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A B S T R A C T

In the present study, a macin was cloned and characterized from clam Venerupis philippinarum (designed as
VpMacin). The full-length cDNA of VpMacin was of 579 bp, encoding a peptide of 87 amino acids with the
predicted molecular weight of 9.7 kDa. Analysis of the conserved domain suggested that VpMacin was a new
member of the macin family. In non-stimulated clams, VpMacin transcripts exhibited different tissue expression
pattern, and highly expressed in the tissues of gills and hepatopancreas. Generally, the temporal expression of
VpMacin transcripts was significantly induced in hemocytes of clams post Vibrio anguillarum challenge.
Moreover, the recombinant VpMacin protein (rVpMacin) showed obvious antimicrobial activities against Gram-
positive and Gram-negative bacteria. After incubated with 40 μM rVpMacin, all detected Escherichia coli could be
killed within 60min. Membrane integrity analysis revealed that rVpMacin could increase the membrane per-
meability of bacteria and then resulted in cell death. Overall, our results suggested that VpMacin had an im-
portant function in host defense against invasive pathogens.

1. Introduction

Antimicrobial peptides (AMPs) are small molecular weight proteins
with broad spectrum of antimicrobial activities against bacteria,
viruses, and fungi [1]. In eukaryotes, AMPs can be usually classified
into three groups: (1) linear alpha-helical peptides without cysteine,
such as insect cecropins and magainins; (2) linear peptides with an
extended structure constructed by high proportion of one or more
amino acids such as proline or histidine; (3) peptides with a looped
structure formed by disulfide bonds, such as defensins and protegrin
[2]. They can specially function on negatively charged bacterial
membranes, subsequently causing membrane disruption or altering
metabolic processes by pore formation or by induction of micellization
in a detergent-like manner [3,4]. In addition, other functions of AMPs
were also proved, such as their anti-tumoural, anti-inflammatory ac-
tivities, wound-healing and angiogenesis, providing chemoattraction,
and promoting nerve repair [5,6].

AMP-encoding genes have been isolated from prokaryotes and eu-
karyotes, which show a considerable variation in structure and size [7].
Different animals usually possess a reservoir of structurally diverse
antibacterial peptides to combat pathogens [8]. In marine in-
vertebrates, different AMPs and their functions have been reported in
the innate immune system [9]. To date, four groups of cationic cysteine-
rich AMPs have been isolated from mussels Mytilus galloprovincialis and
Mytilus edulis. They were (i) defensin-like peptides MGD-1 and MGD-2
[8,10,11]; (ii) myticins [8]; (iii) mytilins with eight cysteine residues
but different specific cysteine arrays and amino acid sequences [8]; and
(iv) mytimycin [12]. In addition to the AMPs described above, another
type of antimicrobial peptide named macin was recently isolated and
characterized from invertebrates [13]. Macin is a member of a large
family of small cysteine-rich cationic AMPs [14]. It was originally found
in the leech, and usually expressed in immune-related organs/tissues,
such as neurons, large fat cells and intestinal epithelia [6]. In neurons,
the synthesis of macins participates in the immune responses and the
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regeneration of the central nervous system [6,15]. Sequentially, the
antibacterial mechanism and mode of action was investigated in hydra
[16]. The initial antibacterial step involved aggregating of bacterial
cells, and then accompanied by precipitation. The last but not the least,
it performed lipid-peptide interactions by electrostatic and hydrophobic
effects [16,17].

Venerupis philippinarum is an economic species widely spread over
many countries. The recent mass mortality of manila clams has been
mainly attributed to pathogen invasion and environmental deteriora-
tion [18]. Therefore, it is urgently necessary to characterize immune-
related molecules for disease control and the healthy management of
clam aquaculture. To date, only a few macins have been reported in
mollusks, such as Hyriopsis cumingii [19] and Mytilus galloprovincialis
[20]. However, the knowledge on their functions and antibacterial
mechanism have not been well investigated in marine bivalves. In the
present study, a macin was identified from V. philippinarum, and the
spatiotemporal expression profiles, bactericidal activities as well as
antibacterial action were also investigated to better understand the
immune responses of clams against pathogens invasion.

2. Materials and methods

2.1. Clams and bacterial challenge

Healthy clams V. philippinarum with average shell length of
3.0–4.0 cm, were collected from a local aquaculture farm, and main-
tained in the aerated seawater at 20–22 °C and 30‰ salinity for a week
before further processing. The clams were fed with an algae mixture of
Isochrysis galbana and Phaeodactylum tricornutum, and the seawater was
totally renewed every day. The clams were randomly divided into six
tanks with 50-L capacity and each treatment contained 150 clams.
Three tanks served as the control, while the other three tanks were
immersed with high density of V. anguillarum at a final concentration of
1× 107 CFUmL−1. Six individuals from each treatment were randomly
sampled at 6, 12, 24 and 48 h post bacterial challenge. Meanwhile, five
tissues, including hemocytes, mantle, gills, hepatopancreas and ad-
ductor muscle, were collected from 6 individuals of the control group to
investigate the tissue-specific expression of VpMacin transcripts.

2.2. RNA extraction and cDNA synthesis

Total RNA was extracted from hemocytes, mantle, gills, hepato-
pancreas and adductor muscle using TRIzol reagent (Invitrogen, USA).
RNA quality was assessed by electrophoresis on 1% agarose gel. Total
RNA was treated with RQ1 RNase-Free DNase (Promega, USA) to re-
move DNA contamination. To synthesize cDNA by reverse transcrip-
tion, 2 μg total RNA, 200 units M-MLV reverse transcriptase (Promega,
USA) and 0.5 μM oligo dT primer were reacted for 1 h at 42 °C in 25 μL
reaction mixture. Then they were terminated by heating at 95 °C for
5min according to the manufacturer's instruction.

2.3. Gene cloning of VpMacin

A macin EST was identified through large scale EST sequencing of
the cDNA library constructed [21]. The nested PCR strategy was ap-
plied to generate the full-length cDNA of VpMacin (P1 and P2, Table 1).
The procedure was listed as follows: the first cycle included an extended
(5min) denaturation period during which polymerase was added (hot-
start PCR); 35 cycles of 94 °C for 50 s, 60 °C for 1min and 72 °C for
1min; the last cycle had an extended elongation period of 72 °C for
10min. Semi-nested PCR was performed with the P2 and dT using 1 μL
of the first round PCR product with the same conditions of the first PCR.
3′ RACE PCR products were gel-purified and sequenced. The full-length
cDNA of VpMacin was obtained by overlapping the original EST se-
quence and the amplified fragments.

2.4. Bioinformatics analysis

The nucleotide sequence was analyzed using the BLAST algorithm at
NCBI web site (http://www.ncbi.nlm.nih.gov/blast), and the deduced
amino acid sequence was analyzed on http://www.expasy.org/. The
protein domains were predicted with the simple modular architecture
research tool version 4.0 (http://smart.embl-heidelberg.de/). Multiple
alignments were analyzed on http://www.ebi.ac.uk/clustalw/and
http://www.bio-soft.net/sms/index.html.

2.5. VpMacin mRNA expression in different tissues and the response to V.
anguillarum challenge

The spatial and temporal expression profiles of VpMacin mRNA
were assayed in an Applied Biosystem 7500 Real-time PCR System.
Gene-specific primers (P3 and P4, Table 1) and β-actin primers (P5 and
P6, Table 1) were used to amplify the fragments of VpMacin and in-
ternal control, respectively. The cycling protocol was 1 cycle of 94 °C
for 5min; 40 cycles of 94 °C for 50 s, 60 °C for 60 s and 72 °C for 50 s
followed by 1 cycle of 72 °C for 10min. The purity of amplification
products was evaluated by dissociation curve analysis. The 2-△△CT

method was used to analyze the relative expression level of VpMacin
transcripts [22,23]. All data were given in terms of relative mRNA
expressed as mean ± S.D. (N= 6). Statistical analysis was performed
by one-way analysis of variance (one-way ANOVA) followed by a
Duncan test using SPSS 16.0 software, and P values less than 0.05 were
considered statistically significant.

2.6. Recombinant expression of VpMacin

Recombinant VpMacin (designed as rVpMacin) was obtained ac-
cording to our previous study with some modification [24]. Briefly, the
fragment encoding mature peptide of VpMacin was amplified with
gene-specific primers P7 and P8 with BamH I and Hind Ш sites at their
5′ end, respectively (Table 1). The PCR product was purified and se-
quenced. After digestion with the restriction enzymes BamH I and Hind
Ш, the fragment was then cloned into the expression vector pET-30a
(+). The rVpMacin was expressed in Escherichia coli BL21 (DE3) LysS.
Then the rVpMacin peptide was purified by Ni2+ chelating sepharose
column, and refolded in gradient urea-TBS glycerol buffer [25]. Pur-
ified rVpMacin was analyzed by 15% SDS-polyacrylamide gel electro-
phoresis (SDS-PAGE). The concentration of rVpMacin was measured by
BCA Protein Assay Kit (Beyotime, China).

2.7. Preparation of antibodies and western blotting analysis

The rVpMacin was immunized into 6 weeks old mice to prepare
polyclonal antibody against the recombinant protein. The mice were
intraperitoneally injected with 100 μg rVpMacin with complete
Freund's adjuvant (Sigma, USA) each, and then inoculated with 100 μg

Table 1
Primers used in the present study.

Primer Sequence (5′-3′) Sequence
information

P1 ATGGTCTCGCTGCTCTGGG 3′ RACE primer
P2 AGGTAGCGGTAGTTCGGGAGG 3′ RACE primer
P3 TGGTCGTCGTGCCAAGACAAAT Real-time PCR
P4 TCCCGAACTACCGCTACCTCAA Real-time PCR
P5 CGCACTTCCTCACGCCATCAT β-actin primer
P6 GCAGCCGTCTCCATTTCTTGTTC β-actin primer
P7 CTTGGATCCTCTATCTTGGACTGTTGGAAAACAT Recombinant

primer
P8 CGCAAGCTTTCAAGAAGTTTTGCCGTAACATC Recombinant

primer
dT GGCCACGCGTCGACTAGTACT17 Oligo (dT)-adaptor

D. Yang, et al. Fish and Shellfish Immunology 92 (2019) 897–904

898

http://www.ncbi.nlm.nih.gov/blast
http://www.expasy.org/
http://smart.embl-heidelberg.de/
http://www.ebi.ac.uk/clustalw/
http://www.bio-soft.net/sms/index.html


rVpMacin with incomplete Freund's adjuvant (Sigma, USA) two weeks
later. The third and fourth injections were given by tail vein with 50 μg
rVpMacin at a one-week interval. Seven days after the last injection, the
mice were sacrificed to collect immunized serum [26].

For western blotting analysis, the rVpMacin protein was separated
using 15% SDS-PAGE. The samples containing rVpMacin were trans-
ferred onto nitrocellulose membrane electrophoretically at 200mA for
45min after SDS-PAGE. The blotted membrane was blocked with 3%
BSA in PBS-T (PBS containing 0.05% Tween-20) at 37 °C for 1 h, and
incubated with 1:1000 diluted polyclonal antibody against rVpMacin
for 1 h at 37 °C. After washed with PBS-T for three times, goat-anti-
mouse Ig-alkaline phosphatase conjugate (Southern Biotech, USA) as
second antibody was incubated with the membrane at 37 °C for 1 h.
After three washes in PBS-T, positive bands were stained with NBT/
BCIP substrate solution for 5min. As negative control, pre-immunized
serum was used instead of immunized serum.

2.8. Antimicrobial activity of rVpMacin

The minimal inhibitory concentration (MIC) assay was carried out
using six Gram-negative bacteria (V. anguillarum, Vibrio alginolyticus,
Vibrio harveyi, Vibrio splendidus, Entherobacter cloacae, Pfiodeus mirabidis
and E. coli) and one Gram-positive bacteria (Staphylococcus aureus and
Micrococcus luteus) [27]. Briefly, the bacteria were cultured and col-
lected to reach the OD600 value at 1.0. Then they were diluted 1000-
fold in broth. A two-fold serial dilution of rVpMacin was prepared with
Tris-HCl buffer (pH 8.0) in sterile 96-well microtiter plates with each
column filled with 100 μL of sterilized broth. After that, 5.0 μL of the
bacteria suspension were added to the gradient diluted rVpMacin and
incubated at their optimum conditions. After 24 h of cultivation, the
plate was scanned at 600 nm and the absorbance recorded by a mi-
croplate reader (Tecan Infinite M200, Switzerland). The assay was done
in triplicate. The MIC value was recorded as the range between the
highest concentration of the protein where bacterial growth was ob-
served and the lowest concentration that caused 100% inhibition of
bacterial growth.

2.9. Time-killing kinetics of rVpMacin

E. coli cells were cultured in LB broth to exponential phase for the
time-killing assay. After harvested by centrifugation, washed three
times with PBS buffer (pH 7.4) and re-suspended in PBS buffer,
2× 107 cells were incubated at 37 °C with 1×MIC, 10×MIC rVpMacin
or PBS (control). The mixture was incubated at 37 °C and withdrew at 0,
10, 30, 60, 160, 360, 600min after incubation. The number of surviving
bacteria, expressed as CFU (colony-forming units), were counted and
the time-killing curves were plotted with time against the logarithm of
the viable count. Triple independent experiments were performed for
time-killing kinetics.

2.10. Biofilm formation

Attached biofilm formation was assayed in 96-well polystyrene
plates (Corning Costar, USA) with crystal violet staining [28]. Briefly, E.
coli MG1655 was incubated with rVpMacin at concentrations of 0.1×
and 1×MIC for 8 h. To remove growth effects, we normalized biofilm
formation by dividing the total biofilm by the maximal bacterial growth
as measured by turbidity at 620 nm. The supernatant was poured out,
and the plates were washed three times with room temperature water.
After the plates were dried, 300 μL 0.1% crystal violet (completely
dissolved in water solution) was added in each well for 20min at room
temperature. Then the staining solution was poured out, and the plates
were washed three times. 300 μL 95% ethanol was added to each well
and soaked for 5min. The total biofilm was measured by turbidity at
540 nm. Ten replicate wells were repeated from two cultures in-
dependently.

2.11. PAMPs binding assay of rVpMacin

ELISA was performed to examine the PAMPs binding ability of
rVpMacin according to previous report [29]. The 96-well microtiter
plate was coated with different PAMPs (20 μg/well, in 50mM carbo-
nate-bicarbonate buffer) at 4 °C overnight, blocked with 3% BSA in PBS
at 37 °C for 1 h, and then washed with PBST for three times. Several
concentrations of rVpMacin were added and incubated at 18 °C for
another 3 h. The wells were then incubated with rVpMacin antibody
(1:1000) and goat-anti-mouse Ig-alkaline phosphatase conjugate
(1:5000) (Southern Biotech, USA). Finally, pNPP substrate solution was
added and incubated at room temperature in dark. The absorbance was
measured at 405 nm. The wells with 100 μL of carbonate-bicarbonate
buffer were used as blank. As negative control, pre-immunized serum
was used instead of immunized serum. Each experiment was performed
in triplicate.

2.12. Alternations in surface morphology of bacterial cells

V. splendidus and V. anguillarum cells were cultured in the 2216E
culture medium and treated with 1×MIC rVpMacin for 60min at room
temperature and immobilized on cover glass slides, respectively. Slide-
immobilized cells were fixed with 2.5% (w/v) glutaraldehyde in 0.1M
sodium phosphate buffer for 30min and dehydrated with a graded
ethanol series. After critical-point drying and gold coating, the samples
were visualized by scanning electron microscope (SEM, Hitachi S-4800,
Japan).

2.13. Membrane permeability assay

The outer membrane permeability was determined using the 1-N-
phenylnaphtylamine (NPN) uptake assay [30]. Shortly, E. coli cells
(1× 107 CFUmL−1) were re-suspended in potassium phosphate buffer
(pH 7.4). After the addition of NPN at a final concentration of 10 μM,
the background fluorescence was recorded at excitation (λ=350 nm)
and emission (λ=420 nm). Then, the sample mixtures were incubated
with rVpMacin at final concentrations of 0.1× MIC, or 1.0×MIC for
1 h and the fluorescence was recorded. Each sample was tested in three
repetitions and independent assays were performed twice. The results
were expressed as relative NPN uptake factors (NPN uptake factor
calculated for cells with rVpMacin, subtracted with the NPN uptake
factor calculated for cells without rVpMacin).

2.14. Determination of membrane potential and permeability by
electrochemical assay

Supported bilayer lipid membranes (s-BLMs) were prepared using a
paint-freeze method described by White [31]. Briefly, A self-assembly
of monolayer (SAM) of 1,2-dipalmitoyl-sn-glycero-3-phos-
phorthioethanol (DPPTE) on the bare gold electrode was prepared by
immersing the electrode in a DPPTE solution (2mmol L−1 in ethanol)
for 16 h. The DPPTE could bind to the gold electrode via Au–S bonding
between the electrode surface and the thiol group of DPPTE, thereby
producing a SAM on the electrode surface. Then, 5 μL 1, 2-dipalmitoyl-
sn-glycero-3-phosphocholine (DPPC, 20mgmL−1) in decane was
dropped onto the SAM modified electrode. The solvent was then frozen
out by placing the electrode at −20 °C for at least 20min. Subse-
quently, the electrode surface was submersed in an aqueous solution of
0.1 mol/L KCl for 2 h and rinsed with pure water. Thus, an s-BLMs
modified gold electrode was prepared.

Electrochemical measurements were performed on a model 660C
Electrochemical Analyzer (CHI Instruments, Inc., Austin, TX) with a
PBS buffer (5mL, 100mmol L−1, pH 6.8) working as electrolyte. A
three-electrode system was used for the measurements, in which the
modified gold electrode, an Ag/AgCl electrode and a platinum electrode
were adopted as the working, reference and counter electrodes,

D. Yang, et al. Fish and Shellfish Immunology 92 (2019) 897–904

899



respectively. rVpMacin was added to the electrolyte directly by a micro-
injector and allowed to interact with s-BLMs for 5min. The reader of
electrochemical measurements is referred to the figure captions for
cyclic voltammetry (CV) and electrochemical impedance spectroscopy
(EIS) testing parameters.

3. Results

3.1. cDNA cloning and sequence analysis of VpMacin

The full-length cDNA of VpMacin was deposited in the GenBank
database under the accession no. KX454482. The full-length cDNA of
VpMacin was of 579 bp, containing a 5′ untranslated region (UTR) of 56
bp, and a 3’ UTR of 259 bp with a poly (A) tail. The open reading frame
(ORF) was 264 bp encoding a peptide of 87 amino acids with the
predicted molecular weight of 9.7 kDa. Blast analysis revealed that
VpMacin showed high sequence similarities with other known Macins.
For example, 58% similarity was observed between VpMacin and macin
from Aplysia californica (NP_001191629) (Fig. 1).

3.2. Tissue distribution and temporal expression of VpMacin transcripts
after V. anguillarum challenge

The distribution of VpMacin mRNA in various tissues of uninfected
clams was analyzed by qRT-PCR. VpMacin transcripts were pre-
dominantly expressed in gills and hepatopancreas, moderately in he-
mocytes, and marginally expressed in mantle and muscle (Fig. 2). The
temporal expression of VpMacin transcripts in hemocytes of clams post
bacterial challenge was shown in Fig. 3. During the first 6 h after pa-
thogen challenge, the expression level of VpMacin mRNA was increased
up to 2.26-fold of the control group (P < 0.05). After that, the ex-
pression level kept increasing and the highest expression level was
detected at 12 h post-infection, which was 4.45-fold higher than the
control group (P < 0.01). As time progressed, the expression of
VpMacin transcripts recovered to the original level at 48 h.

3.3. Recombinant expression of VpMacin

The purified protein of rVpMacin was analyzed on 15% SDS-PAGE
with an apparent 10 kDa band (Fig. 4, lane 3), which was in accordance
with the predicted molecular weight. Western blotting assay was

performed to identify the specificity of the antibody against clam
VpMacin. A clear reaction band representing rVpMacin was immuno-
stained in western blotting, indicating that the antibody could specifi-
cally recognize rVpMacin (Fig. 4, lane 4). No reaction band was visible
in the negative control (data not shown).

3.4. Antimicrobial activity of rVpMacin

The antimicrobial activity of rVpMacin was investigated against
several Gram-positive and Gram-negative bacteria. As revealed in
Table 2, rVpMacin displayed obvious antimicrobial activities against
Gram-negative bacteria, especially for V. parahemolyticus. However, it
showed less effective antibacterial activities against S. aureus (Table 2).

A time-killing experiment was performed by using E. coli as sub-
strate to investigate the bacteriostatic or bactericidal effects of
rVpMacin. When E. coli was incubated with rVpMacin at a concentra-
tion of 10×MIC, all bacteria were killed within 60min (Fig. 5).
Meanwhile, the incubation of rVpMacin resulted in less biofilm dis-
persal of E. coli MG1655 on polystyrene surfaces, suggesting that

Fig. 1. Multiple alignments of VpMacin with macins from other animals, including Sinanodonta woodiana (AIA62156); Hyriopsis cumingii (AEC50045); Aplysia
californica (NP_001191629); Stylophora pistillata (XP_022810619); Mytilus galloprovincialis (CCC15017); Scapharca broughtonii (AFQ02694); Haliotis discus hannai
(AVW85485). Identical residues were marked in dark, and similar amino acids were shaded in gray. Six conversed cysteine residues were labeled by rhombus (▼).

Fig. 2. Tissue distribution of VpMacin mRNA detected by qRT-PCR. Transcript
level in mantle, gills, hemocytes, and hepatopancreas was normalized to that of
muscle. Vertical bars represented the mean ± S.D. (N=6).
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rVpMacin could dramatically reduce the biofilm formation in a con-
centration-dependent manner (Fig. 6).

3.5. PAMPs binding assay of rVpMacin

ELISA was performed to detect the binding activity of rVpMacin to-
wards different PAMPs. The results showed that rVpMacin could bind li-
popolysaccharides (LPS), peptidoglycan (PGN), and glucan in vitro directly
in a dose-dependent manner, but could not bind chitin (Fig. 7). In the
control group, no binding activity was observed (data not shown).

3.6. Alternations in surface morphology of bacterial cells

SEM experiment was performed to investigate the membrane in-
tegrity of V. anguillarum and V. splendidus in the presence or absence of
rVpMacin. In the control group, bacteria displayed a smooth surface
without apparent cellular debris (Fig. 8A–C). After incubated with
rVpMacin, bacterial cells became shrunken, and the cell surface became
obviously roughened and disrupted (Fig. 8B–D).

Fig. 3. Temporal expression of VpMacin mRNA in hemocytes of clams post V.
anguillarum challenge. The values were shown as mean ± S.D. (N = 6) (*:
P < 0.05, **: P < 0.01).

Fig. 4. SDS-PAGE and western blotting analysis of rVpMacin. M: protein
marker; lane 1: negative control for rVpMacin (without induction); lane 2: in-
duced rVpMacin; lane 3: purified rVpMacin; lane 4: western blotting analysis of
rVpMacin.

Table 2
Antimicrobial activities of rVpMacin determined by liquid growth
inhibition assay.

Microorganisms MIC valuea (μM)

Gram-positive bacteria
Staphyloccocus aureus 8.0–16.0
Micrococcus luteus 4.0–8.0
Gram-negative bacteria
Vibrio anguillarum 2.0–4.0
Vibrio alginolyticus 1.0–2.0
Vibrio parahemolyticus 0.5–1.0
Vibrio harveyi 1.0–2.0
Vibrio splendidus 1.0–2.0
Enterobacter cloacae 4.0–8.0
Escherichia coli 4.0–8.0
Pfiodeus mirabidis 2.0–4.0

*MIC values were expressed as the range between the highest
concentration of the protein where bacterial growth was observed
and the lowest concentration that caused 100% inhibition of
bacterial growth (μM).

Fig. 5. Bacterial killing kinetics of rVpMacin at 1.0× and 10.0× MIC against E.
coli. The absorbance was recorded at OD450. Each group had three replicates.

Fig. 6. Biofilm formation of E. coliMG1655 treated with rVpMacin. Normalized
biofilm formation (total biofilm/growth) was tested in 96-well polystyrene
plates after treated with rVpMacin. Data were the average of 10 replicate wells
from two independent cultures. The values were shown as mean ± S.D.
(N = 10) (*: P < 0.05, **: P < 0.01).
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3.7. Disruption of the membrane integrity by rVpMacin

The NPN assay was used to monitor the outer cell membrane per-
meabilization. The NPN fluorescence was enhanced to 7.11 when it was
incubated with 0.1×MIC rVpMacin. With the increase of rVpMacin
concentration, the NPN fluorescence increased and reached the highest
level when incubated with 1×MIC rVpMacin (Fig. 9). To further in-
vestigate the effect of rVpMacin on bacterial membrane, electro-
chemical assay was employed to observe the effects of mimetic bio-
membrane in the presence or absence of rVpMacin. As shown in Fig. 10,
the incubation of rVpMacin resulted in the increase of charge transfer
resistance (Rct), suggesting that rVpMacin could dramatically damage
the mimetic biomembrane in a concentration-dependent manner.

4. Discussion

Humoral immunity in marine invertebrates is characterized by an-
timicrobial agents present in the hemolymph, among which AMPs play
an important role in the host innate immune responses [32]. Presently,
several macins have been identified and characterized in marine in-
vertebrates. However, the knowledge on the functions of macin is still
limited in mollusks. In the present study, a new macin was identified

from V. philippinarum and its molecular characterization, tissue dis-
tribution, antimicrobial activity as well as mode of action were in-
vestigated.

The tissue distribution of VpMacin mRNA was dominantly detected
in the tissues of gills and hepatopancreas, which were considered as the
main tissues involved in the innate immune defense of mollusks.
Similarly, the expression of macin transcripts was up-regulated in im-
mune organs of mussel, such as hemocytes and hepatopancreas [12].
The ubiquitous distribution of VpMacin transcripts perhaps contributes
to its important roles in immune defense against pathogenic micro-
organism. Notably, the macin could be expressed in neurons and mi-
croglia, and functions as promoters of the regenerative process of ax-
otomized leech central nervous system (CNS) [8]. The specific
distribution of macins could be partially explained by their spatial in-
volvement of microbicidal activity or regeneration of the CNS in dif-
ferent organisms.

Moreover, the expression level of VpMacin transcripts was sig-
nificantly up-regulated in hemocytes post bacterial challenge. The

Fig. 7. ELISA assay of the interaction between rVpMacin and the PAMPs. Plates
were coated with four kinds of PAMPs including LPS, PGN, glucan and chitin,
and then incubated with different amounts of rVpMacin. After incubated with
rVpMacin antibody and goat-anti-mouse Ig-alkaline phosphatase conjugate, the
absorbance was recorded at 405 nm. Samples with P/N > 2.1 were considered
positive. Results were representative of the mean of three replicates ± S.D.

Fig. 8. SEM images of bacteria in the absence (A, C) or presence (B, D) of
rVpMacin (1.0 ×MIC) after exposure for 1 h.

Fig. 9. Membrane permeabilization of E. coli caused by rVpMacin.
Permeabilization of the outer membrane was monitored as an increase in NPN
fluorescence intensity in the presence of rVpMacin (0.1 and 1.0×MIC). Each
group had three replicates.

Fig. 10. Impedance complex plane plots of s-BLMs coated gold electrode in the
presence of rVpMacin. 0.1× and 1.0× MIC rVpMacin was added to the elec-
trolyte directly by a micro-injector and allowed to interact with s-BLMs for
5min, respectively. EIS was carried out over a frequency range of
0.01 Hz–100 kHz at a signal amplitude of 10mV.
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increase of VpMacin in the early stage might be ascribed to consider-
able recruitment of VpMacin-producing hemocytes into/near the in-
fection site. As reported by Allam et al., circulating hemocytes was
increased rapidly in V. philippinarum after challenged by V. anguillarum
and Vibrio tapetis [33]. All these results suggested that VpMacin had an
important function in host defense against invasive pathogens.

In the present study, the MIC of rVpMacin towards different bacteria
ranged from 0.5 to 16.0 μM, and other macins (e.g. theromacin from
leeches) showed similar inhibitory activity towards tested micro-
organisms (MBC: 0.39–100 μg/mL) [34]. Notably, the Gram-positive
bacterium Bacillus megaterium ATCC 14581 was killed by theromacin in
a low concentration (MBC: 0.39 μg/mL). Taking into consideration of
the three-dimensional structure of theromacin, the high antibacterial
activity might be induced by the long N-terminal region with two re-
sidues (Asp5 and Asp23) [34]. In the present study, almost all E. coli
were killed within 60min after being incubated with 10×MIC
rVpMacin. Parallel to these results, defensin from V. philippinarum could
eliminate all examined bacteria within a few minutes [20]. These re-
sults suggested that VpMacin was perhaps coupled with other anti-
bacterial peptides to eliminate invading bacteria.

The biofilm formation of E. coli was significantly depressed by
rVpMacin even at low concentrations. Similar study was also supported
in other immune-related peptides, such as LL-37 [35], and defensin
[36]. For example, human LL-37 could decrease the biofilm formation
even at 0.5 μg/mL, which was far below those required to kill or inhibit
bacterial growth. They might reduce the initial attachment of invading
bacteria, cause bacteria to wander across the surface instead of forming
biofilm, and down-regulate key components expression, especially the
essential genes of biofilm development and maintenance [37,38].

Previous studies have suggested that some AMPs exerted their an-
tibacterial activity based on their damage to bacterial membranes or
cell walls. In Hydra, a stronger interaction was found between LPS and
hydramacin-1, thus may lead to aggregation of invasive bacteria as an
initial step of its bactericidal mechanism [9]. Meanwhile, lipid could
also be recognized by hydramacin-1. The lipid-hydramacin-1 interac-
tion might be initiated by electrostatic and hydrophobic effects, in
particular, by tryptophan and neighboring polar amino acid residues.
The high binding constants of hydramacin-1 upon lipid interaction also
contributes to their aggregation and antibacterial activities [17,34]. In
this work, rVpMacin could bind to LPS, PGN and glucan in a con-
centration-dependent manner, which perhaps indicated that the affinity
to PAMPs was a vital step for immune responses [39]. More notably,
some AMPs (e.g. LL-37, neuromacin, magainin and macrolittins) could
kill invading bacteria by membrane dysfunction (pore forming) [40]. In
basal metazoan hydra, hydramacin-1 could interfere with the poly-
merization or depolymerization of filaments, thus lead to invaginations
or formation of protuberances of the bacterial membrane [16]. In the
present study, deleterious effects of rVpMacin on the bacterial mem-
brane of tested bacteria were investigated by monitoring membrane
permeability. rVpMacin (0.1× and 1.0×MIC) induced a similar in-
crease of fluorescence and noticeable changes of membrane perme-
ability. Meanwhile, both V. splendidus and V. anguillarum were chosen
for the morphology test. They were potential pathogens for manila
clams, which could induce disturbances in energy metabolism and os-
motic regulation, oxidative and immune stresses [41,42]. The results
suggested that bacterial membrane was potential target where
rVpMacin might function on. Furthermore, in the electrochemical
assay, rVpMacin intercalated chiefly into the outer layer, amplifying the
steric hindrance effect, thereby resulting in an increased Rct. In tur-
meric, curcumin could interact with the self-assembled bilayer lipid
membranes with two manners. At low concentrations, curcumin tends
to insert into the outer monolayer only, while at high concentrations, it
may also begin to penetrate the inner monolayer [43]. These above
results supported the hypothesis that the bacterial bilayer-lipid mem-
brane was one of the potential targets of VpMacin-induced toxicity.

In conclusion, a macin peptide was characterized from V.

philippinarum, and the expression profiles, antimicrobial activities and
mode of action were investigated. These results would provide helpful
evidence for a better understanding of the innate immunity of the
manila clam. To further broaden our knowledge on the antibacterial
mechanism of VpMacin, future efforts on the interaction of macin with
membranes or cell walls of bacteria were required.
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