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Abstract Knowledge on antifungal biomolecules is limited
compared to antibacterial peptides. A strictly antifungal
peptide from the blue mussel, Mytilus edulis named
mytimycin (MytM) was reported in 1996 as partial NH2

33 amino acid sequence. Using back-translations of the
previous sequence, MytM-related nucleotide sequences
were identified from a normalized Mytilus galloprovincialis
expressed sequence tag library. Primers designed from a
consensus sequence have been used to obtain a fragment of
560 nucleotides, including the complete coding sequence of
456 nucleotides. Precursor is constituted by a signal peptide
of 23 amino acids, followed by MytM of 54 amino acids
(6.2–6.3 kDa, 12 cysteines) and C-terminal extension of 75
amino acids. Only two major amino acid precursor
sequences emerged, one shared by M. galloprovincialis
from Venice and Vigo, the other belonging to M.
galloprovincialis from Palavas, with nine amino acid
differences between the two MytM. Predicted disulfide

bonds suggested the presence of two constrained domains
joined by amino acidic NIFG track. Intriguing was the
presence of conserved canonical EF hand-motif located
in the C-terminus extension of the precursor. The MytM
gene was found interrupted by two introns. Intron 2
existed in two forms, a long (1,112 nucleotides) and a
short (716 nucleotides) one resulting from the removal of
the central part of the long one. Both the short (GenBank
FJ804479) and the long (GenBank FJ804478) genes are
simultaneously present in the mussel genome.
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Abbreviations
EST Expressed sequence tag
gDNA Genomic DNA
MytM Mature moiety of mytimycin precursor
MytM-P Mature moiety of mytimycin from Palavas
MytM-V Mature moiety of mytimycin from

Vigo and Venice
UTR Untranslated region

Introduction

The development of large-scale aquaculture resulted in
increasing catastrophic losses due to various diseases, both
in fish, crustacean, and molluscs. Although utilization of
antibiotics partially solved the problem in the past, their
abuse accelerated the selection of drug-resistant micro-
organisms which ultimately might display negative effects
on human health, and was therefore banned by international
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regulations. In absence of possible vaccination, one
alternative is to stimulate the natural anti infectious
mechanisms from the animals. To achieve such goal, we
need better understanding of the innate immunity. Since
decades, precious information has been collected regarding
antibacterial defences and numerous sequences were in-
cluded in specific databases. For instance, the antimicrobial
peptide databse 2 (http://aps.unmc.edu/AP/main.php)
contained nearly 2,000 entries with 1,242 antibacterial and
483 antifungal proteins (Wang et al. 2009). Regarding
antifungal proteins, 13 classes have been described
considering only the proteins of molecular mass greater
than 5 kDa (Selitrennikoff 2001). Most of these classes
referred to plant proteins and only a restricted number of
antifungal peptides have been isolated from invertebrates.
Best known are the ones from arthropods, such are the
antifungal protein (AFP) from the flesh fly Sarcophaga
peregrine larvae (Iijima et al. 1993), drosomycin (Fehlbaum
et al. 1994), and metchnikovin (Levashina et al. 1995) from
the fruit fly Drosophila melanogaster, thanatin from the
hemipteran insect Podisus maculiventris (Fehlbaum et
al. 1996), penaeidins from the Pacific white shrimp
Litopenaeus vannamei (Destoumieux et al. 1997) and from
other Penaeus species (Gueguen et al. 2006a), heliomicin
from the lepidopteran Heliothis virescens (Lamberty et
al. 1999), termicin and spinigerin from the termite Pseuda-
canthotermes spiniger (Lamberty et al. 2001), scarabaecin
from the coconut rhinoceros beetle Oryctes rhinoceros
(Tomie et al. 2003), antilipopolysaccharide factor from the
black tiger shrimp Penaeus monodon (Somboonwiwat et al.
2005) and from the Chinese silkworm Bombyx mori (Zhang
et al. 2008). Even cecropin, the first antimicrobial peptide
isolated in 1981 from the giant silk moth Hyalophora
cecropia, was later recognized as possessing also antifungal
properties (Ekengren and Hultmark 1999).

Related to molluscs, first report on antibacterial activity
was from mucus of the giant snail, Achatina fulica; achacin
of 150 kDa composed of two subunits (Kubota et al. 1985).
Also from Gastropod was aplysianin P, a 60-kDa
bacteriostatic glycoprotein from the purple fluid of the
sea hare, Aplysia kurodai (Yamazaki et al. 1990). It was
only in 1996 that true antimicrobial peptides (i.e., cationic,
15–45 amino acid residues) have been isolated simulta-
neously from the Mediterranean mussel, Mytilus gallopro-
vincialis (Hubert et al. 1996) and the blue mussel, Mytilus
edulis (Charlet et al. 1996) with in that last species, a
6,233 Da strictly antifungal peptide named mytimycin
(MytM) containing 12 cysteines and reported as NH2-terminal
sequence of 33 amino acids (Charlet et al. 1996). Since that
time, numerous antimicrobial peptides have been isolated
from marine bivalves, only some of them sharing antibac-
terial and antifungal activities, such are myticin B (Mitta et
al. 1999a), defensin MGD1 (Mitta et al. 1999b) and mytilin

B and D (Mitta et al. 2000b) from M. galloprovincialis, and
defensin from the oyster Crassostrea gigas (Gueguen et al.
2006b). Extensive efforts performed to isolate antimicrobial
peptides or to characterize their mRNAs inMytilus identified
several families and multiple isoforms of antimicrobial
peptides, nevertheless, MytM was never reevidenced.

In the present report, (1) we identified a number of putative
MytM sequences from a normalized M. galloprovincialis
expressed sequence tag (EST) library, (2) established the full
coding sequences from hemocytes of M. galloprovincialis,
(3) evaluated their diversity in mussel populations from 3
different geographic origins, (4) looked for phylogenetic
relationships, and (5) reported the structures of the two
MytM genes

Material and Methods

Mussels

Adult mussels, M. galloprovincialis (6–7 cm shell length),
were collected in three different locations during June–July
2005–2007. Mussels from Ria de Vigo (Vigo, Spain) were
purchased from the shellfish farm Mariscos Ria de Vigo
SL. Mussels from the French Mediterranean coast were
purchased from the marine farm Les Compagnons de
Maguelone (Palavas, France). Mussels from the Adriatic
Sea were purchased from the marine farm Mitilpesca
(Venice, Italy). Mussels were acclimated for 24 h in the
laboratory in a flow-through system of oxygenated sea
water before sampling.

Hemocyte Collection and RNA Extraction

Hemolymph was collected from the posterior adductor
muscle with a 1 ml syringe containing 0.2 ml of the
anticoagulant modified Alsever’s solution buffer. Hemo-
lymphs of 10 mussels per sampling site were pooled and
hemocytes were pelleted by 15 min centrifugation at
800×g, 4°C. Total RNA was extracted with Trizol Reagent
protocol (Invitrogen) and the pellets were resuspended in
20 μl of sterile water. For genomic analyses, hemocytes
from individual mussels were kept separate.

RT, PCR, and cDNA Cloning

First-strand cDNAs were synthesized using random hexap-
rimers (Invitrogen Life Technologies) and murine leukemia
virus reverse transcriptase (Promega), and purified through
QIAquickColumn (Qiagen) then kept in sterile water at −20°C
until use.

Forward F1 and reverse R1 PCR primers were hand-
designed according to the consensus sequence from the
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EST library MgNOR01 (Venier et al. 2009). Following
denaturizing of 35 ng cDNA template for 2 min at 94°C,
PCR was performed by 30 cycles of denaturing at 94°C
for 30 s, annealing at 55°C for 30 s and elongation at
72°C for 1 min, with final extension at 72°C for 5 min.
The unique amplicon of 437 nucleotides was cloned in the
plasmid pCR 2.1 TOPO from the TOPO TA Cloning kit
(Invitrogen). Extraction and purification of the insert were
done using Wizard Plus SV Miniprep kit (Promega) and
specificity has been confirmed with several sequencings
(Millegen, Labèges-France).

The 5′-extension was performed using reverse primer
R3, and nested PCR was with R4 then R5 using 5′/3′ rapid
amplification of cDNA ends (RACE) kit according to
manufacturer’s protocol (Roche).

Full coding sequence was amplified using the forward
primer F3 designed from extended sequence obtained from
5′-RACE and reverse primer R7, according to the following
program: 1 μg of cDNA template, initial denaturing at 94°C
for 2 min followed by 35 cycles of denaturing at 94°C for
1 min, annealing at 55°C for 1 min and elongation at 72°C
for 1 min, and a final extension at 72°C for 7 min. The unique
amplicon of 560 nucleotides was cloned as previously. White
Escherichia coli colonies were individually transferred to
deep agar containing Luria-Bertoni medium and 50 μg/ml
kanamycin, distributed into 96-well microtiter plates and
sent to Agowa GmbH (Berlin, Germany) for sequencing
based on M13 universal primers. Each clone was bidirec-
tional sequenced and the sequences corrected accordingly.

cDNA Sequence Analysis

Several adjustments and comparisons have been made:
(1) the nucleotides from upstream and downstream the
primers, including the primer sequences, were removed,
(2) all the sequences were aligned using Multalin (http://
bioinfo.genopole-toulouse.prd.fr/multalin/multalin.html)
and clustered according to nucleotide sequences, (3)
untranslated regions (UTRs) were removed and coding
sequences compared using Multalin. The different coding
sequences were translated into pro-peptides (http://www.
expasy.ch/tools/dna.html). Structural analysis identified
signal peptide, mature region and C-term extension, and
the resulting amino acid sequences have been compared
using Multalin. Isoelectric point and instability index were
calculated by http://au.expasy.org/cgi-bin/protparam.html.
Predicted disulfide bonds were established by http://
scratch.proteomics.ics.uci.edu. Predictable structure of
MytM has been established using Phyre (http://www.sbg.
bio.ic.ac.uk/phyre/). Relationship with known proteins was
investigated using BLAST (http://blast.ncbi.nlm.nih.gov/
Blast.cgi). Presence of conserved domains was analyzed
using http://www.expasy.org/scanprosite/. Evolutionary

relationships of antifungal moieties were inferred using
the neighbor-joining algorithm MEGA-4 (http://www.
megasoftware.net). The tree was drawn to scale, with
branch lengths in the same units as those of the
evolutionary distances used to infer the phylogeny tree.
The evolutionary distances were computed using the
maximum composite likelihood method.

Genome Sequence Analysis

Genomic DNA (gDNA) from individual M. galloprovincialis
was extracted from hemocytes with DNAzol (Invitrogen).
PCR amplification sibling the 3′end was done with primers F1
and R7. For 5′end, PCR amplification was done with primers
F3 and R3. PCR programs were identical to the one used with
F1-R1 (see “RT, PCR, and cDNA Cloning” section).
Sequence analysis consisted in the removal of nucleotides
from upstream and downstream the primers, including the
primer sequences, and alignments using Multalin.

Results

Identification of Mytimycin-Related Sequences

The screening of the M. galloprovincialis EST integrated
database called MytiBase (available at http://mussel.cribi.
unip.it) with the 33 amino acid N-terminal sequence
reported from the blue mussel, M. edulis (accession number
Swissprot P81614) (Charlet et al. 1996) resulted in the
identification of one sequence, annotated mytimycin-like0.
Second blast performed on the same MytiBase with the
mytimycin-like0 sequence identified 16 sequences, origi-
nally not annotated, but which can be organized in 5
mytimycin-like clusters (Fig. 1a). Differences in amino acid
sequences appeared between them and with the original M.
edulis sequence. One consensus sequence (Fig. 1b) was
constructed and PCR primers (F1 and R1) have been
designed to look for mytimycin transcripts in hemocytes
from the Palavas-France M. galloprovincialis mussels.
Performing later searches at NCBI with nucleotide (BlastN)
and translated nucleotide (BlastX) queries revealed strong
similarities (E value 5E−70) between the five mytimycin-
like sequences and segments of the two genomic mytimycin
sequences we deposited in GenBank (Fig. 2), confirming
the mytimycin origin of the five EST sequences. In
addition, weak similarity (E value 5E−08) was observed
with the original M. edulis partial sequence.

mRNA Sequences and Structures

Alignment of F1-R1 amplicon with the consensus
sequence revealed that the sequence of 437 nucleotides
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obtained corresponded to mytimycin, with few differences
(not illustrated). The mussel EST library from which the
mytimycin-like sequences came from was constructed from
mixed samples of RNA coming from variously challengedM.
galloprovincialis from Spain and Italy. Consequently, the
observed differences cannot be specifically related to any
stimulation or geographic origin.

The consensus sequence included the polyA tail, but was
incomplete on the 5′ end (Fig. 1b). In order to design a
forward primer within the 5′-UTR, allowing amplification
of the full coding sequence, 5′-RACE was performed and
resulted in 28 additional nucleotides. A new primer F3 was
designed within the 5′-UTR and PCR with F3 and R7 gave
a 560 nucleotide amplicon, reduced to 456 nucleotides
when considering only the full coding sequence (Fig. 2).
Alignments with original partial amino acid sequence located
the first amino acid of MytM as D or A, followed by a duplet
of C (Fig. 1a). The presence of an upstream signal peptide of
23 amino acids was deduced from translation of the mRNA
5′-end 120 nucleotide sequence, and from the presence of a
methionine downstream a stop codon.

Taking into account the MM of 6,233.5 Da measured by
mass spectrometry for M. edulis MytM (Charlet et al. 1996)
and considering 12 cysteines engaged in six intrachain
disulfide bonds, the theoretical MM of linear M. edulis
MytM would be 6,245.5 Da. The MytM sequence from M.
galloprovincialis, including 54 amino acids and 12 cysteines,
would display the theoretical MM of 6,247.1 Da, consistent
enough to consider M. galloprovincialis MytM constituted
of 54 amino acids. It must be noted that the N-terminal
amino acid sequence translated from the M. galloprovincialis
consensus sequence was not identical to the one from M.
edulis and we hypothesized that the rest of the molecule will

not be identical, explaining the discrepancy in MM. The 75
amino acid sequence downstream corresponded to a C-
terminal extension ended by the stop codon TAG. Separate
BLAST analysis of amino acid sequences from signal,
MytM and C-terminal extension, were not revealing any
similar already recorded sequences. Consequently, mytimy-
cin precursor appeared original.

mRNA Polymorphism and Codon Changes

To exclude errors related to the sequencing process, the 96
clones contained in one full microtiter plate have been
resequenced. Only few single nucleotide changes were
observed in randomly distributed locations. Such changes
were considered as resulting from errors introduced during
sequencing process, and only nucleotide changes located at
the same position in both forward and reverse sequences
were noted. In addition, we eliminated the few nucleotide
changes found in only one clone, as resulting probably
from errors introduced by the first PCR before cloning.
Consequently, the polymorphism analyzed herein was
based on nucleotide changes found at the same position in
at least two clones.

Within a Pool of 10 Hemolymph mRNAs from M.
galloprovincialis of Palavas, France A total of 181 clones
were randomly selected, sequenced and virtually translated
in amino acids. Four consistent nucleotide changes located
at −4, +6, +48, and +300 (Table 1 Supplementary data)
have been identified, defining nine different coding
sequences. Frequencies of occurrence were extremely
different, with two coding sequences accounting for 88%
of the 181 clones and five coding sequences present in only

a 
M. edulis P81614                            DCCRKPFRKHCWDCTAGTPYYGYSTRNIFGCTC 
Mytimycin like0      MSLSLRMTLLFVICCVVIGMANVDCCHRPYYYHCWDCTAATPYCGYRPCNIFGCGC... 
Mytimycin like1      MSLIIRMTLSFVLCCIIMDMAYGACCNPIHGRYCADCTLSTPRCGYHSCNIFGCAC...  
Mytimycin like2      MSLIIRMTLSFVLFCITMDMTYGACCNPPNGRYCADCTVSTPRCGYHSCNIFGCGC... 
Mytimycin like3      MSLLLRLTLLFVICSVIMENANGACCRRKRRGRCGDCTKPTPCCGYKRCNIFCCGC... 
Mytimycin like4      MSLLLRLTLLFVICSVIMENANGACCRRTRRGRCGDCTKPTPCCGYKRCNIFCCGC... 

b 
F1     

AGTTCAGTGAGTGTATTGAAAACATGTCTTTATCATTACGGATGACGCTTTTGTTTGTTAT
TTGTTGTGTTGTCATTGGCATGGCGAATGTAGATTGCTGTCACAGACCTTATTACTACCAT
TGTTGGGACTGCACTGCGGCAACCCCGTACTGTGGATATCGTCCATGTAACATATTCGGCT
GTGGATGCACTTGTCGTACAGAACCACATGGTAAATCCTGTTATGAACGTGGGGACCGATG
TCGTTGTTACTCTGACAAACGTAGACGTCGTAGTTTGTCGTTTGAAGACATGTCTGCGAAC
ATTAAGTTTGCTGGTCTAGATATCAACAGTGATGGATTGATTGAACAGTTTGAGTTCATTA
AAGCCTTGGAACAGATGGACATAACTGACAACACAACGATGTTTCATCATTGGTCAATCAT 

R1 

GGACGAAGATAAAGATGGAGCAATCACTCTGGAAGAATTTGACAAAGAAAATTAGTTGACT
CTGATTGCATTTATATAATTAATTTTATATAAAGATAAAAATGATGATTGCATAATCATAA
TGTATTCAATTTTGAAATGAATTAAATAGTGTACTGCATCAAAAAAAAAAAAAAAAAAAAA
AA 

Fig. 1 Identification of
mytimycin-like from M.
galloprovincialis. a Alignment
of the amino acid sequence
P81614 reported from M. edulis
with the amino acid translation
of the five consensus nucleotide
sequences identified from a
normalized M. galloprovincialis
EST library. Cysteines are gray
boxed. b Inferred consensus
sequence and primer F1 and R1
used to screen M. galloprovin-
cialis hemocyte mRNA from
Palavas
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one or two clones. Interestingly, only the nucleotide change
located within the signal peptide (at −4) resulted in amino
acid substitution, asparagine found in 126 clones, being
replaced by lysine found in 55 clones. The three other
nucleotide changes were silent and no mutation was noticed
within partial UTRs (not illustrated). Consequently, myti-
mycin precursor from Palavas existed as two amino acid
sequences, MytM being unique.

Within a Pool of 10 Hemolymph mRNAs from M.
galloprovincialis of Venice, Italy Ninety-three clones were

randomly selected, sequenced and virtually translated in
amino acids. Six consistent nucleotide changes were
located at −60, −59, −33, +216, +305, and +355 (Table 1
Supplementary data), defining six different coding sequen-
ces. As for mussels from Palavas, France, frequencies of
occurrence were extremely different, with one coding
sequence accounting for 94% of the clones. Only nucleotide
change at +216was silent. Nucleotide changes at −60 and −59
resulted in proline or leucine in one clone each compared to
serine in 91 clones. Nucleotide change at +305 resulted in
serine in two clones compared to asparagine in 91 clones.

           F3 
CTGCTACCATTTTCATATTTCTGAAATCAGTTCAGTGAGTGTATCGAAAAC gtaagtttattttttacttta 
tgatatcaatggtatcggtagaatgttatattgaaaaaaaaataatgcaagtagtaagaaactccttcatagc
tttttctagtttcttagttttgattgatttgacattgaaatgttttatatgtaaaaatatacccatcaactgt
ttgattagagctcttcttatgaggtagatgattttaacatgtgtgacgtaccaggttataagcctggtatcgt
tgttgagttgttttaaaatttgactatcttacttatggttatcgaaagaacatattcaaaacacatattgtac
gtttactgtctatcgatcttaatttgatatgggacaactggacgatttttcattcgagcactaacaccagtct
acataattattcagaattttttaataatgatatctcacgtattctttgttttataattaagcttcgtattgta 

        F1 
g ATG TCT TTA GTA TTA CGG ATG ACG CTT TTG TTT GTT GTT TGT TGT GTT GTC ATT 
   M   S   L   V   L   R   M   T   L   L   F   V   V   C   C   V   V   I    

       R5                      R4 
GGC ATG TCG AAT GCA GCT TGC TGT CAC AAA CCT TTT TGG AAA CAT TGC TGG GAC
 G   M   S   N   A   A   C C   H   K   P   F   W   K   H   C   W   D    

TGC ACT GCG GGA ACC CCT TAC TGT GGA TAT CGT TCA TGT AAC ATA TTC GGC TGT
C   T   A   G   T   P   Y   C   G   Y   R   S   C   N   I   F   G   C

   R3 
GGA TGC ACT TGT CGT ACA GAA CCC TAT GGT AAA TCG TGT TAT GAA CGT GGG AAC
 G   C   T   C   R   T   E   P   Y   G   K   S   C   Y   E   R   G   N    

CGA TGT CGT TGT TAC ACT GAC AAA CGT AAA CGT CGT AGT TTG TCG TTT GAA GAC 
 R   C   R   C   Y   T   D   K   R   K   R   R   S   L   S   F   E   D    

ATT TCT CCA AAC ATA AAG TTT GCT GGT CTA GAT ATC AAC AG gttagtactgactacaga
 I   S   P   N   I   K   F   A   G   L   D   I   N   S  

attttagattacataaaataaagaaagttcacagaaacatgtttgcaccgtacatgattttgtcattcttttt
tgttgattcgttgccatctcattgtcattttacctataattccattttttttcttatcaaggatgctttaaga
ataagaaaaggcgtttcttgagaaaggacggttatttattttatatttaataaattctcgctattttttttct
ttataccggtcgaatttaacatgtgacatttaaaccttctgatagtcctttgtaaaagagactaatgaaatat
aattaaaaaaataaagatacacttgtatttcaaactgcttaagttcaaaatcccgttcgacagggagaaccag
gaatagtttggcgtactaaattataatcctggtacttttttaccatttactcagttgcaatagctgtattaca
caaagttgatttgtcgatagtctttaccggttttttattcattttgtttataatattatgtattactatgatt
ataaattccttaaaaagattaaatgtgaatataaagctaattaatgttgagtagtaattatgtagctttttcg
ttattttgaaattatcaatttatatattcggcattcaagagcttgcagatcctactcagactttgtaaaacgt
caacagattctgagcagaaagttgggtcatgtcaacgaatgtctcgtcctttttctaaaaaagttcatcgaaa
ggttccaatgttggtaaatattccgtacggagttcacaaataatacacgatagtcatgaagtataggttatgt
gtactactgacgttgtttatcatcttaataacgtgttattttgttctttaatttgtctttatgaaaatacttt
aactgtttactctgtgtttagtgatatccattagacgtgacactgtacttatttgtccctcattgccatttga
taaaacctttccgttttcaattttcctcggagttcagtatttttgtgattttactttttgttaacaaattaca
atatacaccaggataaagctctaggaacgattgtttgtaaagggtattttctaactcttttttacctttaag  

T GAT GGA TTG ATT GAA CAG TTT GAG TTC ATT AAA GCC TTG GAA CAG ATG GAC ATA 
   D   G   L   I   E   Q   F   E   F   I   K   A   L   E   Q   M   D   I  

ATA GAC AAC ACA ACG ATG TTT CAT CAT TGG TCA ATC ATG GAC GAA GAT AAA GAT 
 I   D   N   T   T   M   F   H   H   W   S   I   M   D   E   D   K   D 
 R1 
GGA ACA ATC ACT CTG GAA GAA TTC GAC AAA GAA AAA TAG TTGACTCTGATTCATTATATA 
 G   T   I   T   L   E   E   F   D   K   E   K 

         R7
ATTAGTTTTATATAAATATACAAATGATGATTGCATAATCATAATGTATTCA 

Fig. 2 Nucleotide sequence of
mytimycin genes from M.
galloprovincialis from Palavas,
MMg1 (GenBank FJ804479)
and MMg2 (GenBank
FJ804478), and predicted amino
acid sequences of the unique
precursor. The translation start
(ATG) and stop (TAG) codons
are in bold. The coding region
corresponding to the 54 amino
acids of MytM is underlined,
with the 12 cysteines gray
boxed. The 23 amino acid
sequence upstream MytM
corresponds to signal peptide
and the 75 amino acid sequence
downstream MytM corresponds
to C-terminal extension. The
two introns are in lower cases
with additional part within in-
tron 2, specific to MMg2 gene,
in bold. Primer locations are
indicated by long arrows
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Finally, nucleotide change at +355 resulted in serine in two
clones compared to alanine in 91 clones. None of the
detected changes mapped neither within the open reading
frame corresponding to MytM nor within partial UTRs
(not illustrated). Consequently, precursor from Venice
encompassed five amino acid sequences, MytM being
unique.

Within a Pool of 10 Hemolymph mRNAs from M.
galloprovincialis of Vigo, Spain Ninety-two clones were
randomly selected, sequenced and virtually translated in
amino acids. A total of 35 nucleotide changes were
located, defining 10 different coding sequences (Table 1
Supplementary data). One particular coding sequence was
present in 69 clones, and another present in 10 clones.
Other coding sequences have been found in 1–3 clones
only. Eight mutations were silent. Amino acid replace-
ments affected the signal peptide (four cases) as well as
the C-terminal extension (eight cases). Unusual was the
presence of nine amino acid replacements within MytM
coding sequence. Meanwhile, one of these sequences was
found in 82 clones, another in seven clones, and the three
other amino acid sequences were found in only one clone
each. One nucleotide change was observed in the 5′UTR

and five in the 3′UTR (not illustrated). Consequently,
precursor from Vigo existed as seven amino acid sequen-
ces, with five MytM amino acid sequences.

Diversity of Mytimycin Precursors

Alignments of the virtually translated precursor sequen-
ces from Palavas, Venice, and Vigo have been performed.
Among the 21 different amino acid sequences, the
majority from Venice (88 clones out 93) and the majority
from Vigo (72 clones out of 92) were identical, and
named mytimycin-V. Such sequence was different from
the majority one from Palavas (126 clones out of 181),
named mytimycin-P. Consequently, among the pooled M.
galloprovincialis originated from three distant geographic
areas, only two mytimycin precursors were dominant
(Table 1), a phenomenon confirmed by preliminary
comparisons performed on new FLX 454 sequence MytM
data.

Alignments have been also performed addressing sepa-
rately the signal region, MytM, and C-terminal extension
(Table 2). The two signal amino acid sequences from
Palavas differed by only one amino acid. Such sequences

Table 1 Amino acid sequences of mytimycin precursors and characteristics

Amino acid sequences of major mytimycin precursors, with predicted disulfide bonds

Mytimycin-P 

Signal peptide MSLVLRMTLLFVVCCVVIGMSNA 

MytM-P 

2 3                  11    14                21         26         31  33  35                    44              51  53 
ACCHKPFWKHCWDCTAGTPYCGYRSCNIFGCGCTCRTEPYGKSCYERGNRCRCY 

C-terminal extension TDKRKRRSLSFEDISPNIKFAGLDINSDGLIEQFEFIKALEQMDIIDNTTMFHHWSIMDEDKDGTITLEEFDKEK

Mytimycin-V 

Signal peptide MSLSLRMTLLFVICCVVIGMANA 

MytM-V 
   2 3                  11    14               21          26         31 33  35                    44               51  53
DCCHRPYYYHCWDCTAATPYCGYRPCNIFGCGCTCRTEPHGKSCYERGDRCRCY 

C-terminal extension SDKRRRRSLSFEDMSANIKFAGLDINSDGLIEQFEFIKALEQMDITDNTTMFHHWSIMDEDKDGAITLEEFDKEN

Deduced amino acid sequences of the two mytimycin precursors found in majority among M. galloprovincialis from Palavas (Mytimycin-P) and
from Venice and Vigo (Mytimycin-V). Different amino acids are gray boxed. Note the identical predicted cysteine patterns identifying two
constrained domains joined by the common NIFG sequence (double underlined)
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Table 2 Diversity of signal peptide, MytM and C-terminal extension
amino acid sequences from M. galloprovincialis from Palavas, Venice
and Vigo. The original MytM partial NH2 amino acid sequence
reported in 1996 from M. edulis was added for comparison; gray

boxed are the amino acids different from Palavas and from Venice
sequences. Note a unique sequence of MytM expressed by the mussels
from Palavas and from Venice

                                    Signal peptide 

MytM 

Number of clones 

Amino acid sequences 
Palavas Venice Vigo 

MSLVLRMTLLFVVCCVVIGMSNA 126 - 5 

.....................K. 55 - 4 

...S................A.. - 1 - 

...S........I.......A.. - 90 83 

...S........I.....D.A.. - - - 

...P........I.......A.. - 1 - 

...L........I.......A.. - 1 - 

Number of clones 

Amino acid sequences 
Palavas Venice Vigo 

      DCCRKPFRKHCWDCTAGTPYYGYSTRNIFGCTC---         from M. edulis

ACCHKPFWKHCWDCTAGTPYCGYRSCNIFGCGCTCRTEPYGKSCYERGNRCRCY 181 - 5 

........................P............................. - - 3 

.......................................H........D..... - - 1 

D...R.YYY.......A......................H........D..... - - 1 

D...R.YYY.......A.......P..............H........D..... - 93 82 

Marine Biotechnology

C-terminal extension 

Number of clones 
Amino acid sequences 

Palavas Venice Vigo 

TDKRKRRSLSFEDISPNIKFAGLDINSDGLIEQFEFIKALEQMDIIDNTTMFHHWSIMDEDKDGTITLEEFDKEK 181 - 7 

.............................................T..................A.........N - - 1 

S...R........M.A.............................T..................A.........N - 91 74 

S...R........M.A.............................T.S................S.........N - 2 - 

S...R........M.A.............................T.............G....A.........N - - 10 

Marine Biotechnology
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were absent from Venice and only marginally present in
Vigo. On the opposite, the majority signal amino acid
sequence from Venice was identical to the majority one
from Vigo, and was absent from Palavas. Similarly, the
unique MytM amino acid sequence from Palavas was
absent from Venice and marginally present in Vigo,
whereas Venice and Vigo shared their majority MytM
amino acid sequence, not present in Palavas. Identical
observation was made related to C-terminal extension:
unique amino acid sequence from Palavas absent from
Venice and marginally present in Vigo; Venice and Vigo
sharing their majority amino acid sequence, absent in
Palavas.

Patterns of Variation and Structure Prediction

Differences between the two majority precursors,
mytimycin-P and mytimycin-V, were within the signal
peptide (three amino acid different), MytM (nine amino
acid different), and C-terminal extension (seven amino acid
different; Table 1). Folded MytM possessed a calculated
molecular mass from 6,235.1 (MytM-P) to 6,334.1 Da
(MytM-V). They belong both to cationic peptides with
similar estimated pI above 8. Their elevated calculated
instability indexes (68.52 and 53.65) revealed possible
rapid degradation of the peptides (Table 3). Disulfide bonds
were predicted identical for both MytM-P and MytM-V as
2–11, 3–21, 14–26, 31–44, 33–51, and 35–53, suggesting
the existence of two distinct domains joined by the
common NIFG sequence (Table 1). Remarkable was the
fact that the COOH terminus domain of both MytM,
including 24 amino acids and three disulfide bonds,
appeared very stable with an instability index of 35.51
and 35.12, compared to 90.72 and 60.18 for the NH2-
terminal domains. Three-dimensional structure failed to be
predicted by SWISS MODEL (http://swissmodel.expasy.
org/workspace) considering either MytM sequences,
COOH- or NH2-terminus domains. Submission of the five
clustered amino acid sequences obtained from translations
of the nucleotide sequences identified in the normalized M.
galloprovincialis EST library (see Fig. 1a) to ScanProsite
resulted in a constant signature related to canonical
calcium-binding EF hand domain (not illustrated).

Concerned amino acids were from 98 to 110 and from
133 to 145 although some shifting of few amino acids was
observed according to the sequence.

Phylogenetic Relationships

Fourteen amino acid sequences of antifungal peptides
have been aligned with MytM-P and MytM-V revealing
two distinct clusters (Fig. 3). The two MytM sequences
segregated with the cysteine-stabilized peptides (scara-
baecin, thanatin, termicin, drosomycin, heliomicin,
penaeidin-2 and 3, defensin MGD-1, mytilin B) but not
with the linear peptides (metchnikovin, cecropin,
spinigerin-1 and 2). Closest relationships were with
termicin and mytilin B.

Gene Structures

PCR has been performed on gDNA isolated from one
mussel using primers F1 and R7. Two amplicons of 1,246
and 1,642 nucleotides have been obtained, compared to the
437 nucleotide fragment obtained from mRNA, suggesting
the existence of intron(s). Several sequencing of both
amplicons revealed the presence of one intron interrupting
the C-terminal extension with typical gt and ag flanking
nucleotides (Fig. 2). Intriguingly, such intron existed in two
different forms, a long of 1,112 nucleotides and a short of
716 nucleotides which was in fact the long intron with 396
nucleotides missing to the central part. Similar analysis has
been done sibling the 5′-end with primers F3 and R3. A
single amplicon of 674 nucleotides has been obtained
whereas a fragment of 214 nucleotides was expected
according to cDNA. The presence of a suspected intron of
460 nucleotides has been confirmed by sequencing, revealing
its location just upstream the ATG of the first methionine.
Moreover, the open reading frame corresponding to
signal and MytM was not interrupted by any intron.
The two gene sequences have been deposited in
GenBank with the accession numbers FJ804478 for
MMg2, including the long intron 2, and FJ804479 for
MMg1, including the short intron 2.

gDNA from 16 mussels have been individually extracted
and submitted to PCR with F3-R3 primers and with F1-R7

MytM-P MytM-V

Molecular mass (as folded peptide) 6,235.1 6,334.1

Estimated pI 8.66 8.03

Estimated charge at pH 7.0 5.0 2.3

Instability indexes 68.52 53.65

NH2 domain COOH domain NH2 domain COOH domain

90.72 35.51 60.18 35.12

Table 3 Some characteristics of
the two MytM

Note the cationic nature and the
relative instability of the two
molecules. Remarkable is the
difference in stability between
the two domains, with highly
instable NH2 domains versus
stable COOH domains
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primers. In all the 16 mussels, the presence of two bands of
expected size demonstrated the simultaneous presence of
MMg1 and MMg2. Consequently, each genome of M.
galloprovincialis contained at least one copy of the 2
different mytimycin genes, the long and the short one, either
located tandemly or as alleles.

Discussion

Number of expressed sequence tags (EST) dramatically
increased in the last years, among which about 50% are
unknown. Mining the libraries gave rise to the discovery
of new molecules, such are the C. gigas defensin
(Gueguen et al. 2006b), Ruditapes decussatus mytilin
and myticins (Gestal et al. 2007) or C1q-domain
(Prado-Alvarez et al. 2009), Chlamys farreri thioester-
containing protein (Zhang et al. 2007), Haliotis discus C-
type lectin (Wang et al. 2008), and the phenomenon of
high-sequence variability of M. galloprovincialis myticin
C (Pallavicini et al. 2008), for instance. Data mining of a
normalized M. galloprovincialis EST library, now publicly
available, made evident several mytimycin-related sequen-
ces, recently confirmed by 454 pyrosequencing using
primers designed on the EST mytimycin-like transcripts
(not illustrated).

Referring to mRNAs isolated from hemocytes, the
mytimycin coding sequence differed in single nucleotide
positions according to the geographical origin of the
mussels and to the species: (1) few nucleotide replacements
within Palavas and Venice mussels, and no one in common

and (2) numerous nucleotide changes in Vigo’s mussels,
including all the ones from Palavas or Venice. Vigo is also
the only population showing nucleotide changes in the
UTRs: one out of 8 nucleotides in 5′ and five out of 56
nucleotides in 3′. The detected levels of transcript variation
suggest that, in the three geographical areas, differences in
pathogen load and possibly other factors, may have forced
the mytimycin gene to diversify, as reported for mosquito
defensin (Dassanayake et al. 2007). As expected, transla-
tion into amino acids also revealed specific patterns of
variation: two precursors amino acid sequences from
Palavas mussels, five from Venice, and seven from Vigo,
but with one major sequence per group. In contrast,
diversity of MytM was restricted to five amino acid
sequences from Vigo and to a unique amino acid sequence
from Palavas and Venice. Large coding sequence diver-
sity resulting in restricted number of precursors and a
unique mature peptide was also reported for mytilin B
(Parisi et al. 2009) whereas, myticin C displays high
sequence diversity (Pallavicini et al. 2008) even within
individual mussels (Costa et al. 2009).

Overall, the primary structures of antimicrobial peptides
are highly diverse. Tested mainly against bacteria, some of
them were reported as also capable of antifungal activity.
They encompassed sequences without cysteine, such are
metchnikovin (3 kDa), spinigerin (3 kDa), cecropins
(4.6 kDa; Boman et al. 1974) and AFP (7.1 kDa), and
sequences stabilized by intrachain cysteine bonds, such are
thanatin (2.5 kDa, two cysteines), scarabaecin (4 kDa, two
cysteines), antilipopolysaccharide factor (11.0 kDa, two
cysteines), termicin (4.2 kDa, six cysteines), heliomicin
(4.7 kDa, six cysteines), penaeidins (5.7–6.1 kDa, six
cysteines), mytilin B (3.9 kDa, eight cysteines), defensin
MGD-1 (4.4 kDa, eight cysteines), and drosomycin
(4.9 kDa, eight cysteines; see “Introduction” section for
references). Our study on MytM confirmed the unusual
structure of such strictly antifungal peptide of 6.2–6.3 kDa,
containing 12 cysteines engaged in six intra molecular
disulfide bonds defining two domains. Combining the
analysis of cDNAs derived from M. galloprovincialis of
three different geographical origins, only two major
mytimycin precursors have been found with the same
sequence shared between mussels from Vigo and Venice. One
can hypothesize that this situation resulted from selection due
to ancient coevolution between microbes and the immune
system, as suggested for myticin C (Pallavicini et al. 2008)
and defensin MGD2 but not demonstrated for mytilin B
(Boon et al. 2009; Parisi et al. 2009).

Three-dimensional structures of some antifungal pep-
tides are available. In particular, termicin, drosomycin,
heliomicin, mussel defensin MGD-1, and mussel mytilin
B have similar CSαβ motifs (Da Silva et al. 2003).
Predicted disulfide bond pattern of MytM suggested the

Cluster 2 

Cluster 1 MytM 

Fig. 3 Relationships between amino acid sequences of MytM and
some other antifungal peptides presented as a phylogeny reconstruction
using the method of minimum evolution considering 16 amino acid
sequences from active moieties (see “Introduction” for references).
The two amino acid sequences of MytM-V and MytM-P are too
similar to be evolutionary separated by the software. Note the
existence of two distinct clusters, cluster 1 containing only cysteine-
stabilized sequences
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existence of two distinct domains linked by the four amino
acid NIFG. Elevated instability indexes of MytM are
similar to the ones of mytilin C and myticin A, suggesting
rapid degradation of secreted MytM although the peptide
is stabilized by six disulfide bonds. On the contrary, other
antimicrobial peptides such are mytilin A and myticin B,
which included only four disulfide bonds, appeared very
stable. In fact, instability of MytM seemed to be due to the
NH2-terminus domain. Analyzed separately, the sequence
of 24 amino acids from COOH terminus domain appeared
very stable, suggesting such domain is responsible for the
antifungal activity.

Computer search for conserved motifs identified the
canonical calcium-binding EF hand helix-loop-helix struc-
tural domain. Such motif consists in two α helices
positioned roughly perpendicular and linked by a short
loop region (Lewit-Bentley and Rety 2000). Upon binding
to Ca2+, the motif undergoes conformational changes that
enable Ca2+ to regulate various functions. Its structure
includes usually paired motifs of 29 amino acids but also
exists as single, with different secondary structure, and
even variations in length. Identification of such motif in
mytimycin precursor amino acid sequence suggested
calcium ions are important. On the other hand, EF
hand-like domain is contained in the C-terminus exten-
sion (from amino acid 98 to 145), and therefore does not
participate to the antifungal activity and its role in the C-
terminus region remains to be investigated.

The gene of M. galloprovincialis mytimycin is inter-
rupted by two introns. Remarkable is intron 2 which
included two forms: a long one of 1,112 nucleotides and a
short one of 716 nucleotides resulting from the removal of
396 nucleotides from the central part of the long one. The
presence of two introns with great variability was also
observed for the gene of myticin C (Pallavicini et al. 2008),
whereas different are the structures of defensin MGD2,
mytilin B (Mitta et al. 2000a) and myticin B (GenBank
EU088427) genes with three introns each. Common
feature is that none of the introns interrupted the open
reading frame corresponding to mature peptides. The
peculiar location of mytimycin intron 1, just upstream
the first ATG was identical to the one of mytilin B gene
(Mitta et al. 2000a). The two mytimycin genes, defined by
the presence of a long or a short intron 2, are simulta-
neously present in all the M. galloprovincialis analyzed so
far. In contrast, defensin MGD2 (Mitta et al. 2000a) and
myticin C genes (Costa et al. 2008) are probably present as
a single copy in the M. galloprovincialis genome.

In conclusion, we revealed the existence of the antifun-
gal peptide MytM in M. galloprovincialis, previously only
partially evidenced in M. edulis. We established the
complete coding sequence sequences and studied the
diversity of mytimycin precursors within and between three

geographical mussel populations. In addition, we estab-
lished the primary structures of mytimycin genes. The
molecular informations reported here completed the panel
of anti-infectious molecules used by mussels. Next step
must address the antifungal activity, previously tested only
against the red bread mold Neurospora crassa (Charlet et al.
1996), and gene regulation to provide new insights into the
control of fungal diseases in mussels which might be of more
general interest to prevent dramatic infestations by fungi.
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