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Antimicrobial peptides (AMPs) are a pivotal component of innate immunity in lower vertebrates. The aim
of this study was to develop an immunological method for quantifying AMPs in Salmo salar skin mucus.
A known antimicrobial peptide derived from histone H1 previously purified and described from S. salar
skin mucus (SAMP H1) was chemically synthesized and used to obtain antibodies for the quantification
of the molecule via ELISA. Using skin mucus samples, a correlation of bacterial growth inhibition versus
SAMP H1 concentration (ELISA) was established. The results provide the first evidence for quantifying the
presence of active AMPs in the skin mucus of S. salar through the use of an immunological method.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Fish live in a microbe-rich environment and are vulnerable to
invasion by pathogenic or opportunisticmicroorganisms [1,2]. Teleost
fish rely heavily upon innate or non-specific immunemechanisms for
initial protection against these infectious agents [3,4]. The epithelial
surfaces offish, such as the skin, gills and the alimentary tract, provide
first contact with potential pathogens [5,6]. These surfaces are
covered by a layer of mucus composed of biochemically diverse
secretions from epidermal goblet cells, which contain a number of
molecular compounds such as complement, transferrin, lysozyme,
C-reactive protein and antimicrobial proteins and peptides [4].
Antimicrobial peptides (AMPs) play an important role in the innate
immunity of lower vertebrates [5,7,8], they demonstrate potent,
broadespectrum activity against viruses, bacteria, fungi and parasites
[9]. Although these AMPs are heterogeneous with respect to their
primary structure, they are mostly positively charged, amphipathic,
and can form a-helical or b-sheet structures in membrane-like
environments, leading to membrane destabilization and channel
formation in bacterial cells [10,11]. The expression of AMPs in most
fish is constitutive in different tissues such as skin, gill, kidney and gut
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[12e15], therefore the amount of active peptides could be a fine
indicator of robust immunity [16e19]. Several antimicrobial peptides
described from fish have been found to be molecules derived
from proteins that are not traditionally associated with antimicrobial
defense, such as histones, which are small basic proteins most
commonly found in association with DNA in the chromatin [20,21].
The following peptides derived from histones have been identified as
antimicrobial: Parasin I from catfish [12] Oncorhyncin II and III from
rainbow trout [22,23], Hipossin from Atlantic halibut [24] and SAMP
H1 derived from Histone H1 from Atlantic salmon [25].

Considering that antimicrobial peptides are expressed in the skin
mucus of fish constitutively for protection against pathogens, we
propose that measuring antibacterial activity could be an appro-
priate and simple indicator of robust innate immunity. Normally this
is evaluated using a bacterial growth inhibition test [26,27]. The aim
of this work was to establish a correlation between antibacterial
activity and immunological quantification of SAMP H1 from Salmo
salar skin mucus. The expression of this AMP, quantified by ELISA,
may be a useful indicator of disease susceptibility, providing a new
and sensitive tool for rapid screening, at low cost, of innate immu-
nity level in teleost fish.

2. Material and methods

In all experimental procedureswe utilized farmedAtlantic salmon
(S. salar) with weights ranging from 200 to 300 g and a mean size of
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19 cm that were maintained and stabilized in laboratory culture
conditions. The fish were humanely killed by immersion in a solution
of 50mg/L benzocaine (BZ-20) until no signs ofmovement or reflexes
were observed. Skinmucus was collected with a Cell Scraper (Orange
Scientific) from the entire dorso-lateral area of the fish, avoiding
sample contamination with blood, scales or intestinal fluids. Ten
individual skin mucus samples were homogenized 1:4 (v/v) in Buffer
A (BA) 50% (v/v) ethanol (Merck), 3.3% trifluoroacetic acid (TFA)
(Merck) and 2% general use protease inhibitor cocktail (Sigma). The
samples were mixed for 5 min in a vortex 59 (Denville Scientific Inc.)
and sonicated for 3� 30 s at 11 RMS in ice. The resulting sampleswere
shaken at 100 RPMovernight at 4 �C. The preparationwas centrifuged
at 11,000� g for 45min at 4 �C and the supernatant rich in AMPswas
stored at �80 �C until use.

Antibacterial activity of each skinmucus sample from S. salarwas
determined by the microplate assay described by Mercado et al.
[26]. Vibrio ordalii (ATCC 33509) was incubated in Tryptic Soy Broth
(TSB) at 37 �C until reaching an optical density (OD) of 0.2e0.3 at
620 nm. Antibacterial activity was determined by incubating stan-
dard aliquots of 100 ml of a 1:100 dilution of the bacterial suspension
in duplicate, exposed to 10 ml of skin mucus sample. After 24 h
of incubation at 37 �C, absorbance values at 620 nm were deter-
mined. Percentage growth inhibitionwas determined by subtracting
the growth values of the bacteria exposed to different concentra-
tions of the target molecules from the bacterial growth values in
the absence of peptides. As a positive control for growth inhibition,
synthetic peptide was used at a concentration of 1 mM; an amount
known to fully inhibit Gram negative bacterial growth [27].

The antigenic properties of SAMP H1 were analyzed using bio-
informatic tools based on the primary sequence: AEVAPAPAAAA
PAKAPKKKAAAKPKKAGPS [25]. CLC Main Workbench 5.0 (CLC bio
USA, Cambridge, MA, USA) was used to recognize hydrophilic and
flexible regions, as indicators of the presence of epitopes.

The known sequence of SAMP H1 was synthesized using stan-
dard Fmoc chemistry as described by Houghten [28]. The peptides
were cleaved by TFA/TIS/H20 (95/2.5/2.5) and purified by RP-HPLC
to a purity of>95%. The molecular mass of the purified peptide was
confirmed by mass spectrometry MALDI-TOF [27].

CF-1 Mice were obtained from the Public Health Institute, Chile.
Immunization took place at days 0, 7, 14 and 21 by intraperitoneal
injection with 60 mg of the synthetic peptide, FIS (1:1), as a T helper
cell activator [29] and 500 ml of Complete Freund's adjuvant
(Thermo). On day 6, 0.6 ml of Pristane (2,6,10,14-tetramethylpenta-
decane) (Sigma)was injected to induce tumor formation [30]. On day
30, mice were anesthetizedwith small doses of chloroform and their
ascitic fluids were drained, centrifuged at 300� g for 10 min and the
supernatant rich in mouse IgG was recovered, then immunoaffinity
chromatography using Cyanogen Bromide-Activated Sepharose 4B
(SigmaeAldrich) was performed as follows [31]. Mouse ascitic fluids
were filtered through a 0.22 mm filter (Millipore) and diluted one to
two times with phosphate buffered saline (PBS, pH 7.4). Then 0.5 g of
gel was prepared with 2 ml of 1 mM HCl. The synthetic SAMP H1
(1 mg) was then coupled with the prepared gel in coupling buffer
(0.1 M NaHCO3, pH 8.3, containing 0.5 M NaCl). The unreacted active
groups were blocked with 2 M glycine. Finally, the prepared mouse
ascitic fluids were mixed with the sepharose-coupled peptide. The
mixture was rotated overnight at 4 �C and subsequently the gel was
washedwith PBS (pH 7.4). It was then elutedwith 1mMHCl (pH 3.0)
and themonospecific antibodieswere collected in 0.05mMTris-base
(pH 9.5) and stored at �20 �C.

The affinity-purified antibody against SAMP H1 was tested by
dot blot assay, performed in nitrocellulose membrane 0.45 mm
(Thermo) seeding 2 mg, 1 mg of the synthetic peptide and a control
dot with 0.5 ml of mouse IgG. A western blotting assay was used to
confirm the dose-response of SAMP H1 in skin mucus samples.
Serial dilutions (5, 10, 15 and 20 mg) were electrotransfered to PVDF
membrane and were blocked using 3% BSA (Boval) in PBS for 1.5 h
at 37 �C. After blocking, the membrane was incubated in 3 mg/ml of
primary antibody (affinity-purified antibody) for 1.5 h at 37 �C,
followed by incubation in a secondary antibody (goat IgG anti-IgG
mouse-HRP (Sigma) (1:7000)) at 37 �C for 1 h. The peptide was
observed with 3,3 diaminobenzidine (Aldrich) in the presence of
hydrogen peroxide.

The ELISA standard curve for quantifying SAMP H1 used
two-fold serial dilutions ranging from 10.0 to 0.156 ng/ml of pure
synthetic SAMP H1 in 96-well microtiter plates. 2 mg of skin mucus
samples described above were coated overnight at room temper-
ature with 100 ml/well NaHCO3 (0.06 M, pH 9.6) buffer. To validate
the assay a recovery test was performed. Samples of the ten fish
were spiked with synthetic SAMP H1 at a final concentration of 1.5
and 3.0 ng/ml. SAMP H1 concentration was measured in duplicate
a total of two times and percent recovery was calculated according
to Corrales et al. [40].

To correlate ELISA quantification of SAMP H1 with its antibacterial
activity, sample concentration used for each assay were the same.
Microplateswerewashed 3 timeswith PBS-Tween0.05% (200 ml/well)
between every step of the assay and non-specific sites were blocked
for 4 h at 37 �C using 5% BSA in PBS (200 ml/well). Mouse IgG anti-
SAMP H1 was used at 3 mg/ml in PBS incubated for 90 min at 37 �C,
secondary antibody anti-mouse IgG-HRP (Sigma) diluted 1:20,000
in PBS was incubated for 60 min at 37 �C and subsequently TMB
peroxidase substrate (Invitrogen)was added and incubated for 30min
at room temperature. The reaction was stopped with 50 ml of 2 N
sulfuric acid and the absorbance was measured at 450 nm with an
ELISA reader (Versamax). Finally, comparison between the fish
with the highest and lowest antibacterial activity was performed to
establish a linear correlation between antibacterial activity and SAMP
H1 concentration via optical density.

For statistical analysis, calculations of means, standard devia-
tions and analysis of variance (ANOVA) of skin mucus samples were
carried out using Microsoft Excel 2007 and GraphPad Prism soft-
ware 5.0 (GraphPad software, San Diego, CA). Differences were
considered significant if the p-value was <0.05.

3. Results and discussion

Fish are exposed to a pathogen-rich environment, depending on
their skin mucus as primary protection against potential pathogens.
Within this layer are a variety of antibacterial components such
as AMPs, lysozyme, proteases and lectins [1,32,33]. The aim of this
research was to standardize an immunological method for quanti-
fying antibacterial activity in skinmucus of S. salar. The first step was
to obtain a monospecific antibody against SAMP H1, and thus, a bio-
informatic analysis was performed using CLC Main Workbench
[34,35]. The primary structure analysis of SAMP H1 indicates at least
twoprobable epitope regions based on lowhydrophobicity and chain
flexibility properties (Fig. 1A). The most probable conformation is
a loop structure, as this region is more exposed and would thus
become a zone of antibody recognition (Fig. 1B) [36,37]. Considering
the bioinformatic analysis of SAMPH1 sequence, we decided to use it
for immunization. Chemical synthesis is one of the primary strategies
for fast generation of epitope sequences which are utilized for
obtaining antibodies. The peptide was synthesized using Fmoc
strategy and its purity and molecular mass confirmed by RP-HPLC
and MALDI-TOF MS (data not shown). Immunorecognition of SAMP
H1 was demonstrated via dot blot, using the IgGs generated in CF-1
mouse ascites tumors as antibodies (Fig.1C). Antibody recognition for
the antigen was confirmed by ELISA, whose linear regression
(r2 ¼ 0.98) is sufficient proof (Fig. 1C). To demonstrate the utility of
this antibody on biological samples, western blotting analysis of skin



Fig. 1. (A) Epitope regions in SAMP H1 sequence. Symbols show probable regions that are most likely antigenic (+). Hydrophobicity and chain flexibility are also shown.
(B) Antigenicity plot showing residues that are antigenic. (C) Quantitative and qualitative immunorecognition of SAMP H1. Linearity of the synthetic SAMP H1 dilution curve, two-
fold serial dilution of (10.0e0.156 ng/ml) was used. The curve corresponds to an average of 4 experiments. Insert shows positive Dot blotting assay. (D) 18% SDS/PAGE Tris/Tricine
(lane 1) and western blotting serial dilutions (lane 2 to 4) of skin mucus sample.
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mucus confirmed the presence of the molecule in this tissue,
corroborating its major expression and localization that were previ-
ously proposed [25]. Moreover, the increase in the detection of SAMP
H1 with the use of an increased concentration of the skin mucus
sample, confirms the specificity of the antibody (Fig. 1D). In order
to back up this result, a recovery efficiency ELISA was established
by adding synthetic SAMP H1 to skin mucus samples. Concentration
of endogenous SAMP H1 samples and expected recovery, observed
recovery and percentage recovery of ten fish samples spiked
with synthetic SAMP H1 are shown in Table 1. From the twenty
tested samples an optimal recovery percentage> 80% was obtained.
The average of the recovery percentage with the addition of 1.5 and
3.0 ng/ml of the synthetic peptide is slightly favourablewhen1.5 ng/ml
are added. These results indicate theutilityof the antibody for specific
SAMP H1 recognition in skin mucus samples, which is analogous to
the validation carried out for other antibacterial peptides [40] (Fig. 2).

Once the utility of the antibody in detecting SAMP H1 had been
confirmed, attention was centered on standardizing a method for
the quantification of its antibacterial activity using a growth inhi-
bition microplate assay. The first step was to establish the optimal
Table 1
Recovery of SAMP H1 by ELISA from S. salar skin mucus samples supplemented with syn

Fish Endogenous SAMP H1
(ng/ul) (mean � SD)

Amount of synthetic SAMP H1 added

1.5 ng/ml

Expected Observed

1 0.31 � 0.02 1.81 1.77 � 0.01
2 0.08 � 0.03 1.58 1.77 � 0.03
3 0.24 � 0.18 1.74 1.82 � 0.07
4 0.58 � 0.01 2.08 1.96 � 0.03
5 1.00 � 0.05 2.50 2.48 � 0.03
6 0.55 � 0.04 2.05 1.70 � 0.03
7 0.74 � 0.01 2.24 1.97 � 0.05
8 0.31 � 0.04 1.81 2.31 � 0.03
9 1.07 � 0.06 2.57 3.05 � 0.15
10 0.73 � 0.06 2.23 2.33 � 0.02

Mean
biochemical extraction condition. Unlike the protocol used for the
extraction of SAMP H1 by L€uders et al. [25], another method was
chosen using BA, which has been used to characterize another
AMP, Oncorhyncin III [2], and has shown more efficacy in SAMP H1
extraction. Despite L€uders use of an acidic compound (acetic acid
2%), TFA is a much stronger acid and the use of protease inhibitor
cocktail prevented the degradation of the molecules present in the
solution, therefore better AMP extraction was obtained. This was
demonstrated using antibacterial activity test that showed that BA
was in fact the better solution for obtaining active AMPs (data not
shown). Additionally SAMPH1 concentration values detected in the
skinmucus of S. salar are between 2.0 and 3.0 mM,which are similar
to those obtained by other authors [2,25].

Given that antimicrobial peptides are constitutive in different
tissues such as skin, liver, gut, among others [12e15], and that SAMP
H1 is the dominant antimicrobial peptide in S. salar skin mucus
preparations [25], the level of differential expression between spec-
imens is a property that has not been used as an innate immunity
parameter, so when SAMP H1 was purified and characterized this
was not established [25].
thetic SAMP H1.

3.0 ng/ml

% Recovery Expected Observed % Recovery

98 3.31 2.73 � 0.03 82
112 3.08 3.20 � 0.19 104
105 3.24 3.42 � 0.03 106
94 3.58 3.78 � 0.01 106
99 4.00 4.19 � 0.06 105
83 3.55 4.41 � 0.04 124
88 3.74 4.45 � 0.01 119

127 3.31 3.45 � 0.04 103
119 4.07 3.62 � 0.06 89
104 3.73 4.31 � 0.06 116

103 105



Fig. 2. (A) Comparison between antibacterial activity and SAMP H1 quantification of Salmo salar skin mucus. Dark column: antibacterial activity, light column: ELISA SAMP H1
quantification (OD 450 nm). (B) Linear correlation of individual skin mucus between antibacterial activities and concentration of SAMP H1 from fish with low antibacterial activity
(): Fish 2) and high antibacterial activity (A: Fish 7).
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Our results show that skin mucus antibacterial activity was
different between specimens (Fig. 2A dark columns), this suggests
that individual differences do exist, this could be due to different
levels of SAMP H1 expression, thus becoming a possible parameter
of robust immunity of fish. It should be considered that sampling
conditions may influence the quantification of the parameter [38],
which in our experiments has been protected against through
standardizing the fish culture and the management of sample-
taking. When the level of antibacterial activity of the skin mucus
samples of each fish was analyzed, the presence of SAMP H1 was
also quantified, and a proportional trend was observed between
both parameters (Fig. 2A, light column). Therefore the choice of two
samples, fish 2 (low expression and low antibacterial activity) and
fish 7 (high expression and high antibacterial activity) enabled
mathematical correlation (high linear regression) of the fact that
the SAMP H1 level detected by ELISA reflects the presence of the
active molecule in the skin mucus (Fig. 2B).

On the other hand robust and economical procedures to quan-
tify immunological genetic variation are widely required in fish
breeding to improve the health and welfare of fish in farm condi-
tions. The quantification of skin mucus antibacterial activity using
ELISA as described here could be used as a fast and cheap indicator
of innate immunity to improve disease resistance of various fish
species [39]. This research describes the first step in generating
a method for screening robust immunity in farmed salmon. The
next step will be to correlate high SAMP H1 expression with
fish that survive pathogen challenge. Recently, an ELISA for the
quantification of piscidin 4 was developed, which at the time of
our investigationwas published by the group of E.J. Noga [40]. They
have demonstrated that healthy fish have more AMP expression
than feed-restricted and diseased (Ichthyobodo necator ectoparasite
infestation) fish, although their biological model and studied AMPs
were different from those of this research. The proposal of using
skin mucus is most advantageous because it could allow sampling
without sacrificing the animal.
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