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Abstract 21 
Little is known about the antiviral response in molluscs. As in other invertebrates, 22 

the interferon signalling pathways have not been identified, and in fact, there is a debate 23 
on whether invertebrates possess an antiviral immunity similar to that of vertebrates. In 24 
marine bivalves, due to their filtering activity, the interaction with putative pathogens, 25 
including viruses, is very high, suggesting that they should have mechanisms to address 26 
these infections. In this study, we confirmed that constitutively expressed molecules in 27 
naïve mussels confer resistance in oysters to Ostreid herpesvirus 1 (OsHV-1) when 28 
oyster haemocytes are incubated with mussel haemolymph. Using a proteomic 29 
approach, myticin C peptides were identified in both mussel haemolymph and 30 
haemocytes. Myticins, antimicrobial peptides that have been previously characterized, 31 
were constitutively expressed in a fraction of mussel haemocytes and showed antiviral 32 
activity against OsHV-1, suggesting that these molecules could be responsible of the 33 
antiviral activity of mussel haemolymph. For the first time, a molecule from a bivalve 34 
has shown antiviral activity against a virus affecting molluscs. Moreover, modified 35 
myticin C peptides showed antiviral activity against human herpes simplex viruses 36 
types 1 (HSV-1) and 2 (HSV-2). In summary, our work sheds light on the invertebrate 37 
antiviral immune response with the identification of a molecule with potential 38 
biotechnological applications. 39 
IMPORTANCE  40 

Several bioactive molecules have been identified and isolated from marine 41 
invertebrates that have potential pharmaceutical or industrial applications. Myticin C, an 42 
antimicrobial peptide from the Mediterranean mussel (Mytilus galloprovincialis) that 43 
was identified by proteomic techniques in both mussel haemolymph and haemocytes, 44 
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showed potential as an antiviral agent against Ostreid herpesvirus 1 (OsHV-1), which 45 
represents a major threat to the oyster farming sector. Both haemolymph from mussels 46 
and a myticin C peptide inhibited OsHV-1 replication in oyster haemocytes. 47 
Additionally, a modified peptide derived from myticin C also showed antiviral activity 48 
against the human herpesviruses HSV-1 and HSV-2. Therefore, myticin C is an 49 
example of the biotechnological and therapeutic potential of molluscs. 50 
  51 
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INTRODUCTION 52 
Adaptive immunity, which is a characteristic of vertebrates, is based on the 53 

recognition of “non-self” structures by the major histocompatibility complex (MHC), T 54 
cell receptors and antibodies, among other effector molecules. However, the innate 55 
immune system is the only response present in the invertebrates, and it is able to 56 
recognize conserved pathogen-associated molecular patterns (PAMPs), common 57 
structures present in different microorganisms (1, 2) and even danger signals (3, 4). 58 
Furthermore, this “primitive” non-specific immune system has contributed to the 59 
survival of these animals and their evolution for more than 450 million years (5-7), 60 
which suggests that it must provide some biological advantages. 61 

Aquatic animals in general, and bivalve molluscs in particular, are continuously 62 
exposed to different stress conditions due to the permanent and close contact with their 63 
natural environment, especially when feeding: the bivalves filter large amounts of 64 
water, and this activity results in permanent exposure to microorganisms, which can be 65 
concentrated in their bodies. The level of contact between the environment and bivalves 66 
is so close that these animals are also known as sentinels in toxicology because of the 67 
major role they play as biomarkers of contamination (8). 68 

Since 2008, massive mortality associated with OsHV-1 outbreaks has been 69 
reported in Europe (mainly in France) among Crassostrea gigas spat and juveniles (9-70 
15). Later, this virus was associated with major mortalities in Pacific oysters from 71 
Australia and Asia (16-18). Today, herpesviruses are considered an important threat to 72 
the worldwide production of Pacific oysters. 73 

The family Herpesviridae comprises enveloped viruses with a large, linear, 74 
double-stranded DNA genome that cause several diseases in animals, including humans. 75 
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In particular, herpes simplex viruses types 1 (HSV-1) and 2 (HSV-2) are major human 76 
pathogens responsible for long-term latent infections, with periods of recurring viral 77 
replication (19). Due to the lack of effective vaccines, the moderate to high toxicity of 78 
the available anti-herpes compounds and the appearance of resistant viral strains, new 79 
inhibitors for these viruses have been extensively researched (20, 21). 80 

The aims of this work were to confirm that mussels (Mytilus galloprovincialis) 81 
are more resistant than oysters to the Ostreid herpesvirus 1 microvariant (OsHV-1 82 
µVar), one of the most important bivalve pathogens, and to determine the putative role 83 
of myticin C, a constitutively expressed molecule in mussels, in the resistance against 84 
herpesviruses. 85 

 86 
MATERIAL AND METHODS 87 
Animals 88 

Adult M. galloprovincialis and C. gigas, 8–10 cm in shell length, were purchased 89 
from a commercial shellfish farm (Vigo, Galicia, Spain) and maintained in open-circuit 90 
filtered sea water tanks at 15 °C with aeration. The animals were fed daily with 91 
Phaeodactylum tricornutum and Isochrysis galbana. Prior to the experiments, the 92 
animals were acclimatized to aquarium conditions for at least one week. 93 
Viruses and cells 94 

The OsHV-1 µvar was kindly provided by Dr. Tristan Renault (IFREMER, 95 
France) as a viral suspension obtained from infected oyster haemocytes (22). An HSV-1 96 
clinical isolate (>99% homology to isolate SK087 US4-6 genes; GenBank accession 97 
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number: AY240815.1) and an HSV-2 clinical isolate (>99% homology to isolate 99-98 
62039 US4 gene; GenBank accession number: HM011430.1) were provided by the 99 
Virology Service of Hospital Universitario Central de Asturias (Oviedo, Spain), 100 
propagated in Vero cells (ECACC No. 84113001) and titrated by both the endpoint 101 
dilution method (23) and by plaque assay. 102 

Vero cells were cultured in Dulbecco’s modified MEM (DMEM) (Gibco BRL) 103 
supplemented with 10% foetal bovine serum (Sigma) and maintained in DMEM 104 
without bovine serum. 105 
In vivo and in vitro viral infections of bivalves 106 

The in vivo effects of the OsHV-1 virus on mussels and oysters were 107 
investigated using experimental infections. A total of 60 naïve mussels and 60 oysters 108 
were inoculated intramuscularly (i.m.) in the posterior adductor muscle with 100 μl of 109 
an OsHV-1 suspension (2.7×104 copies of viral DNA/µl) at 15 ºC. Control groups were 110 
inoculated with an equivalent volume of filter-sterilized sea water (FSW). All 111 
individuals were maintained out of the water for 20-30 min before and after the 112 
injection. Each treatment group was individually maintained in tanks with aeration. 113 
Three experimental challenges were conducted. Cumulative mortalities were monitored 114 
for 15 days. 115 

The in vitro effects of OsHV-1 were assayed in mussel and oyster haemocytes 116 
extracted from the adductor muscle in mussels and directly from the pericardial cavity 117 
in oysters. For each experiment, four pools of haemolymph from five animals (mussels 118 
or oysters) were used. The concentration of cells was adjusted to 3×106 cells/mL in 119 
FSW and 1 mL of the cell suspension was dispensed in each well of a 24-well plate. 120 
The plates were incubated at 15 ºC for 1 h for settlement and further infected following 121 
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the procedure previously described by Renault et al. (22). All experiments were 122 
performed at 15 ºC. Cells were sampled at 24 hours post-infection (h.p.i.) to determine 123 
the viral titre by quantitative polymerase chain reaction (qPCR). Each experiment was 124 
conducted four times. 125 
Detection and quantification of OsHV-1 by qPCR 126 

OsHV-1 detection and quantification were conducted using standard procedures 127 
(24, 25). Briefly, total DNA from the infected haemocytes was isolated using a LEV 128 
Blood DNA kit (Promega). Quantitative PCR was performed on an MX3000 129 
Thermocycler (Stratagene) with the PCR conditions and primer sequences described in 130 
the IFREMER Standard Operating Procedures (25). For quantification, standard curves 131 
were obtained using six 10-fold dilutions of a plasmid carrying an OsHV-1 DNA target 132 
sequence. 133 
Protein extraction  134 

Mussel haemolymph was extracted and pooled from 5 mussels and subsequently 135 
centrifuged at 3,000 g for 10 min (4 °C) to separate the serum from the haemocytes. The 136 
haemocytes were resuspended in 1 mL of homogenization buffer (10 mM HEPES, 250 137 
mM sucrose, 1 mM DTT, 1 mM EDTA, 1 mM PMSF) supplemented with 1% protease 138 
inhibitor cocktail (Sigma, Ref. P8340-1 ML) and lysed by passing vigorously through a 139 
25G needle. The resulting lysate was centrifuged at 16,000 g for 1 h (4 ºC), and the 140 
supernatant was stored at –80 °C. The serum was also treated with the protease inhibitor 141 
cocktail and stored at –80 °C until use. 142 
Protein identification by LC–MS/MS analysis 143 

The samples were methanol-chloroform precipitated, dissolved in 8 M urea/25 144 
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mM triethylammonium bicarbonate (TEAB) solution, reduced by 10 mM dithiothreitol 145 
(DTT) and alkylated with iodoacetamide. Samples were digested with trypsin at an 146 
enzyme-to-protein ratio of 20:1 (37 °C, overnight). All reagents were purchased from 147 
Sigma-Aldrich. The proteomic analysis was performed in the proteomics facility of 148 
Centro Nacional de Biotecnología that belongs to ProteoRed, PRB2-ISCIII. 149 

The peptide samples were analysed on a nano-liquid chromatography system 150 
(Eksigent Technologies, NanoLC-Ultra 1D plus, AB SCIEX, Foster City, CA, USA) 151 
coupled to a TripleTOF 5600 mass spectrometer (AB SCIEX, Foster City, CA, USA) 152 
with a nano-electrospray ion source. 153 

MS and MS/MS data for each sample were processed using Analyst TF 1.5.1 154 
software (AB SCIEX, Foster City, CA, USA). Raw data were translated to a Mascot 155 
generic file (mgf) format and searched against the nrNCBI database with a taxonomic 156 
restriction to Metazoa, using an in-house Mascot Server v. 2.4 (Matrix Science, London, 157 
UK). Peptide mass tolerance was set to 50 ppm and 0.2 Da, in MS and MS/MS mode, 158 
respectively, and 1 missed cleavage was allowed. Typically, accuracy below 10 ppm 159 
was found for both MS and MS/MS spectra. 160 
Immunohistochemical analyses 161 

For in vivo immunohistochemical studies, mussels were injected with 200 µl of a 162 
solution containing zymosan (Zym) (1 mg/mL), lipopolysaccharide (LPS) (1 mg/mL), 163 
dead Vibrio anguillarum (7.5×107 cells/mL) or FSW. Five mussels were used in each 164 
treatment, and after 24 h, haemolymph was extracted for further studies, including 165 
analyses of myticin expression in the haemocytes (both granulocytes and hyalinocytes). 166 

For in vitro analyses, haemocyte cultures were treated with fluorescent Zym A-167 
TRED particles (Molecular Probes) at a particle-to-cell ratio of 10:1 for 1.5 h at 15 ºC. 168 
Control cells were incubated with FSW. The immunohistochemistry assay of mussel 169 
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haemocytes was performed using routine procedures: haemocytes were attached to a 170 
glass coverslip and incubated overnight (4 ºC) with anti-myticin C primary antibody 171 
(26). Alexa Fluor-488 conjugated anti-rabbit secondary antibody (Life Technologies) 172 
was used at a dilution of 1:1000. The cells were stained with DAPI for nuclear 173 
localization. The samples were mounted using ProLong Antifade Reagents for Fixed 174 
Cells (Life Technologies). The images were captured using a TSC SPE confocal 175 
microscope (Leica) and processed using the LAS-AF (Leica) and ImageJ software. 176 
Flow cytometry analyses 177 

The distribution of myticin C in different cell populations was assayed in mussel 178 
haemocytes by flow cytometry (FACSCalibur, BD). The cell suspensions were adjusted 179 
to 3×106 cells/mL in FSW, dispensed in 24-well plates (1 mL per well) and incubated 180 
for 30 min at 15 ºC to allow for cell settlement. Supernatants were removed, and the 181 
cells were washed and fixed with 2% PFA. An anti-myticin C antibody was used to 182 
label cells expressing this protein. The density plots were generated using Cell Quest 183 
Pro software (BD). 184 
Synthetic myticin C peptides 185 

A synthetic myticin C mature peptide (Myt-C) (27) and a modified myticin C 186 
peptide (Myt-Tat) with a purity > 95 % were purchased from New England Peptide 187 
(Gardner, MA, USA). The Myt-Tat amino acid sequence contains 40 amino acid 188 
residues belonging to the Myt-C peptide plus 13 additional C-terminal amino acid 189 
residues corresponding to the cell-penetrating peptide (CPP) of the human 190 
immunodeficiency virus type 1 (HIV-1) Tat protein. Myt-C aliquots were diluted in 191 
dH2O supplemented with a protease inhibitor cocktail. 192 
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Antiviral activity of myticin peptides against OsHV-1 in oyster haemocytes 193 
Primary cultures of oyster haemocytes were infected with the OsHV-1 preparation 194 

for 1 h at 22 ºC, as previously described. After infection, the inoculum was removed, 195 
and the cells were incubated at 15 ºC with filtered mussel haemolymph, oyster 196 
haemolymph or myticin peptides at a final concentration of 1 µg/mL. At 24 h.p.i., 197 
samples were taken to evaluate the viral load by qPCR. Two pools of haemolymph from 198 
five oysters were used for each assay. The experiment was conducted four times. 199 
Cytotoxicity and antiviral activity of synthetic myticin peptides against human 200 
herpesviruses in Vero cells 201 

First, the cytotoxic effects of Myt-C and Myt-Tat on Vero cells were assessed 202 
using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) 203 
colorimetric assay, as previously described (28). Briefly, increasing concentrations of 204 
the test samples were added to confluent Vero cells in 96-well plates, with six replicates 205 
per concentration. After a 72 h incubation, the MTT solution (0.5 mg/mL) was added, 206 
and the plates were incubated for 3 h. The formazan precipitate was dissolved with 2-207 
propanol, and the OD570nm was measured using a µQuant spectrophotometer (Biotek 208 
Instruments) with a reference wavelength of 620 nm. The resulting cell viabilities after 209 
treatment with the test samples were calculated as described by Mosmann (29). 210 

For testing the antiviral activity of Myt-C and Myt-Tat against HSV-1 and HSV-211 
2, 96-well plates containing confluent Vero cell monolayers were pre-incubated (1 h) 212 
with 100 µL/well of increasing non-cytotoxic concentrations of the peptides (0-45 ) µM, 213 
with a replicate number of six wells per test concentration) prior to HSV-1 or HSV-2 214 
infection (10 TCID50). The plates were incubated at 37 °C in a 5% CO2 humidified 215 
atmosphere and observed daily for cytopathic effects (CPEs) using a light microscope. 216 
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When CPEs were observed in all virus control wells (approximately 36 h.p.i.), the 217 
percentage of wells with CPEs was determined for each treatment concentration, as 218 
previously described (30). The plates were further incubated for 72 h, and then freeze-219 
thawed. The content of replicated wells treated with the same concentration of peptides 220 
as well as those used as controls were pooled and titrated by plaque assay, and the viral 221 
titres were expressed as plaque-forming units per millilitre (pfu/mL). Acyclovir (ACV) 222 
at concentrations ranging from 0.1 to 10 µg/mL served as a positive control. 223 

The concentration of the sample reducing cell viability by 50% (mean cytotoxic 224 
concentration, CC50) and that reducing viral-induced CPEs by 50% (mean effective 225 
concentration, EC50) were calculated by regression analysis using the dose-response 226 
curves generated from the experimental data. A selectivity index (SI) was calculated for 227 
each myticin peptide and virus by dividing the CC50 value by the EC50 value. 228 
Preparation of nanovesicles carrying the Myt-C peptide and antiviral activity of 229 
Myt-C-nanosomes 230 

In order to promote the internalization of Myt-C into the cells, a commercial kit 231 
for nanovesicles preparation (Pronanosomes Nio-N Reagent, NanoVex® 232 
Biotechnologies SL, Spain) was used to encapsulate the synthetic Myt-C peptide into 233 
non-ionic surfactant nanosomes, following the manufacturer’s indications. Briefly, 250 234 
mg of pronanosomes were mixed by vortexing with 1.5 mL of a 2 mg/mL Myt-C stock 235 
solution, pre-heated at 50 ºC, or with an equivalent amount of pre-heated PBS (negative 236 
control). The resulting nanosomes solutions were used as stock solutions for preparing 237 
the test concentrations of both Myt-C-containing nanosomes (1.01-45.0 µM Myt-C plus 238 
0.52-16.6 mg/mL of nanosomes, respectively) and peptide-free nanosomes (0.52-16.6 239 
mg/mL of nanosomes) (negative control). 240 
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After 1 h pre-incubation with nanosomes (containing or lacking Myt-C) the cells 241 
were infected with 10 TCID50/well of either HSV-1 or HSV-2 and further incubated for 242 
36 h at 37 ºC in a 5 % CO2 atmosphere. Due to the turbidity of nanosomes preparations, 243 
a minor modification to the antiviral assay was performed: the supernatants from each 244 
treatment concentration were completely collected and pooled for virus titration. The 245 
cells were washed gently three times with PBS, left in PBS after the last wash, and 246 
microscopically examined for virus-induced CPE. In parallel, the cytotoxic effects of 247 
Myt-C-containing and free nanosomes were assessed in Vero cells using the MTT assay 248 
in a 96-well plate format, as described elsewhere. After a 72 h incubation, the 249 
supernatants were removed and the cells were washed three times with PBS prior to the 250 
addition of MTT reagent.        251 
Statistics 252 

Data from different treatment conditions were compared using unpaired Student’s 253 
t-tests or ANOVAs when possible or the Kruskal-Wallis nonparametric test when 254 
necessary, using IBM SPSS-22 Statistics software. The differing means from multiple 255 
means comparisons were investigated using the Student-Newman-Keul’s test and 256 
contrasted with Tukey’s HSD test or with Dunnett’s T3 test. 257 
 258 
RESULTS 259 
Mussels are less susceptible to OsHv-1 than oysters 260 

Differential susceptibility to OsHV-1 infection was observed between mussels 261 
and oysters after inoculation. Bivalve mortalities were recorded in the 3 experimental 262 
challenges, and differences were also observed. The mortalities among infected oysters 263 
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started as soon as 4 days post-infection and increased until the end of the experiment, 264 
reaching high mortality rates (84 ± 7 %). In contrast, the mortality of mussels inoculated 265 
using the same viral doses and conditions was similar to the control animals injected 266 
with FSW (Fig. 1A). 267 

Next, we determined whether these differences in mortality were related to 268 
different abilities of mollusc cells to support OsHV-1 replication. For this purpose, we 269 
infected primary cultures of mussel and oyster haemocytes with the same OsHV-1 viral 270 
suspension. Significant differences in viral yields were found between oyster and 271 
mussel haemocytes (Fig. 1B). The oyster haemocytes cultures had higher viral loads, 272 
with values ranging from 2×104 to 2×105 viral DNA copies/µL at the end of the 273 
experiment. Viral load in the mussel haemocytes was significantly lower and did not 274 
significantly change during the experiment (103 viral DNA copies/µL) (Fig. 1B). 275 
Mussel haemolymph contains components with antiviral activity 276 

The differences in mortality and viral replication rates between mussels and 277 
oysters suggested that mussel haemolymph could contain compounds conferring 278 
resistance to OsHV-1 infection. To evaluate this hypothesis, we determined viral DNA 279 
yields by qPCR in oyster haemocytes incubated with mussel haemolymph and 280 
compared these values to the viral DNA yield of infected oysters incubated with their 281 
own haemolymph at 24 h.p.i. We observed a significant reduction in the viral DNA 282 
yield of oyster haemocytes treated with mussel haemolymph compared to oyster 283 
haemocytes incubated with their own haemolymph. There was an approximately 100-284 
fold reduction from 2.9×105 DNA copies/µl in mock-treated oyster haemocytes to 285 
1.5×103 DNA copies/µl in oyster haemocytes incubated with mussel haemolymph (Fig. 286 
2). 287 
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To study the composition of mussel haemolymph and to identify the putative 288 
compound with antiviral activity, we conducted a proteomic study. Reverse-phase 289 
HPLC followed by high-resolution (triple TOF) ESI-MS/MS was carried out. Metabolic 290 
and structural proteins, such as actin, were detected in both the serum and haemocytes. 291 
Proteins involved in the recognition of foreign particles, such as fibrinogen-related 292 
proteins and C1q domain-containing proteins, were also present in these samples. 293 
Notably, several peptides derived from myticin, a class of previously reported 294 
antimicrobial peptides with known activity against fish viruses, were detected in mussel 295 
serum and haemocytes (26) (Table 1). 296 
Myticin C has antiviral activity against OsHV-1 297 

To confirm that myticins are constitutively expressed in mussels, we detected 298 
these molecules using immunocytochemistry and flow cytometry experiments. We 299 
confirmed that myticin C is present in the cytoplasm of normal, unstimulated 300 
haemocytes (Fig. 3A). However, not all haemocytes could be labelled using the anti-301 
myticin C primary antibody, suggesting the heterogeneity of these cells (Fig. 3A and 302 
3B). Moreover, the expression of myticin C was not related to external stimuli. After in 303 
vitro stimulation of haemocytes with Zym, the number of cells expressing myticin C did 304 
not significantly change compared to unstimulated haemocytes (42.4% vs 41.4%) (Fig. 305 
3B). Furthermore, the in vivo treatment of mussels with LPS, Zym or dead bacteria did 306 
not significantly modify the number of granulocytes or hyalinocytes expressing myticin 307 
C (Fig. 3C). 308 

Another interesting finding during the flow cytometry analysis was the lack of 309 
correlation between phagocytosis and myticin C expression: not all the phagocytic cells 310 
were labelled with the anti-myticin C antibody. On the other hand, other cells in 311 
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addition to phagocytes expressed myticin C. Therefore, myticin C does not appear to be 312 
involved in phagocytosis. Our results also suggest that there is a much more complex 313 
functional division in the haemocytes than the classical division into granulocytes and 314 
hyalinocytes (Fig. 3D). 315 

Because myticin was constitutively expressed in mussel haemolymph and 316 
because we previously reported the antiviral effects of this class of peptides against a 317 
fish virus (26), we hypothesized that the naturally occurring resistance of mussels to 318 
OsHV-1 infection and the protective effects conferred on oysters by mussel 319 
haemolymph to this herpesvirus could be attributed to myticin. 320 

The viral titre in infected oyster haemocytes treated with synthetic myticin 321 
decreased by 99.95 % at 24 h.p.i. This reduction was similar to that recorded for oyster 322 
haemocytes incubated with mussel haemolymph (reduction of 99.39 %). However, the 323 
combined treatment of myticin peptide plus mussel haemocytes did not synergistically 324 
decrease the viral titre. This suggests that the antiviral activity in mussel haemolymph is 325 
predominantly due to myticin C, although we cannot rule out the involvement of other 326 
molecules in the mollusc antiviral response (Fig. 4). 327 
A myticin C-derived peptide inhibits HSV-1 and HSV-2 replication in vitro 328 

The antiviral effect of myticin C on oyster herpesvirus prompted us to investigate 329 
whether this class of molecules has a general anti-herpetic activity. For this purpose, we 330 
used human herpes simplex virus types 1 and 2 (HSV-1 and HSV-2) replicating in Vero 331 
cells as a surrogate model. 332 

The effects of Myt-C on the viability of Vero cells were evaluated using the MTT 333 
colorimetric assay, which is based on the production of formazan by mitochondrial 334 
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enzymes in viable cells. In the range of concentrations tested, Myt-C was not toxic to 335 
the cells because no morphological alterations were detected in the monolayers under a 336 
light microscope during the experiment (data not shown). In fact, the highest 337 
concentration tested (200 µg/mL, equivalent to 45 µM) resulted in 80% cell viability 338 
(Fig. 5A). However, up to this concentration, Myt-C was unable to prevent the 339 
appearance of virus-induced cytopathic effects (CPEs) in HSV-infected monolayers 340 
(Fig. 5A). The lack of protection against HSV-1 and HSV-2 in these conditions was 341 
confirmed by the high viral titres obtained from these cells (in the order of 107-108 342 
pfu/mL) (Fig. 5A). 343 

Then, we used a modified version of the myticin C peptide (referred to as Myt-344 
Tat) (see Disclaimer section) which possesses improved uptake properties by cells and 345 
analysed its effects against both human herpesviruses. The cytotoxicity (MTT) assay 346 
revealed that the modified peptide Myt-Tat was slightly more toxic to Vero cells than 347 
Myt-C, which is in agreement with the microscopic observations during the antiviral 348 
assay. The main morphological alterations consisted of cell rounding, the appearance of 349 
dark nuclear and cytoplasmic inclusion bodies, refringence and moderate cell 350 
detachment (data not shown). These alterations were recorded at the highest 351 
concentration tested (32.6 µM, equivalent to 200 μg/mL), which resulted in a cell 352 
viability of 69.7% using the MTT assay (Fig.5B). 353 

A significant reduction of virus-induced CPE was observed at relatively low 354 
doses of Myt-Tat against both HSV-1 and HSV-2 (Fig. 5B). The mean effective 355 
concentrations (EC50) for Myt-Tat were 3.97 ± 0.94 µM (24.35 ± 5.74 μg/mL) against 356 
HSV‐1 (R2=0.9871) and 3.09 ± 1.02 µM (18.98 ± 6.27 μg/mL) against HSV‐2 357 
(R2=0.9688). Accordingly, the titres of virus recovered from cells treated with Myt-Tat 358 
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decreased with increasing concentrations of the peptide, ranging from  ̴ 107 pfu/mL 359 
(treatment with 1.01 µM Myt-Tat) to  ̴ 102-103 pfu/mL (treatment with 4.07 µM Myt-360 
Tat). No virus was recovered after the treatment with this peptide at a concentration of 361 
8.15 µM or above (Fig. 5B). 362 

One of the best approaches for measuring the antiviral activity is the selective 363 
index (SI), which is calculated as the ratio of CC50/EC50. An SI value greater than 1 364 
indicates specific antiviral activity (31). However, higher SI values are desirable as they 365 
indicate a higher safety margin in antiviral therapy. Because the highest concentration 366 
of Myt-Tat used in these assays did not allow the calculation of CC50 value, it can only 367 
be suggested that CC50 will be higher than 32.6 μM. Therefore, the putative SI values 368 
for Myt-Tat will be >8.21 against HSV‐1 and >10.5 against HSV‐2. 369 

The EC50 values obtained for ACV, which was used as a positive control in the 370 
antiviral activity assay, (EC50=0.9 μg/mL for HSV-1; EC50=1.1 μg/mL for HSV-2) are 371 
in agreement with previous studies (32, 33) and suggested that both the HSV-1 and 372 
HSV-2 isolates used throughout this study are sensitive to acyclovir (EC50<2 μg/mL) 373 
(34). 374 
The cellular uptake of myticin is required for its anti-HSV effects 375 

Taking into consideration the reported cell-penetrating activity of the Tat-derived 376 
peptide that is C-terminally fused to myticin C in the primary sequence of Myt-Tat, and 377 
the striking differences between Myt-C and Myt-Tat regarding their anti-HSV activities, 378 
we reasoned that the antiviral effects of myticin probably depend on an efficient 379 
internalization of the peptide, perhaps because the inhibition takes place through the 380 
arrest of some intracellular viral replication event. The Myt-C peptide, lacking the Tat-381 
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derived cell-penetrating peptide, is not active against HSVs probably because it cannot 382 
be efficiently intaken. 383 

In order to probe this hypothesis, we attempted to potentiate the cell uptake of 384 
Myt-C by encapsulating this peptide into commercially available nanovesicles. In these 385 
conditions, the Myt-C peptide recovered its antiviral activity and inhibited both HSV-1 386 
and HSV-2 replication in Vero cells with EC50 values of 5.85 ± 1.24 µM (25.98 ± 5.49 387 
μg/mL) and 5.41 ± 0.95 µM (24.03 ± 4.21 μg/mL), respectively (Fig. 5C). Since the 388 
highest concentration of Myt-C conjugated to nanosomes used in the cytotoxicity assays 389 
(45 μM Myt-C plus 16.6 mg/mL nanosomes) resulted in cell viability values greater 390 
than 50 %, it can only be inferred that CC50 value is higher than 45 μM, thus the inferred 391 
SI values for encapsulated Myt-C were SI>7.69 and SI>8.32 for HSV-1 and HSV-2, 392 
respectively. The inhibitory effects of Myt-C-containing nanosomes were confirmed by 393 
the virus plaque titres obtained from the supernatants of treated cells, which decreased 394 
with increasing concentrations of the peptide, from  ̴ 107 to  ̴ 102 pfu/mL. No virus was 395 
recovered when the infected cells were treated with the Myt-C-nanosomes complexes at 396 
a concentration of 22.5 μM Myt-C or above, indicating a complete suppression of virus 397 
replication (Fig. 5C). 398 

The nanosomes themselves did not inhibit virus replication, since 100 % of virus-399 
induced CPE was observed among HSV-1 and HSV-2-infected cells incubated with 400 
concentrations of mock-encapsulated nanovesicles at concentrations equivalent to those 401 
used in Myt-C-containing nanosomes experiments (0.52-16.6 mg/mL of nanosomes) 402 
(Fig. 5D). In agreement with this, the viral titres recovered from the supernatants of 403 
these cells were similar to those of untreated virus controls ( ̴ 107 pfu/mL) (Fig. 5D).  404 
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It is worth to mention that the combination of Myt-C with nanosomes during the 405 
antiviral evaluation (Fig. 5C) resulted in the most pronounced cytotoxic effect and the 406 
viability of Vero cells treated with the highest concentrations of Myt-C and nanosomes 407 
(45 µM and 16.6 mg/mL, respectively) was as low as 62.5 %, near the CC50 value. This 408 
toxic effect was characterized mainly by a noticeable drop in monolayer confluency 409 
from 100 % to near 70 %, although this loss of confluency did not prevent the 410 
evaluation of occurrence of virus-induced CPE (data not shown). 411 

 412 
DISCUSSION 413 

In vertebrates, the interferon (IFN) response is the major defence mechanism 414 
against virus infections. In invertebrates, however, IFN signalling pathways have not 415 
been identified, and there is a debate on whether invertebrates possess antiviral 416 
immunity similar to the IFN system of vertebrates. Other mechanisms, such as RNA 417 
interference or even apoptosis, are considered the main antiviral responses in these 418 
animals. However, recent studies have shown that viral infections can trigger inducible 419 
and transcriptional responses that still have yet to be characterized (35). 420 

In the case of molluscs, the knowledge of their antiviral response is even more 421 
limited than that of other invertebrates, such as insects. The lack of established mollusc 422 
cell lines constitutes a major bottleneck in working with mollusc viruses. Due to their 423 
filtering activity, marine bivalves are in contact with a high number of viruses, which 424 
commonly reach 107 particles per millilitre in the ocean, including putative pathogens 425 
(36). Due to this fact, they should have a constitutive “ready-to-use” repertoire of 426 
antimicrobial molecules that can act in dangerous situations. This could be the case of 427 
myticins in mussel. Interestingly, this species, with the exception of some infrequent 428 
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pathologies, does not appear susceptible to diseases (37), in contrast to other bivalves, 429 
such as oysters and clams (38-40). In this paper, we have shown that they are resistant 430 
to one of the most dangerous bivalves pathogens worldwide, OsHV-1, which does not 431 
appear to be a threat for this species. 432 

Although it is possible that the resistance of mussels to OsHV-1 could be due to 433 
the lack of specific receptors for the virus, in this study, we confirmed that molecules 434 
that are constitutively expressed in naïve mussels confer resistance to oysters when their 435 
haemocytes are incubated with mussel haemolymph. Although there may be other 436 
compounds with potential antiviral activity in the mussel serum, in this work, we 437 
focused on myticins because they were identified in the proteomic analysis in both 438 
serum and haemocytes. Mussel myticins A and B were first described by Mitta et al. 439 
(41, 42) as molecules with antibacterial activity against gram-positive bacteria, and with 440 
activity against the fungus Fusarium oxysporum and the gram-negative bacteria 441 
Escherichia coli. Myticin C was next identified as an extremely variable antimicrobial 442 
peptide with antiviral and antibacterial activities being also the first 443 
chemokine/cytokine-like molecule identified in bivalves and one of the few examples 444 
among all invertebrates (26, 27).  445 

It is well known that mussel myticins show high variability at the transcriptional 446 
level, but the reasons and the mechanisms underlying this variability are still poorly 447 
understood (43-45). The lack of information is even more pronounced at the proteomic 448 
level. This study constitutes the first attempt to identify proteins in the haemolymph and 449 
immune cells from these animals. The presence of myticin in serum suggests that this 450 
molecule is a secreted antiviral compound. 451 

Not all haemocytes express myticins, and the expression of this peptide remained 452 
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unchanged after immune challenge and was not associated with phagocytosis. It is, 453 
therefore, a molecule that is constitutively expressed in mussel cells in normal 454 
conditions and is present in the haemocytes but also secreted to the serum. Until now, 455 
non-secreted compounds with antiviral effects have been identified in mollusc 456 
haemolymph in experiments involving hybrid abalone, Haliotis rubra × laevigata, 457 
which was infected with abalone herpesvirus (AbHV-1) (46). Prior to this study, the 458 
only reported antiviral activity for molluscs was found in the Pacific oyster fresh filtered 459 
haemolymph against HSV-1 (47). The EC50 value found in that study was 425 µg/mL, 460 
which in light of the current knowledge on antiviral compounds is too high for the 461 
inhibitory activity claimed: EC50 values beyond 100 µg/mL are of limited practical 462 
value. Therefore, in other molluscs, antiviral activity against the herpes simplex virus 463 
has been observed, but it did not correlate with higher resistance to bivalve 464 
herpesviruses (46-48). In this study, for the first time, a molecule from a bivalve has 465 
shown antiviral activity against a virus affecting molluscs.  466 

The inhibitory activity of myticin against OsHV-1 prompted us to investigate 467 
whether it could also inhibit human herpesviruses. The lack of antiviral activity of the 468 
unmodified myticin C peptide against human herpesviruses could be related to intrinsic 469 
availability properties of this peptide for the cell system employed, rather than to 470 
specific differences between both ostreid and human herpesviruses, for which a 471 
common viral ancestor has been suggested (49). An interesting finding of this study was 472 
the observation of anti-HSV activity of Myt-C when the cell-penetrating motif derived 473 
from the HIV-1 Tat protein was fused to its C-terminus. This modification of myticin C 474 
appeared to improve its internalization in Vero cells without significantly increasing its 475 
cytotoxicity.  476 

In the absence of Tat-derived cell-penetrating motif, a similar enhancement in 477 
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anti-HSV activity of Myt-C was recorded when this peptide was encapsulated into non-478 
ionic surfactant nanovesicles. These nanovesicles (or nanosomes) are able to fuse with 479 
the cell plasma membrane releasing the peptide into the cytoplasm. Taken together, 480 
these results suggest that myticin peptides selectively inhibit an intracellular step of the 481 
virus replication cycle, instead of directly inactivating free virus particles in the 482 
extracellular environment (virucidal activity). The findings presented here highlight a 483 
potential use of these antimicrobial peptides from mussels in antiviral therapy not only 484 
for veterinary purposes but also for human medicine. Further investigation is needed to 485 
elucidate the precise mechanisms of antiviral action of myticins. 486 

In conclusion, we still do not know much about the antiviral immune response of 487 
invertebrates, and the case of marine bivalves is especially important due to the 488 
enormous impact that viral diseases have on shellfish production. Molluscs have the 489 
potential to be a source of antimicrobial and antiviral compounds, but most members of 490 
the phylum Mollusca have not yet been examined for the presence of these bioactive 491 
molecules (36). Myticins are examples of the biotechnological and therapeutic potential 492 
of bivalves, which are currently limited to serving as a food supply, and may represent 493 
an added value for their culture. 494 
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Table 1. Triple TOF Mascot search results of M. galloprovincialis hemocytes and 657 serum samples. Matched peptides are highlighted in the complete myticin 658 sequences. Acc. nº; accession number; % Cov.: % of coverage; DH: dehydrogenase 659 
Sample Protein Species Acc. nº % 

Cov. 

Matched 
peptides / 

unique 
sequences Hemocytes actin D. radula 

gi|61676571 31 34 / 5 
Hemocytes aldehyde DH P. magellanicus 

gi|8131883 4 7 / 2 
Hemocytes aldolase Anadara sp. KJP-

2011 
gi|318136386 13 3 / 1 

Hemocytes α‐enolase P. regius 
gi|17367183 13 15 / 4 

Hemocytes β‐actin  M. meretrix gi|341579620 45 74 / 14 
Hemocytes calmodulin P. fucata gi|46517823 22 7 / 2 
Hemocytes cytosolic malate DH M. 

galloprovincialis 
gi|73656337 41 37 / 10 

Hemocytes elongation factor 1α M. 
galloprovincialis 

gi|51014243 27 27 / 11 
Hemocytes enolase  A. glabrum 

gi|78058553 16 9 / 2 

Hemocytes FREP 2/3/6/‐ M. 
galloprovincialis 

gi|312270833 gi|317453191 gi|317453193 gi|317452893 

31 20 25 25 
10 / 6 10 / 5 14 / 7 7 / 4 

Hemocytes fructose‐bisphosphate aldolase Glottidia sp.MR-
2009 

H. rufescens 

gi|256010152 gi|71370912 
12 11 6 / 2 6 / 2 
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Hemocytes GDP‐dissociation inhibitor G. cydonium 
gi|2217962 5 4 / 2 

Hemocytes glyceraldehyde 3‐phosphate DH U. eques 
gi|124264159 11 11 / 3 

Hemocytes HSP 70  M. 
galloprovincialis 

gi|62989584 12 14 / 5 
Hemocytes phosphoenolpyruvate carboxykinase  M. 

galloprovincialis 
gi|348239228 23 3 / 2 

Hemocytes 
C1q domain containing protein: MgC1q4/5/9/21/24/42/46 

M. 
galloprovincialis 

gi|325504307 gi|325504309 gi|325504317 gi|325504341 gi|325504347 gi|325504383 gi|325504391 

25 41 26 31 20 34 31 

8 / 4 18 / 8 13 / 4 11 / 3 8 / 4 14 / 4 15 / 4 

Hemocytes S‐adenosylhomocyshydrolase C. ariakensis 
gi|253769244 6 5 / 3 

Hemocytes transketolase S. purpuratus 
gi|336455050 4 7 / 2 

Hemocytes triosephosphate isomerase M. edulis 

Anadara sp. KJP-
2011 

gi|46909461 gi|318136353 
36 6 11 / 5 3 / 2 

Sample Protein Species Acc. nº % Matched 
peptides / 
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Cov. unique 
sequences Serum actin Pecten sp. 

gi|224305 37 42 / 12 Serum calponin‐like protein M. 
galloprovincialis 

gi|14422379 28 10 / 8 Serum catchin protein M. 
galloprovincialis 

gi|6682323 48 96 / 43 Serum elongation factor 1α M. 
galloprovincialis 

gi|51014243 13 9 / 5 Serum FREP M. 
galloprovincialis 

gi|317452957 23 9 / 6 Serum Heavy metal‐binding protein HIP M. edulis 
gi|46395578 83 587 / 12 

Serum HSP70 M. 
galloprovincialis 

gi|57635269 10 7 / 5 Serum myosin heavy chain M. 
galloprovincialis 

gi|6682319 38 121 / 57 Serum myosin light chain M. mercenaria gi|228388 7 4 / 1 Serum Paramyosin M. 
galloprovincialis 

gi|42559342 20 23 / 15 Serum C1q domain containing protein MgC1q4/6/92 
M. 
galloprovincialis 

gi|325504307 gi|325504311 gi|325504483 
6 65 18 

2 / 1 701 / 11 6 / 3 
Serum HSP 22 M. 

galloprovincialis 
gi|347545631 53 20 / 8 Serum HSP 24.1 M. 

galloprovincialis 
gi|347545633 5 2 / 1 Serum superoxide dismutase M. edulis 
gi|34481600 9 1 / 1 Serum Tropomyosin M. 

galloprovincialis gi|66478 64 73 / 20 
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62Serum twitchin M. 
galloprovincialis 

gi|21388656 3 11 / 11 
Sample Myticins Species Acc. nº % 

Cov. 

Matched 
peptides / 

unique 
sequences 

Hemocytes Myticin‐A M. 
galloprovincialis 

gi|6647599 13 
2 / 1 MKATILLAVLVAVFVAGTEAHSHACTSYWCGKFCGTAS

CTHYLCRVLHPGKMCACVHCSRVNNPFRVNQVAKSINDLDYTPIMKSMENLDNGMDML 

Serum Myticin C precursor M. 
galloprovincialis 

gi|154623256 22 
2 / 2 MKATILLAVVVVVIVGVQEAQSIPCTSYYCSKFCGSAGCS

LYGCYKLHPGKIC
YCLHCRRAESPLALSGSARNVNEQNKEMVNSPVMNEVENLDQEMNMF 

Serum Myticin‐A M. 
galloprovincialis 

gi|6647599 13 
2 / 1 MKATILLAVLVAVFVAGTEAHSHACTSYWCGKFCGTAS

CTHYLCRVLHPGKMCACVHCSRVNNPFRVNQVAKSINDLDYTPIMKSMENLDNGMDML  660  661 
  662 
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Figure legends 663 
Figure 1. Experimental in vivo and in vitro infections of M. galloprovincialis and C. 664 
gigas with OsHV-1. (A) Naïve mussels and oysters were injected in the adductor 665 
muscle with an OsHV-1 suspension at 15 ºC. Control groups were inoculated with an 666 
equivalent volume of FSW.  Cumulative mortality was determined in mussels and 667 
oysters infected with OsHv-1 for 15 days. The data are presented as the mean value 668 
from three independent infections with standard deviations. Infected oysters reached 669 
high mortality rates (84 ± 7 %), whereas the mortality of infected mussels was similar to 670 
the control animals. (B) Time course of OsHV-1 replication in primary cultures of 671 
mussels and oysters haemocytes. The cells were seeded in a 24-well plate adding 1 672 
mL/well of a 3×106 cells/mL haemocyte suspension and incubated at 15 ºC for 1 h for 673 
adhesion. After this incubation the supernatants were removed and the cells were 674 
infected with an OsHv-1 suspension diluted 1:5 in FSW for 1h at 22 ºC. After infection, 675 
the supernatants were removed and cells were washed with FSW. Additional 676 
haemolymph from oysters and mussels was extracted, centrifuged to eliminate cell 677 
components and 0.22 mm-filtrated, and it was added to the corresponding wells for 678 
incubation at 15ºC. Cultures were sampled at 1, 6 and 24 h.p.i. to evaluate viral load by 679 
qPCR. This experiment was conducted using duplicated cell cultures. The data are 680 
presented as the mean value from four independent infections with standard deviations. 681 
The viral load in oyster haemocytes was higher than in mussel, and it showed an 682 
increasing tendency during the experiment, whereas it did not significantly change in 683 
mussel haemocytes.  684 
 685 
 686 
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Figure 2. Viral loads determined by qPCR in oyster haemocytes infected with OsHV-1 687 
and incubated for 24 h in the presence of oyster haemolymph or mussel haemolymph. 688 
Oyster haemocytes were seeded in a 24-well plate adding 1 mL/well of a 3×106 689 
cells/mL haemocyte suspension in FSW and incubated at 15 ºC for 1 h before the 690 
infection with OsHV-1. After this incubation the supernatants were removed and the 691 
cells were infected with an OsHv-1 suspension diluted 1:5 in FSW for 1h at 22 ºC. After 692 
infection, the supernatants were removed and cells were washed with FSW. New 693 
haemolymph from oysters and mussels was extracted, centrifuged to eliminate cell 694 
components and 0.22 mm-filtrated. Half of the cell cultures were incubated in oyster 695 
haemolymph and the others received mussel haemolymph. The haemocytes were 696 
incubated at 15ºC and sampled after 24 h. to evaluate viral load by qPCR. Two 697 
replicates were used in each of the four independent experiments conducted. The data 698 
represent the mean value of a representative experiment with the standard deviation. 699 
The asterisk represents statistically significant differences between the treatments 700 
(p<0.05). Oyster haemocytes incubated with mussel haemolymph showed a significant 701 
reduction in the viral titer compared with those incubated with their own haemolymph.  702 
Figure 3. (A) Immunohistochemical localization of myticin C in mussel haemocytes. 703 
Mussel haemocytes were then incubated with an anti-myticin C primary antibody and 704 
stained with a fluorophore-conjugated secondary antibody (green fluorescence) and 705 
DAPI (blue, cell nuclei). It was observed that myticin C is constitutively expressed in 706 
the cytoplasm of mussel haemocytes, although not all haemocytes were positives for 707 
myticin C labelling, suggesting the heterogeneity of these cells. (B) Distribution of 708 
myticin C-positive cells in non-stimulated samples, as determined by flow cytometry. 709 
An anti-myticin C antibody and a fluorophore-conjugated secondary antibody were 710 
used for labelling cells expressing this protein. The cut-off used in the X parameter 711 
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FL1-H (log scale) was 37.81. (C) Percentage of Myt-C-positive cells after in vivo 712 
stimulation with LPS, Zym or dead bacteria compared with control individuals (FSW). 713 
Haemolymph was extracted after 24 h and the percentage of granulocytes and 714 
hyalinocytes expressing myticin C was determined by flow cytometry using the anti-715 
myticin C antibody and a fluorophore-conjugated secondary antibody. The cut-off used 716 
in the X parameter FL1-H (log scale) was 37.81. The number of myticin C-posive cells 717 
was not significantly affected by the treatments. (D) Confocal image of Myt-C-positive 718 
haemocytes engulfing Zym A-TRED particles. The percentage of cells positive and 719 
negative for Myt-C expression and/or Zym A-TRED signals is shown in the table. Scale 720 
bar=10 µm. 721 
Figure 4. Viral load determined by qPCR in oyster haemocytes infected with OsHV-1 722 
and incubated with oyster haemolymph (OH), mussel haemolymph (MH) or with the 723 
synthetic myticin C peptide diluted in oyster haemolymph (OH+peptide) or mussel 724 
haemolymph (MH+peptide) 24 h after infection. Oyster haemocytes were seeded in a 725 
24-well plate adding 1 mL/well of a 3×106 cells/mL haemocyte suspension in FSW and 726 
incubated at 15 ºC for 1 h before the infection with OsHV-1. After this incubation the 727 
supernatants were removed and the cells were infected with an OsHv-1 suspension 728 
diluted 1:5 in FSW for 1h at 22 ºC. Then, the supernatants were removed and cells were 729 
washed with FSW. New haemolymph from oysters and mussels was extracted, 730 
centrifuged to eliminate cell components and 0.22 mm-filtrated. Cell cultures were 731 
incubated with OH, MH, OH+peptide or MH+peptide. The haemocytes were incubated 732 
at 15ºC and sampled after 24 h to evaluate viral load by qPCR. Two replicates were 733 
used in each of the four trials conducted. The data are presented as the mean value from 734 
four independent experiments with the standard deviations. An important reduction of 735 
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the viral titer was observed both in oyster haemocytes incubated with MH and in those 736 
treated with the peptide.  737 
Figure 5. Cytotoxic effects on Vero cells as determined by the MTT assay (solid lines) 738 
and antiviral effects of myticin peptides against HSV-1 (dark bars) and HSV-2 (light 739 
grey bars), as determined by the decrease in virus-induced CPE on Vero cells: (A) 740 
cytotoxic and antiviral activities of unmodified Myt-C peptide; (B) cytotoxic and 741 
antiviral activities of Myt-Tat peptide; (C) cytotoxic and antiviral activities of 742 
unmodified Myt-C peptide encapsulated into nanosomes; (D) cytotoxic and antiviral 743 
activities of empty nanosomes. Data are presented as the mean value from 3 744 
independent experiments with their standard deviations. The percentages of CPE 745 
associated with different treatment concentrations within each virus were compared 746 
using the Bonferroni post-hoc test. The asterisks represent the level of significance of 747 
the differences found for each concentration compared to the untreated (negative) 748 
controls. Significant differences are displayed as ***(0.0001<p<0.001), 749 
**(0.001<p<0.01) or *(0.01<p<0.05). The scientific notation numbers above each bar 750 
represent the virus titres obtained by plaque assay from each pool of replicate treatments 751 
within the corresponding concentration (pfu/mL). 752 
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