored in 50 mL sterile Fal-
con® tube. Then mucus samples were centrifuged at 1500
x g" (Beckman Coulter, Microfuge 22R Centrifuge) for 10
min at 4°C. The pellet was discarded and the supernatant
was freeze dried (Freeze Dryer SuperModulyo®-based
High Capacity System) and stored at —80°C until further
analysis.

SDS-PAGE analysis. The protein concentration of freeze
dried mucus samples were determined based on the meth-
od of Bradford (1976) using bovine serum albumin as the
standard. The protein profile of epidermal mucus was ex-
amined using sodium dodecyl sulphate-polyacrylamide
gel electrophoresis (SDS-PAGE) according to Laemmli
(1970). Protein samples (20 ug total protein) were diluted
1 : 1 with sample buffer [4% (w/v) SDS, 50 mM Tris-HCI,
2% mercaptoethanol (v/v), 12% (v/v) glycerol, and 0.5%
(w/v) bromophenol blue adjusted with HCI to pH 6.8] and
loaded onto a separating gel of 15% acrylamide with a 4%
stacking gel. The gel was run in a Bio-Rad electrophoresis
apparatus for 4 h at 150 V. The gel was then stained with
Coomassie Brilliant Blue and the protein banding profiles

* g = g-force.

were compared with standard markers (Spectra multicolor
High Range Protein Ladder, Fermentas).

Enzyme activity assay. Prior to enzymatic assay, the
frozen mucus samples were reconstituted in 2 mL of the
respective enzyme assay buffers and centrifuged (Avanti
J-26 XPI, Beckman Coulter) at 9300 x g for 2 min at 4°C.
Fifty uL of the supernatant was then used for each of the
enzyme assay. Prior to start the assay, protein concentra-
tion of the supernatant mucus was determined based on
Bradford (1976) method. Then, the protein concentration
for each mucus sample was determined to calculate for
specific activity of the respective enzyme assays. The ab-
sorbance for each assay was read using microplate reader
(Tecan Infinite M 200 Pro). The entire enzymatic assay was
conducted three times for each fish species mucus samples.

The rate of LY activity was determined by turbidimet-
ric method as described by Subramanian et al. (2007).
Fifty pL of fish mucus sample in 40 mM sodium phos-
phate buffer (pH 6.5), was transferred to a 96-well plate
and incubated at 30°C for 15 min. Fifty mL of lyophilised
Micrococcus lysodeikticus substrate (0.3 mg mL™" in 40
mM sodium phosphate buffer, pH 6.5, Sigma) were then
added and the absorbance was measured continuously for
60 min at 30°C. One unit of activity was defined as the
amount of enzyme that catalysed a decrease in absorbance
at 450 nm per 0.001 min.

AP assay was conducted following the method of
Subramanian et al. (2008) with slight modifications. AP
activity was determined by incubating 160 pL of mucus
reconstituted in 100 mM ammonium bicarbonate and 1
mM MgCIL, (pH 7.8) at 30°C for 15 min. Then, 160 uL of 4
mM p-nitrophenol phosphate substrate was added and the
absorbance was measured at 405 nm over a period of 60
min at 30°C. The enzyme activity measured by one unit (U)
of activity was defined as the amount of enzyme required to
release 1 umol of p-nitrophenol product in 1 min.

ES activity assay was conducted following the method
of Palaksha et al. (2007). ES activity was determined con-
tinuously over 2-3 h at 405 nm using p-nitrophenyl myri-
state substrate (Sigma, USA). An equal volume of mucus
sample was incubated with 0.4 mM p-nitrophenyl myri-
state substrate in 100 mM ammonium bicarbonate buffer
containing 1% Triton X-100 (pH 7.8) at 30°C. The enzyme
activity measured by one unit (U) of activity was defined
as the amount of enzyme required to release 1 umol of
p-nitrophenyl myristate product in 1 min.

PR activity was determined using azocasein hydroly-
sis assay, following the method described by Subramani-
an et al. (2007) with slight modifications. The assay was
conducted by incubating 100 pL of the mucus sample in
100 mM ammonium bicarbonate (pH 7.8) with 100 pL
azocasein substrate in the same buffer for 19 h at 30°C.
The reaction was stopped by adding 400 pL of 20% (w/v)
trichloroacetic acid followed by a 5 min centrifugation at
15 400 x g. Equal volumes (100 uL) of the resultant super-
natant and 0.5 M NaOH were added to a 96-well plate and
the absorbance was measured at 405 nm. The PR activity
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was measured as the increase in the absorbance values at
450 nm on a microplate reader (Tecan, Infinite M 200 Pro).
Zymography and reverse zymography. For zymogra-
phy assay (Firth et al. 2000, Subramanian et al. 2008),
50 mL of freeze dried mucus samples were dissolved in
distilled water and sample buffer [10% (w/v) sodium do-
decyl sulphate (SDS), 0.5 mM Tris-HCI, pH 6.8, and 10%
(v/v) glycerol] in a ratio of 1 : 4 to obtain a final protein
concentration of 0.5 pg - pL!. Ten pL of the mucus sam-
ple was then loaded onto a 12% SDS polyacrylamide gel
containing 0.1% (w/v) gelatine and electrophoresed (Bio-
Rad electrophoresis apparatus at 150 V) at 4°C for 1 h.
Upon completion, the gel was washed three times with
50 mM Tris-HCI (pH 7.5), 2.5% (w/v) Triton X-100, and
0.02% NaN, and incubated at 30°C for 19 h in 25 mM
Tris-HC1 (pH 7.5), 2.5% (w/v) Triton X-100, 20 mM
MgCl,, 5 mM CaCl,, and 0.02% NaN,. After incubation,
the gel was stained with Amido Black stain in MeOH :
H,O : AcOH (40 : 50 : 10) for 45 min and destained with
MeOH : H,0 : AcOH (40 : 50 : 10) until the desired con-
trast was obtained. The gel was immediately scanned us-
ing Gel-Doc XR System (Biorad Laboratories). The effect
of various inhibitors on PR activity was determined by
adding 5 mM p-aminobenzamidine (Sigma, USA), 5 mM
EDTA (HmbG Chemicals), 5 mM o-phenanthroline (R &
M Chemicals), and 5 mM o-iodoacetamide (Alfa Aesar,
England) specific inhibitors during the incubation step in
the azocasein hydrolysis assay and zymography analysis.

Statistical analysis. The data obtained from analysis of
protein content and enzyme activity of different fish mucus
were analysed using one-way analysis of variance (ANO-
VA) and significant differences among the means were
compared using Duncan’s multiple range test (DMRT) on
SPSS (ver. 11). Significance was tested at 5% level. All
values shown in this experiment are mean + standard de-
viation (SD).

RESULTS

SDS-PAGE analysis. The protein content of the mucus
of six experimental freshwater fish species are given in Ta-
ble 1. The highest protein content (0.5 + 0.009 pg - uL™")

was recorded in tilapia compared to other fish species. The
protein content in epidermal mucus was varying among
the fish species. SDS-PAGE protein profiles of six fish
species are shown in Fig. 1. Electrophoretic comparison
of the mucus proteins revealed the differences in the in-
tensity of several protein bands and also demonstrated the
variation in expression of similar proteins among fishes.
Protein profile of mucus was also varying from species
to species, showing the protein bands ranged between 40
kDa and 300 kDa.
Enzyme activity assay. The specific enzyme activities of
mucus of six fish species are presented in Table 1. The re-
sults confirmed the presence of LY, AP, ES, and PR in the
mucus of all the fish species and also a significant amount
of variations was noticed in the levels of enzyme activities
among the fishes. Significantly (P < 0.05) highest specific
activity of LY and AP (15.77 and 18.96 U - mg! protein)
were observed in Channa striatus followed by Clarias
gariepinus mucus. The mucus of C. gariepinus showed
the highest ES activity (16.67 U - mg' protein) followed
by C. striatus. A wide variation of enzyme activities was
noticed between species of same genus such as C. striatus
and Channa micropeltes. Azocasein hydrolysis assay was
used to determine the PR activity and showed significantly
highest PR level in Hemibagrus nemurus (1630 U - mg™!
protein) followed by C. gariepinus (1596.4 U - mg™' pro-
tein) when compared to other fish species. However, sta-
tistically no variation was observed in the protease activity
between H. nemurus and C. gariepinus mucus. Despite,
C. striatus and C. micropeltes belong to the genus Channa
(Channidae), the mucus of C. striatus showed 3 times
more ES activity than C. micropeltes mucus and C. micro-
peltes showed 6.5 times more PR activity than C. striatus.
Specific inhibitors were added to the azocasein hy-
drolysis assay to evaluate the PR activity among the
fish species and the results are presented in Table 2. The
PR inhibition values were calculated as a percent in-
hibition of the total (100%). In the presently reported
study, all the PR inhibitors were found to inhibit the spe-
cific classes of PR in all the fish species examined. The
p-aminobenzamidine inhibitor reduced the PR activities

Table 1

Comparison of protein content and enzyme activities of Clarias gariepinus, Channa micropeltes, Channa striatus,
Oxyeleotris marmorata, Oreochromis niloticus, and Hemibagrus nemurus

Fish species Protein cor}tent Lysozyrrje activ.ity Alkaline rjhosphgtase Esteras? actiViFy Pro}ease .
[ug - uL] [U - mg™! protein] [U - mg! protein] [U - mg™! protein] [U - mg™! protein]

Clarias gariepinus 0.25 +0.027° 13.67 £2.82° 15.06 £2.37° 16.67 £ 8.36° 1596 + 942
Channa micropeltes 0.43 +£0.145° 2.39+£0.92¢ 9.36 £1.16° 2.91 + 1.66° 1123 £ 133
Channa striatus 0.41 +0.008* 15.77 £ 1.25° 18.96 + 6.68* 10.65 + 5.84%° 171 +£20¢
Oxyeleotris marmorata  0.28 + 0.004° 8.13 £2.57° 5.12+0.19° 2.33 +1.06° 226 + 81¢
Oreochromis niloticus 0.50 = 0.009* 4.02 +0.87¢ 8.66 + 1.15° 2.58 +0.84° 131 + 8¢
Hemibagrus nemurus 0.42+0.01° 3.06 £1.22¢ 6.33 £0.98° 4.88 +£3.70° 1630 £ 104°

Each value is the mean and standard deviation of three replicates; Values followed by a different superscript letter in the same column are

significantly different (P < 0.05).
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Fig. 1. SDS-PAGE showing the protein profile of mucus
samples of six freshwater fish species; M = marker
of molecular mass [kDa], 1 = Clarias gariepinus, 2 =
Channa micropeltes, 3 = Channa striatus, 4 = Oxyeleo-
tris marmorata, 5 = Oreochromis niloticus, 6 = Hemib-
agrus nemurus

by 45.45-94.65 percentage points in all the fishes and
showed the highest percentage of PR inhibition (94.65
percentage points) in Hemibagrus nemurus mucus fol-
lowed by Channa micropeltes (87.01 percentage points)
and Clarias gariepinus (73.32 percentage points), and the
least (45.45 percentage points) in Oxyeleotris marmorata.
Another serine protease inhibitor, PMSF showed relative-
ly highest inhibitory activity (99.87 percentage points) in
Oxyeleotris marmorata followed by C. gariepinus mucus
(97.15 percentage points) and the lowest (32.84 percent-
age points) in Oreochromis niloticus mucus. The serine
inhibitors, p-aminobenzamidine and PMSF showed inhi-
bition levels of 32—48 percentage points in O. niloticus
and 49-54 percentage points in Channa striatus mucus.
These results revealed the presence of low levels of serine
proteases in O. niloticus and C. striatus.

The cysteine protease inhibitor, a-iodoacetamide re-
duced the mucus protease levels in all the fish species and
showed highest inhibition (87.57 percentage points) in
Channa micropeltes followed by Oxyeleotris marmorata
(81.82 percentage points). The lowest inhibition (3.89
percentage points) was observed for Clarias gariepinus.
The metalloprotease inhibitor, o-phenanthroline, showed
highest inhibition (94.55 percentage points) in O. mar-
morata mucus and the lowest (12.7 percentage points) in
C. gariepinus. Another metalloprotease inhibitor, EDTA
highly reduced the mucus protease activities by 90-94
percentage points in O. marmorata, C. micropeltes, and
Hemibagrus nemurus, whereas it showed minimal inhi-
bition in C. gariepinus and Oreochromis niloticus. This
study revealed that the highest levels of serine proteases
were present in the mucus of H. nemurus and C. gariepinus
compared to cysteine and metalloproteases. In contrast, C.
micropeltes and O. marmorata had similar levels of serine
proteases, cysteine and metalloproteases.

Zymography and reverse zymography. Protease zy-
mography was used to elucidate the intensity of protease
activities in different fish mucus samples and the results
are shown in Fig. 2. The results indicated that a low mo-
lecular mass protease of 12-33 kDa was observed in all

the fish species examined except marble goby mucus,
where bands were visible only from 43 kDa and above.
African catfish mucus showed highly variable protease
bands ranging from 31.48 to 260 kDa. In Indonesian
snakehead, less intense protease bands were visible at 33.4
and 44.06 kDa and more intense protease bands at medi-
um and higher molecular mass starting from 44.06 kDa
(lane 2). The mucus of striped snakehead showed few less
intense bands between 12.73 and 40 kDa and medium to
high molecular mass bands in the range of 42.20—-140 kDa
(lane 3). In marble goby, mucus protease bands were high-
ly visible in the range of 43.11-120 kDa (lane 4). In tila-
pia, a less intense band at 15.56 kDa and medium to high
molecular mass protease bands in the range of 42.66—-260
kDa (lane 5) were observed. The mucus of redtail catfish
showed low to high molecular mass protease bands in the
range of 23.87-260 kDa (lane 6). Several low and medi-
um molecular mass protease bands between 36—60 kDa
were observed in all the fish species. A notable variation
in protease activity was observed in the two species of
genus, Channa. The striped snakehead had more intense
protease bands in the range of 42.20—-140 kDa which were
not observed in the mucus of Indonesian snakehead (lanes
2 and 3).

The effect of various inhibitors on protease activities
were determined by adding specific inhibitors such as
p-aminobenzamidine, PMSF, a-iodoacetamide, o-phenan-
throline and EDTA to zymography gels and the results are
presented in Figs. 3—7. Addition of p-aminobenzamidine
to zymography gel inhibited the majority of the low and
high molecular mass proteases in Indonesian snakehead,
marble goby, and tilapia (Fig. 3, lanes 2, 4, and 5). The
p-aminobenzamidine did not inhibit high molecular mass
proteases of African catfish, striped snakehead and red-
tail catfish. A single intense low molecular mass protease
band of approximately 42.79 kDa was visible in African
catfish and 50-70 kDa was observed in the mucus of In-
donesian snakehead (lanes 1 and 2). In striped snakehead,
a clear band of 38.82 kDa protease was observed when
incubated with p-aminobenzamidine (lane 3). Clear and
highest protease inhibition with p-aminobenzamidine was
observed in marble goby and tilapia compared to other
fish species examined (lane 4 and 5). Only a single intense
medium molecular mass protease band of approximately
68.78 kDa in tilapia was observed (lane 5). PMSF is a
serine protease inhibitor and the activity is quite similar
to p-aminobenzamidine. However, the proteases with a
molecular mass above 50 kDa exhibited less inhibition in
African catfish, Indonesian snakehead, striped snakehead,
and tilapia mucus (Fig. 4). All the proteases were inhibit-
ed when marble goby mucus treated with PMSF (lane 4).
The majority of the proteases smaller than 50 kDa were
inhibited in all the fishes except a faint band was observed
between 30 and 40 kDa in redtail catfish (lane 6). The
cysteine protease inhibitor, a-iodoacetamide was found to
inhibit low molecular mass proteases in all the fishes. A
slight inhibition was noticed in the high molecular mass
proteases of Indonesian snakehead and marble goby (Fig.
5, lanes 2 and 4). No inhibition was observed in medi-
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Table 2

Effect of specific protease inhibitors on protease activity in the mucus of Clarias gariepinus, Channa micropeltes,
Channa striatus, Oxyeleotris marmorata, Oreochromis niloticus, and Hemibagrus nemurus using the azocasein

hydrolysis assay
Inhibitor
Fish species
p-aminobenzamidine PMSF a-iodoacetamide  o-phenanthroline EDTA
Clarias gariepinus 73.32+£0.51¢ 97.15+0.13* 3.89+£0.38 12.7 £ 1.60° 28.5 +0.43¢
Channa micropeltes 87.01 £0.79° 83.6 £ 0.40° 87.57 + 0.40° 88.14 +1.38° 90.96 + 0.40°
Channa striatus 49.18 £2.37¢ 54.12 +5.16¢ 59.05 £2.39¢ 65.58 +5.33% 52.46 £ 0.90¢
Oxyeleotris marmorata 4545 +£1.73¢ 99.87 £0.07* 81.82 +0.99° 94.55 £ 6.75* 90.91 +0.78°
Oreochromis niloticus 48.4+£2.07¢ 32.84+£0.77¢ 81.43 +0.78° 54.28 +1.04¢ 28.56 + 1.56¢
Hemibagrus nemurus 94.65 + 0.02° 89.14 £ 0.49* 29.82 + 0.44¢ 43.27+0.78¢ 93.68 + 00°

Values are expressed as a percent inhibition of the total (100%) control protease activity; Each value is the mean and standard deviation of

three replicates; Values followed by a different superscript letter in the same column are significantly different (P < 0.05).

um and high molecular mass proteases of African catfish,
striped snakehead, tilapia, and redtail catfish mucus (Fig.
5, lanes 1, 3, 5, and 6). Inhibition was noticed in the low
and medium molecular mass protease bands in all species
when a zymography gel was incubated with o-phenanth-
roline (Fig. 6). A slight inhibition was noticed in high mo-
lecular mass protease of Indonesian snakehead and marble
goby. High molecular mass proteases were not inhibited
by o-phenanthroline in African catfish, striped snakehead
and redtail catfish (Fig. 7, lanes 1, 3, and 6). Metallopro-
tease inhibitor, EDTA was found to inhibit most of the low
molecular mass proteases in all the fish species except a
few faint bands between 30 and 15 kDa in African catfish,
tilapia, and redtail catfish mucus (Fig. 7, lanes 1, 5, and 6).

DISCUSSION

Fish epidermal mucus being continuously produced
and sloughed off from the integumental surface, where it
is physically trapping and preventing microbial pathogens
from attaching to the epithelium (Sheikhzadeh et al. 2012).
The involvement of epidermal mucus enzymes such as ly-
sozyme and proteases in the innate immune mechanism of
fish has hitherto been studied (Yano 1996, Aranishi 1999).
Several studies have been conducted to explore the an-
timicrobial activity, immune components, and hydrolytic
enzymes in the mucus of different fish species (Yano 1996,
Subramanian et al. 2007, Palaksha et al. 2008). However
to date, no information is available specifically on the pro-
tein profile and innate immune components of mucus of
the six fish species that were examined in this study. A
marked variation was observed in the specific activities of
hydrolytic enzymes among the fish species and also fish
species within the same genus (Channa), indicating their
importance in protecting fish against pathogens.

This study demonstrated the variation in protein pro-
files and their contents in the mucus of the six fish spe-
cies examined. Several studies reported that the changes
in protein content and composition of fish mucus usually
occur as a result of several physiological conditions of fish
such as maturation, smoltification, and starvation (Fagan
etal. 2003). The variation in protein content was observed
in epidermal mucus of juvenile and parental discus fish,

Symphysodon spp. (see Chong et al. 2005). In general,
epidermal mucus contains water, glycoprotein, secretary
proteins, amino acids, lipids, sloughed epithelial cells, and
bacteria (Shephard 1994), immunoglobulin, complement,
C-reactive proteins, lectins, lysozyme, and haemolysins
(Yano 1996).

Skin mucosal lysozyme was found to vary among
freshwater fish species. In the presently reported study
low levels of lysozyme activity in the epidermal mucus
of all the six fish species was noticed compared to the pre-
vious studies in different freshwater and marine fish spe-
cies. Palaksha et al. (2008) found a lysozyme activity of
(233.33 U - mg! protein) in olive flounder, Paralichthys
olivaceus (Temminck et Schlegel, 1846) and (16—124
U - mg' protein) in different freshwater fishes such as:
Arctic char, Salvelinus alpinus (Linnaeus, 1758); brook
trout, Salvelinus fontinalis (Mitchill, 1814); striped bass,
Morone saxatilis (Walbaum, 1792); and koi carp, Cypri-
nus carpio Linnaeus, 1758; and marine fishes such as:
haddock, Melanogrammus aeglefinus (Linnaeus, 1758);
Atlantic cod, Gadus morhua; and Atlantic hagfish, Myxine
glutinosa Linnaeus, 1758 (see Subramanian et al. 2007).
An increased lysozyme activity was observed in seawater
fish than freshwater-reared fish species (Subramanian et
al. 2007). In contrast, an increased lysozyme activity has
been reported in freshwater reared rainbow trout, coho
salmon, and Atlantic salmon than seawater-reared fish
(Fast et al. 2002). This difference in lysozyme activity
could be attributed to the species-specific evolutionary
adaptation to different environmental conditions. The
variation in enzyme activities is also thought to be relat-
ed to the thickness of the epidermis and the number of
mucus cells (Fast et al. 2002). In the presently reported
study, highest lysozyme activity was noticed in striped
snakehead and African catfish. Genetically these species
are air breathing fish and can thrive in poor water quality
conditions, and also produce copious amounts of mucus
compared to the other fish species examined in the study,
suggesting that the hypothesis on epidermal thickness and
enzyme activity could partially apply for African catfish
and striped snakehead. The variation in lysozyme activity
could also be attributed to several other factors such as
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Figs. 2-7. Protease zymography of the mucus of six freshwater fish species (1 = Clarias gariepinus, 2 = Channa mi-
cropeltes, 3 = Channa striatus, 4 = Oxyeleotris marmorata, 5 = Oreochromis niloticus, 6 = Hemibagrus nemurus);
Fig. 2. Incubated without inhibitor; Fig. 3. lincubated with specific protease inhibitor, p-aminobenzamidine (5 mM);
Fig. 4. Incubated with specific protease inhibitor PMSF (5§ mM); Fig. 5. Incubated with specific protease inhibitor
a-iodoacetamide (5 mM); Fig. 6. Incubated with specific protease inhibitor, o-phenanthroline (SmM); Fig. 7. Incubat-
ed with specific protease inhibitor, EDTA (5 mM); M = marker of broad range molecular mass [kDa]

handling stress, maturity, diet, sex, species variation, and
genetic variation (Balfry and Iwama 2004).

In the presently reported study, the alkaline phospha-
tase activity varied from 6.33 to 18.96 U - mg™' protein
among the fish species. The total alkaline phosphatase ac-
tivity exhibited in this study was higher than the previous
studies by Subramanian et al. (2007) and Palaksha et al.
(2008) in the mucus of different freshwater and sea-wa-
ter fish species. Similar to lysozyme activity, an increased
alkaline phosphatase activity was also observed in striped
snakehead and African catfish compared to the other fish

species. The variations in the alkaline phosphatase activity
in different fish species and their precise role in the innate
immune mechanisms have yet to be elucidated. Esterase
is also a hydrolase enzyme like alkaline phosphatase. The
activity of esterase varied from 2.91 to 16.67 U - mg!
protein in the six fish species. A higher esterase activi-
ty was reported in the skin mucus of fish, administered
with Ergosan and fed with fermented Saccharomyces
cerevisiae (see Sheikhzadeh et al. 2012). The presently
reported investigation revealed a comparable and higher
esterase activity (16.67 U - mg! protein) in African cat-
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fish mucus. Low esterase activity was reported in olive
flounder than that observed in this study (Palaksha et al.
2008). The precise role of esterase has not been distinct
and it seems likely that it could act either individually or
in cooperation with immune mucus substances towards
fighting against infection or in wound healing (Palaksha
et al. 2008, Sheikhzadeh et al. 2012). A variation in the
level of protease activity was observed among the mucus
of fish species examined. Comparatively highest level of
protease activity was noticed in all the fish species than
other mucus enzymes. The protease activity is found to
be higher than the previous studies by Subramanian et al.
(2007) and Palaksha et al. (2008) in the mucus of different
freshwater and sea-water fish species.

The results of the azocasein hydrolysis assay showed
the presence of a higher level of serine proteases followed
by metalloproteases in the mucus of all the six fish spe-
cies. The activity of serine protease inhibitors, p-amino-
benzamidine and PMSF in all the fish species was found
to be similar, whereas variation was noticed only in marble
goby fish mucus protease. In marble goby, PMSF showed
inhibition by 99.87 percentage points, while p-aminoben-
zamidine inhibited the protease activity up to 45.45 per-
centage points. This is probably due to reduced activity of
trypsin-like proteases in the marble goby mucus. A similar
observation was reported in hagfish mucus, where p-ami-
nobenzamidine exhibited no inhibition at all and the other
serine inhibitor, aprotinin, inhibited up to 30 percentage
points of the protease activity (Subramanian et al. 2007).
Similarly, metalloprotease and o-phenanthroline inhibi-
tors showed low activity (43.27) and EDTA inhibited by
93.68 percentage points the total protease activity in red-
tail catfish mucus. Similar findings were reported by (Sub-
ramanian et al. 2007) in hagfish mucus where o-phenan-
throline showed no inhibition and EDTA inhibited by 36
percentage points of the total protease activity. The cyste-
ine protease inhibitor, a-iodoacetamide caused higher rate
of inhibition in Indonesian snakehead, tilapia, and marble
goby mucus protease than other fishes and this suggests
that these fishes might have more cysteine proteases.

The presently reported study observed the highest ser-
ine proteases in African catfish, Indonesian snakehead,
and redtail catfish and metalloproteases in Indonesian
snakehead and marble goby and cysteine proteases in In-
donesian snakehead, marble goby and tilapia. The role of
serine-, metallo-, and cysteine proteases in the innate im-
mune response has hitherto been examined. Highest serine
and metalloproteases were noticed in the mucus of Arctic
char, brook trout, koi carp, striped bass, haddock, cod, and
hagfish (Subramanian et al. 2007). Metalloproteases have
been identified in the epidermal mucus of catfish (Cho
et al. 2002), coho salmon, Atlantic salmon, and rainbow
trout (Fast et al. 2002).

Based on the results of azocasein hydrolysis and zymog-
raphy, it could be found that there is a wide variability in the
types of proteases in fish mucus. This could imply that one
or two proteases are inhibited by all the inhibitors, while
some of them are not inhibited. In this study, p-aminoben-
zamidine and PMSF inhibited the most of the medium as

well as low molecular mass protease bands of African cat-
fish, redtail catfish, and snakeheads, suggesting trypsin-like
proteases are the major proteases in the mucus. Subramani-
an et al. (2007) reported that p-aminobenzamidine inhibited
low molecular mass serine proteases in different fish spe-
cies. The two metalloprotease inhibitors tested in this study
showed different effects on the protease activities; EDTA
inhibited the majority of medium molecular mass proteases,
while o-phenanthroline inhibited the majority of medium
and low molecular mass proteases. This may be due to the
presence of calcium-specific metalloproteases as some pro-
teases are inhibited both by EDTA and o-phenanthroline. It
further suggests that EDTA is a cation chelator that binds
to calcium and iron, while o-phenanthroline mainly targets
zinc with a much lower affinity for calcium (Auld 1995,
Salvesen and Nagase 2001).

The presently reported study is the first of its kind to
confirm the presence of innate components such as lyso-
zyme, alkaline phosphatase, esterase, and proteolytic en-
zymes in the epidermal mucus of Clarias gariepinus, Clar-
ias micropeltes, Channa striatus, Oxyeleotris marmorata,
Oreochromis niloticus, and Hemibagrus nemurus. Conclu-
sively this study showed a significant variation in the rela-
tive levels of lysozyme, alkaline phosphatase, esterase, and
proteases in the epidermal mucus of the all the fish species.
There have been no clear evidences available to explain the
variation of enzyme activities in different fishes in a vari-
ety of habitats, whether it might occur due to evolutionary
or genetic adaptation of these species to environmental
factors. A significant observation from our study was the
presence of the higher levels of lysozyme and several pro-
teases in the epidermal mucus of African catfish and snake-
head fishes. From an evolutionary perspective, these fishes
are unique and posses an accessory respiratory organ for
respiration as well as can thrive in low dissolved oxygen in
water, paddy field and muddy environments, and produce
more mucus than other freshwater fishes. To survive in
such a harsh environmental condition, the requirement of
high levels of these innate immune factors is of prerequi-
site. In addition, all these immune components in epider-
mal mucus may play an important role in survival of fish in
different environmental conditions.
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