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SUMMARY

In previous papers, we characterised 3 types of 4-kDa, in the same cell, and even in the same granule. We also
cysteine-rich, cationic antimicrobial peptides: MGDs (for  demonstrated that mytilins exert their microbicidal effect
Mytilus galloprovincialis defensins), mytilins and myticins,  within the cells through the process of phagosome-mytilin
which are abundant in the mussel hemocytes. In the present granule fusion leading to the co-location of ingested
work, we revealed a differential distribution of the cells bacteria and mytilins.

expressing the different genes. In addition, using confocal

and electron microscopy, we confirmed that defensins and

mytilins were partially located in different sub-types of  Key words: Antimicrobial, Defensin, Mytilin, Myticin, Mussel,
circulating hemocytes although the peptides can be located Hemocyte, Innate immunity

INTRODUCTION In arthropods, antimicrobial peptides are one of the
hallmarks of the antimicrobial host defence. Until recently,
Antimicrobial peptides are one of the innate immunity actorshese peptides were unknown in other invertebrate phyla.
which were conserved along evolution. Last decade, they wekgpplying the same methodology used for isolating
purified from plants (Broekaert et al., 1995), invertebratesntimicrobial peptides from insects, numerous antimicrobial
(lwanaga et al., 1998; Bulet et al.,, 1999) and vertebratgzeptides have been characterised from mussel hemolymph.
(Lehrer and Ganz, 1999) and are suspected to be part Bhese small, cationic, cysteine-rich antimicrobial peptides are
immune processes probably in all metazoa. Their involvememrganised into 4 groups according to the features of their
in anti-infectious processes, however, can be different. Sonmimary structure and consensus cysteine array (Table 1). The
antimicrobial peptides are produced by epithelial cells whicliirst group comprises molecules belonging to the arthropod
line the respiratory, gastrointestinal and genito-urinary tractgjefensin family. Two defensins, A and B, containing 6
where they constitute one of the first barriers preventingysteines, have been characterised fidytilus edulisplasma
pathogen invasion. Many antimicrobial peptides have beefCharlet et al., 1996) and a defensin-like peptide, MGD1 (for
discovered in the epithelia of plants, insects and mammaldytilus galloprovincialisdefensin-1), containing 8 cysteines
(Schroder, 1999). Other antimicrobial peptides are especiallyom plasma and hemocytes of such mussel (Hubert et al.,
abundant in circulating cells. In the horseshoe crabulus  1996; Mitta et al.,, 1999b). A second isoform, MGD2, was
polyphemusthe peptides are stored in granules of hemocyteslentified from hemocyte mRNA (Mitta et al., 1999b). The
and released in the plasma upon stimulation by microbiaecond group of molecules, mytilins, comprises 5 isoforms (A,
substances, such as lipopolysaccharides @nglucans B, C, D and G1). A and B isoforms were isolated fribvn
(lwanaga et al., 1998). In mammals, these moleculesdulis plasma (Charlet et al.,, 1996), and B, C, D and G1
accumulate in granulocytes and certain macrophages to exesvforms fromM. galloprovincialis hemocytes (Mitta et al.,
their microbicidal activity on engulfed bacteria (Ganz and2000). The third group of peptides, myticins, were
Lehrer, 1997). Insects respond to septic injury by rapidhcharacterised from plasma (A isoform) and hemocytes (A and
synthesising antimicrobial peptides. Predominantly produceB isoforms) ofM. galloprovincialis (Mitta et al., 1999a). In
in the fat body, insect antimicrobial peptides are secreted in@ddition, an antifungal peptide of 6.5 kDa containing 12
hemolymph and participate in a systemic response (Hoffmarcysteines has been partially characterised fidm edulis
et al., 1996). plasma (Charlet et al., 1996).
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Table 1. Diversity of the mussel antimicrobial peptide mytilins, transported by circulating hemocytes around the
families: defensins (A), mytilins (B), myticins (C) and injection site, act on bacteria, hemocytes were confronted with
mytimycin (D) bacteria in vitro.
Def ensi ns

MATERIALS AND METHODS

MGDL  GFGOPNNY! Sl P RL RCG
MED2  GFGCPNNY. Sl RGY GWFRL RCG Animals
Arthropod defensin . L
consensus cysteine array IQ(---)@OXQ(-------- )O(---- - ) Adult mussels Nytilus galloprovinciali3 were collected from a

shellfish farm (Palavas, France, Gulf of Lion).

Mtilins Bacteria and bacteria labelling
A Vibrio alginolyticus(DSMZ 2171), pathogenic for larvae and not for
B adult mussel (Anguiano-Beltran, 1996), were grown at 25°C for 24
c g hours in Mueller Hinton Broth medium (Difco) supplemented with
2 X NaCl (15 g/l), then centrifuged (9,008 for 20 minutes) and
Mtilin consensus d suspended in filtered sea water (O#8) before heat killing for 2

cysteine array hours at 65°C.

Heat-killedV. alginolyticuswere washed in phosphate buffer saline
o (PBS), then labelled by incubation for 1 hour at 25°C in 0.1 M
Mticins NaHCGs, pH 9.6, 0.01 mg/ml FITC (Sigma). Bacteria were pelleted
at 12,500g for 5 minutes, washed free of unbound fluorochrome with

A HSHATTS ;
B HPHVYETS PBS and kept at20°C until used.
Myticin consensus { {CGXX
cysteine array Phagocytosis assays
- - After collection with a syringe from the posterior adductor muscle,
Mtinycin hemolymph was kept on ice in 14 ml Falcon tubes. For electron
DCCRKPFRKHCVDCTAGTPYYGYSTRNI FCCTG: - - microscopy, heat-killed bacteria were immediately added, according

to the ratio 50 bacteria per hemocyte, and incubated for 20 minutes
at room temperature. 10ells were then centrifuged for 15 minutes

at 800g and 4°C, and the pellet treated for single immunogold
staining. For confocal microscopy, labelled bacteria were added to
hemolymph (50 bacteria per hemocyte) and incubation was performed
at room temperature. After various incubation periods (1, 10, 20
frinutes), cells were fixed and treated for immunofluorescence
@icroscopy (see below).

Cysteines are boxed evidencing the consensus cysteine arrays. The two
extra cysteines of the mussel defensins (MGD1 and MGD2) arein bold.

Recent works have shown that defensins, mytilin B, an
myticins A and B, are produced as precursor molecule
processed to active compounds within the hemocytes ((MittebNA probes
et al, 1999a,b, 2000). Furthermore, previous studies haygfensin MGD1 (GenBank accession number AF162337), mytilin B
shown that defensins and mytilins are stored in granulocytegccession number AF162336) and myticin B (accession number
Immunocytochemistry at the ultrastructural level showed thair162335) cDNAs were obtained from previous studies after
defensins (i) are predominantly located in vesicles of acreening of a cDNA library prepared from. galloprovincialis
granulocyte subclass containing small granules, but (ii) are al$@mocytes (Mitta et al., 1999a,b, 2000).
found in large granules of the other granulocyte subclass . L
containing large granules (Mitta et al., 1999b). Mytilin " Situ hybridisation
labelling was exclusively present in hemocytes exhibiting largE™PesS _ .
granules and particularly concentrated in their large granuldigoxigenin(DIG)-11-UTP-labelled antisense and sense riboprobes
structures (Mitta et al., 2000). Consequently, defensins arffere generated by in vitro transcription using Dig RNA labelling kit
mytilins seem to be partially distributed in the same hemocyt8"d T3 RNA polymerase (Boehringer Mannheim).
§ubclqss. In addition, the'parti(.:ipation of mytil'in.s in anti-Tissue preparation
infectious processes was investigated by submitting Mussefgsyes from adult mussels were fixed in a solution containing 13%
to bacterial challenge. In such experiments, migration anhrmalin, 39% ethanol and 0.65% ammonium hydroxide, pH 6.4.
adherence of mytilin containing hemocytes around thefter dehydration, tissues were embedded in Paraplast guu 8
injection site were evidenced (Mitta et al., 2000). Thissections were cut, mounted on poly-L-lysin coated slides and stored
indicated a local participation of mytilins in the antimicrobial at 4°C until use.
response. Mytilins could be (i) massively secreted into th

immediate hemocyte environment or (i) exert theirﬁybridisation

The hybridisation protocol was adapted from that of Faure-Virelizier

microbicidal activity on engulfed bacteria within the cells. : ;
In the present study, we report the distribution of defensifft 2 (1998). DIG—labelled riboprobes (approximately 20-50 ng RNA
per section) were diluted in hybridisation buffer containing 50%

MGD1, my“'"." B and ”.‘V“C!” B.eXPreS$'r.‘9 qells thlFOUQhOL.Jtformamide, 10% dextran sulfate,X.Denhardt’s solution, 0.5 mg/ml
the mussel tissues using in situ hybridisation. Then, usingeNA from E. coli 100 mM dithiothreitol (DTT) and 0.5 mg/ml
confocal and electron microscope observations, we compaggimon sperm DNA. Hybridisation was carried out overnight at 55°C.
the distribution of defensins and mytilins in the population ofrhe sections were then washed twice & minutes) with 8 SSC
circulating hemocytes. Finally, in order to determine how(standard saline citrate), treated with RNase A@@nl in 2x SSC)
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for 30 minutes at 37°C and consecutively rinsed32 minutes at 0.1 M PBS containing 10% saccharose. Cells were centrifuged on
55°C. slides for 5 minutes at 1,000 rpm in a cytospin. After 1 hour incubation
After 2 washes with DIG buffer (0.1 M Tris, pH 7.5, 0.1 M NaCl), in TBS (0.1 M Tris, pH 7.5, 0.9% NaCl) containing 3% normal goat
sections were incubated for 16 hours at 20°C with alkalineserum (NGS), the cells were incubated overnight at 20°C in TBS
phosphatase-conjugated sheep anti-DIG antibody (Boehringecpntaining 1:500 mouse anti-defensin antiserunugitnl rabbit anti-
diluted 1:1,000 in DIG buffer containing 1% normal sheep serum anthytilin IgG, 2% NGS, 0.01% Triton X-100. After washes, cells were
0.05% Triton X-100. After washes, bound antibodies were visualisethcubated for 2 hours jointly with goat anti-mouse FITC- and goat
by incubation (6 hours, darkness, 20°C) in 0.1 M Tris, pH 9.5, 50 mManti-rabbit Texas-Red tagged antisera (Jackson Immunoresearch)
MgClz, 0.1 M NaCl, 375ug/ml nitroblue tetrazolium, 188g/ml 5- diluted 1:100 in TBS, 2% NGS. After washes, slides were mounted
bromo-4-chloro-3-indolyl phosphate, 1 mM levamisole and 1.3%n glycerol containing 25% TBS and 0.14phenylenediamine. The
dimethyl sulfoxide. The chromagen reaction was stopped by rinsingbsence of secondary antibodies cross-reactivity was controlled by
the slides in DIG buffer and the dehydrated slides coverslipped witbmitting one or both of the primary antibodies.
XAM (Merck) mounting medium.
Control for in situ hybridisation consisted of replacing antisensé’hagocytosis and immunofluorescence
riboprobe with sense riboprobe. RNase control sections were obtainédter incubation with FITC-labelled bacteria, hemocytes were fixed
by adding 10ug/ml RNase A in the buffer during the proteinase K for 30 minutes in 1 volume of ice-cold 8% paraformaldehyde in 0.1

treatment. M PBS, 10% saccharose. Cells were centrifuged on slides for 5
) . ) minutes at 1,000 rpm in a cytospin. After 1 hour incubation in TBS
Defensin MGD1 peptide synthesis containing 3% NGS, the cells were incubated overnight at 20°C with

MGD1 peptide was synthesised using solid-phase Fmoc protectiaro ug/ml rabbit anti-mytilin IgGs in TBS, 2% NGS, 0.01% Triton X-
groups on a 9050 Pepsynthesiser apparatus (Milligen). Protectad0. After washes, cells were incubated for 2 hours with 1:100 goat
groups were removed by K reagent and crude peptide was purified byiti-rabbit Texas-Red tagged antiserum (Jackson Immunoresearch) in
reverse-phase HPLC on agpreparative column. TBS containing 2% NGS. The slides were then mounted with glycerol
) ) . . L containing 25% TBS, 0.1%-phenylenediamine, and examined with
Anti-defensins and anti-mytilins antibodies a confocal microscope.
Mouse polyclonal anti-defensin antiserum was prepared by Labelled cells were observed using a Leica laser scanning
glutaraldehyde coupling of synthetic defensin MGD1 to ovalbuminmicroscope (TCS NT) equipped with a Leica (DMIRBE) inverted
Four Balb/c mice were immunised by 3 subcutaneous injections @hicroscope and an argon/krypton laser. FITC signal was detected
150 ul PBS containing 849 MGD1, 10ug ovalbumin in 150ul using a 488 nm band-pass excitation filter and a 575-640 nm pass
complete Freund’s adjuvant. Ascites were collected 2 weeks aftgjarrier filter, and Texas-Red signal by exciting samples at 568 nm.
intraperitoneal injection with>8L.0° mice tumour cells in 500l RPMI Images were acquired sequentially as single transcellular optical
1640 (Gibco) and tested by ELISA against native defensin MGD1. sections and averaged over 16 scans/frame.

Anti-mytilin B antibody (IgGs) was a rabbit antibody described in
a previous study (Mitta et al., 2000). Light microscopy

To study mytilin immune reactivity on enterocytes, tissues from adult
mussels were fixed as describe above. After dehydration, tissues were
Double immunofluoresence embedded in Paraplast angi® sections were cut, mounted on glass
Hemolymph was collected under 1 volume of anti-aggregant modifiedlides and stored at 4°C in a dry atmosphere until use. After hydration,
Alsever solution (MAS) buffer (Bachere et al., 1991). Then, cells wer¢he sections were treated as follow: (1) 10 minutes at 20°C in PBS,
fixed for 30 minutes in 1 volume of ice-cold 8% paraformaldehyde irpH 7.4; (2) 1.5 hour at 20°C in PBS containing 5% BSA, 0.1% gelatin

Confocal microscopy

A A o5 dt B

Fig. 1. Detection of defensin MGD1 mRNA in mussel tissues by in situ hybridisation. (A and B) Paraffin-embedded sections of messels wer
hybridised with defensin MGD1 antisense riboprobes labelled with DIG-UTP and revealed using alkaline phosphatase-cornpgghésd ant
Labelling appears in the epithelia of digestive tubules (A). The shape of these cells (arrows) evokes infiltrating hemepgsisiven

hemocyte is also present in sinus (B). #Ad B) Negative controls consisting in low magnification of digestive tubul8saffd adductor

muscle sinus (B hybridised with defensin MGD1 sense riboprobes. dt, digestive tubule; mf, muscular fibers; s, sinus.|Bar@ 60d B);

140pum (A" and B).



2762 G. Mitta and others

. oy
- mf s

Fig. 2. Detection of mytilin B mRNA and peptide in mussel
tissues. Paraffin-embedded sections of mussels were hybridised
with antisense (A,B,C,D) or sense'{®&,C',D") mytilin

B riboprobes labelled with DIG-UTP and revealed using
alkaline phosphatase-conjugated antibodies. Positive cells are
particularly abundant in digestive gland (A), gills (B), intestine
(C) and adductor muscle sinus (D). In C, the shape of positive
cells suggests that they are enterocytes. In other tissues,
positive cells are probably free hemocytes in sinuses (arrows)
or infiltrating in epithelia (B dotted arrows). (E) Immune
detection of mytilin B in paraffin sections of intestine. bl, basal
lamina, dt, digestive tubule; gs, gill sinus; mf, muscular fibers;
s, sinus; star, lumen of the intestine. Barsp80(A and D); 30
pm (B and C); 14@um (A’ and D); 150pm (B'); 75um (C).

and 1% NGS; (3) 1 hour at 20°C with anti-mytilin 1IgGs (Ig/ml) centrifugation at 80@. Cell were fixed for 2 hours at 4°C in PBS
in buffer | (PBS containing 1% BSA, 0.1% gelatin, 1% NGS); ¢4) 3 containing 4% paraformaldehyde, 0.2% picric acid, 0.1%
10 minutes in PBS, (5) 2 hours at 20°C with 1 nm colloidal gold-glutaraldehyde. Cells were post-fixed in 1% @$® 5 minutes and
labelled goat anti-rabbit IgG (Amersham) diluted 1:50 in buffer I; (6)dehydrated before embedding in LR white (TAAB). Immune staining
3x 10 minutes in PBS; (7)%5 minutes equilibration in 0.2 M citrate was performed on 90 nm thick ultrathin sections cut from the
buffer, pH 7.4 (CB); (8) 15 minutes at 20°C of silver amplificationembedded pellets and collected on nickel grids. Sections were treated
with the IntenSEM M kit according to the manufacturer’s instructions as follows: (1) 8 minutes in 10%282; (2) 10 minutes in distilled
(Amersham); (8) 2 2 minutes in distilled water. The sections were water; (3) 10 minutes in TBS containing 1% NGS and 1% BSA (TBS-
then stained with Evans blue and examined with a light microscopeNGS-BSA); (4) 48-hours at 4°C in TBS-NGS-BSA containing 1:500

. diluted mouse anti-defensin antiserum and pml rabbit anti-
Electron microscopy _ mytilin 1gGs; (5) & 10 minutes in TBS-NGS-BSA; (6) 1.5-hours in
Double immunogold labelling TBS-NGS-BSA containing 15 (or 5) nm colloidal gold-labelled goat
After hemolymph collection under 1 volume of MAS buffer, cell anti-rabbit IgG (Amersham) and 5 (or 18) nm colloidal gold-labelled
pellets (16 cells per pellet) were obtained by 10 minutesgoat anti-mouse IgG (Amersham and Jackson, respectively) diluted
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Fig. 3. Detection of myticin B mRNA in mussel tissues by in situ hybridisation. Paraffin-embedded sections of mussels were hyititidised w
antisense (A,B,C,D) or sense'(B,C,D') myticin B riboprobes labelled with DIG-UTP and revealed using alkaline phosphatase-conjugated
antibodies. Positive cells are particularly abundant in digestive gland (A), gills (B), intestine (C) and adductor mugBle Jineg are

probably free hemocytes in sinuses (arrows) or infiltrating in epithelia (dotted arrows). bl, basal lamina, dt, digestigs tgillgnus; mf,
muscle fibers; s, sinus; star, lumen of the intestine. Basm4@); 100um (B); 80um (C and D); 20@um (A'); 200um (B'); 220pm

(C); 160pm (D).

1:50; (7) ¥ 10 minutes in TBS; (8) 3 minutes in TBS, 1% washing, the wells were incubated for 1 hour at 37°C with a goat
glutaraldehyde; (9)*25 minutes in distilled water. Sections were then alkaline-phosphatase labelled anti-mouse 1gG antibody (BioSys)
stained 12 minutes with uranyl acetate and examined with a Jeol JEfMluted 1:4,000. Finally, after washing, 1048 of 1 mg/ml p-

100 CX. nitrophenyl phosphate in 0.2 M Tris, pH 9.8, were added for 30
) ) ] minutes at 20°C. The resulting coloration was measured at 405 nm
Single immunogold labelling using a Multiscan microplate colorimeter (Labsystem).

After phagocytosis assay, cell pellets were obtained and treated as
above except for step (4) and (6) which consisted in, step (4) 48 hours
at 4°C in TBS-NGS-BSA containing 1j0g/ml rabbit anti-mytilin RESULTS
IgGs, and step (6) 1.5 hours in 15 nm colloidal gold-labelled goat antl-

rabbit IgG (Amersham) diluted 1:50 in the precedent buffer. N . - ..
9G ( ) P Distribution of defensin MGD1, mytilin B and myticin

ELISA B expressing cells by in situ hybridisation

All washing procedures were performed 3 times in PBS, pH 7.4, 0.1%issue sections of adult mussels were probed with DIG labelled
Tween-20. All antibodies were diluted in PBS, 5% gelatingntisense riboprobes and detected with alkaline phosphatase-
hydrolysate, 0.1% Tween-20, and all incubations were carried out igonjugated anti-DIG antibodies.

100 ul. Defensin MGD1 mRNA were detected in some cells present

Tenpl of serial dilutions of synthetic defensin MGD1 (or MGD2) . : . P : : X
peptide solution (1 mg/ml) were brought to 1A0with 50 mM in the digestive gland epithelia (Fig. 1A). According to their

NaxCOgz, pH 9.6, and coated on flat-bottomed PVC 96-well microtiterShaP_e' these _C_ells_ appeared to be _IanI'Fratlng_ hemocytes. In
plates (Becton Dickinson) by overnight incubation at 4°C. Afteraddltlo_n, hybrldlsatl_on was detected in circulating hemocytes

washing, PBS containing 20% gelatine hydrolysate was added forfound in sinuses (Fig. 1B).

hour at 20°C. After washing, the wells were incubated for 1.5 hours Mytilin B mRNA were observed in some hemocytes present

at 37°C with 1:2,000 diluted mouse anti-defensin antiserum. Aftein sinuses of the digestive gland (Fig. 2A), gills (Fig. 2B) and
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adductor muscle (Fig. 2D). Numerous positive cells alsdn sinuses of the digestive gland (Fig. 3A), gills (Fig. 3B) and
infiltrated the epithelia in contact with the environment, suctadductor muscle (Fig. 3D), and (ii) in cells present in gills (Fig.
as digestive gland (Fig. 2A) and gills (Fig. 2B). Strong3B) or intestine (Fig. 3C) epithelia. The shape of the positive
labelling was also detected in enterocytes (Fig. 2C), suggestinglls suggests that, in these epithelia, they are infiltrating
that these cells are also capable of expressing mytilin B. Inemocytes.
order to investigate if enterocytes are also able to produce theThe specificity of these assays was confirmed in serial
peptide, mytilin immunohistochemistry was performed onsections hybridised with the sense probes corresponding to (i)
digestive gland tissue sections. The results showed thdefensin MGD1 mRNA (Fig. 1AB'), (ii) mytilin B mRNA
mytilins are present in enterocytes (Fig. 2E). (Fig. 2A,B',C',D) and (iii) myticin B mRNA (Fig. 3
Finally, myticin B mRNA were found (i) in some hemocytes A’,B',C',D’). In addition, pre-treatment of sections with RNase
A before hybridisation abolished the
positive staining providing another
evidence of the signal specificity
. (data not shown).
.
G H
S— Red, respectively, and examined by
confocal microscopy. Defensin-
] . labelling was detected as intensely
156% fluorescent small spots distributed
37 % throughout the cytoplasm and
surrounding the nucleus (Fig.
4A,D,G). Mytilin-immune reactivity
was also detected throughout the
cytoplasm, the labelling of which

11 % 16 % being more intense at the periphery

) ] o ) . ) of the cells (Fig. 4B,E,H). Different
Fig. 4. Co_nfocal microscopic images of defensins (green) and mytilins (red) d0L_JbIe immune mocytes can be positive for
labelling in mussel circulating hemocytes. C, F, and | are the merged confocal images of A an § ; 1

) X ; defensins only or for mytilins only
D and E, and G and H, respectively. Merged confocal microscope images suggest that defensips. 4C but both immun
and mytilins may be packed in different hemocytes (C), in the same hemocyte but in different o ), u 0 une
compartments (F) or in the same compartments (I). Some hemocytes did not stain for defensif @@Ftivities often appeared within
mytilin (C, arrow). Bar, 2%um. (J) Relative percentages labelled circulating hemocytes as the same cell (Fig. 4F-I). In the latter
deducted from confocal observation of 700 hemocytes. Red: mytilins alone; Green: defensins case, merged confocal microscope
alone; Red-green: mytilins and defensins in different cell compartments; Yellow: mytilins and pictures suggested that defensins
defensins in the same cell compartments; Open: mytilins and defensins negative cells. and mytilins can be packed in

Comparative distribution of
defensins and mytilins in
circulating hemocytes

Antibodies used in this study were
(i) a mouse antiserum directed
against synthetic defensin MGD1
and (i) rabbit polyclonal IgGs

directed against native mytilin B.

We demonstrated by ELISA that
anti-defensin  MGD1 antiserum
recognised also the MGD?2 isoform
(data not shown). Consequently, we
can not discriminate between the 2
defensin isoforms. Similarly, the
high degree of homology between
the different mytilin isoforms (Mitta

et al., 2000) implies that the rabbit
anti-mytilin - B 1gGs probably

recognised the different isoforms.
Consequently, we qualified any
immune positive signals as related
to the presence of defensins or
mytilins.

To compare the distribution of
defensins and mytilins, both
peptides were detected in the same
preparations using FITC and Texas-

21 %
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Fig. 5. Ultrastructural distribution (double immunogold labelling) of defensins and mytilins in circulating hemocytes. In A anti8rthe
gold particles (larger arrowheads) correspond to defensins and the 5 nm gold particles (smaller arrowheads) correspnadNoteytie
presence of granules containing (i) only defensins (arrow), (ii) only mytilins (dotted arrow) and (iii) both defensinslarsd(dotble arrow).
In C, the 5 nm gold particles (smaller arrowheads) correspond to defensins and the 15 nm gold particles (larger arrovelspads) toor
mytilins. Bars: 0.5um (A and C); 0.75um (B).

different (Fig. 4F) or in the same (Fig. 4l) cell compartmentswas performed. Fig. 5 indicated that defensins and muytilins,
It is of importance that some hemocytes did not stain either faevealed with 18 and 5 nm-gold particles, respectively, are co-
defensins nor for mytilins (Fig. 4C-J). Among 700 hemocytedocated in some granules of the granulocyte type containing
observed by confocal microscopy, 37% of the cells stainethrge granules (Fig. 5A,B). Furthermore, to demonstrate the
positively only for mytilins, and 16% only for defensins, while specificity of the labelling, the particle size revealing each
32% contained both labelling among which 21% exhibited geptide was inverted, i.e. 5 nm and 15 nm-gold particles for
location in the same compartment. In addition, 15% of the celldefensins and mytilins, respectively. In this case, the same co-
were not labelled. When primary anti-defensin and anti-mytilidocation in large granules was observed (Fig. 5C).
antibodies were omitted, respective FITC- and Texas-Red ) )
fluorescence was no longer observed in any of the slidésonfrontation of hemocytes and bacteria
examined (data not shown), providing evidence that no crosta order to verify if mytilin-containing cells are capable of
species reaction of secondary antisera had occurred. phagocytosis, hemocytes were incubated for 20 minutes in the
In order to confirm the co-location of defensins and mytilingresence of FITC-labelled alginolyticusand then treated for
evidenced by confocal microscopy and to identify the celanti-mytilin  immunocytochemistry (Texas-Red labelling).
compartment containing both peptides, double immunogol®bservations with a confocal microscope showed that some
labelling using the anti-defensin and anti-mytilin antibodieshemocytes containing mytilins also contained phagocytosed
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Fig. 6. Dual location of mytilins immune reactivity and phagocytosed fluorescent bacteria as observed by confocal microscopy. Hemocytes
were incubated for 20 minutes in the presence of FITC-labéibeib alginolyticus then fixed and subjected to immune cytochemical

detection of mytilins using a Texas-Red labelled secondary antibody. (B) Hemocyte containing mytilins was capable of | &dmttgtos

green arrow). (A,B) Mytilin immune reactivity co-located with bacteria (yellow arrow). Measurement of fluorescence intergsiy abis
crossing an hemocyte (C) confirming that bacteria (green profile) are located in organelles containing mytilins (D, reBardfdg)m.

(E) Confocal microscopy was also used to quantify phagocytosis and co-location. E: Hemocytes were incubated in the pabséede of |
bacteria and treated after various incubation times (1, 10 and 20 minutes) for immunocytochemistry. Histogram shows tifeadsorbed
bacteria (A, green arrow), internalised bacteria (B, dotted green arrow) and bacteria co-located with mytilins (A and @&rgelasunted

in 100 random chosen hemocytes for each time of the kinetics.

bacteria (Fig. 6A,B). Furthermore, in some cases, mytilin- In addition, confocal microscopy was used to quantify
reactivity and bacteria were found closely associated gshagocytosis. Hemocytes were incubated in presence of
demonstrated by the yellow coloration on merged images (Fidpbelled bacteria, then treated for muytilin-labelling after
6B). Close association between bacteria (green fluorescenagrious incubation times (1, 10 and 20 minutes). Simply
and mytilins (red fluorescence) in the same cellular compartmeatisorbed bacteria, internalised bacteria, and bacteria closely
was clearly demonstrated measuring the fluorescence intenségsociated with mytilins were counted in 100 randomly chosen
along an axis crossing an hemocyte (Fig. 6C,D). hemocytes. Results demonstrated that the number of
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Fig. 7. Ultrastructural immune
detection of mytilins in
phagocytosing hemocytes. After
being 20 minutes in contact with
bacteria, hemocytes were fixed
and mytilins revealed with a 15
nm gold particle-conjugated
secondary antibody. (A) After
phagocytosis, bacteria were
found in phagosomes.

(B,C,D) In numerous cases,
mytilin immune reactivity co-
localised with bacteria in cellular
organelles. Exocytosis of some
mytilin-containing granules into
phagosomes suggested a
probable fusion of the 2
organelles (C, arrow). n, nucleus,
pl, phagolysosome; ps,
phagosome. Bars: | dim

(A); 3um (B and C); 0.5um (D).

internalised bacteria increased with time, as well as the numbar diversity, extended by the presence of isoforms, is
of mytilin-bacteria co-location events (Fig. 6E). In contrast, thejuestionable. The first biological significance of this diversity
number of adsorbed bacteria, which increased on the first 1@as given by the studies on activity spectrum established for
minutes, decreased on 20 minutes, at the time where numerdbe different isolated molecules (Hubert et al., 1996; Mitta et
bacteria were internalised. This suggested that bacteria weak, 1999a, 2000). In fact, the different peptide families and
first adsorbed on the hemocyte surface, then internalised intkoforms possess complementary properties. This might permit
phagosomes. Later, phagosomes and mytilin containingn increase in antimicrobial capabilities of mussels confronted
granules will fuse leading to the observed co-location of thé their environment with a high diversity of pathogens. In the
peptides and ingested bacteria. present study, another biological significance of the peptide
Sub-cellular location of bacteria and mytilins wasdiversity was hypothesised by comparing the distribution of

investigated on hemocytes incubated with bacteria for 2€the cells expressing the peptides. Indeed, we discovered a
minutes and then treated for mytilin immunogold labelling.differential distribution of these cells throughout the mussel
As previously observed, bacteria were found in hemocytekody. Whereas numerous defensin expressing cells were shown
containing mytilin-reactivity (Fig. 7). In some cases,to infiltrate the digestive tubule epithelia, mytilin and myticin
phagocytosed bacteria were found sequestered in phagosoneapressing cells are respectively much less or not represented
(Fig. 7A). In numerous cases, mytilin-labelling was observedh these epithelia. In addition, mytilin and myticin expressing
inside cellular organelles that also contained bacteria (Figells are well represented in gills, whereas no defensin positive
7B,C,D). Open contacts between mytilin-containing granulesells were found in this tissue. Consequently, the peptide
and phagosomes argued in favour of their fusion (Fig. 7C). Ndiversity could be partially explained by their spatial
bacteria were observed in mytilin negative cells. Furthermoraénvolvement in different areas of the organism. Results
using the same methodology, no defensin-labelling wasoncerning the partitioning of defensin- and mytilin-containing
evidenced in phagocytes. hemocytes in the population of circulating hemocytes also

support this hypothesis. In fact, defensins and mytilins seem to

be partially distributed in different hemocyte sub-types. 37%
DISCUSSION of the circulating hemocytes contained only mytilins and 16%

of the cells contained only defensins. Consequently, the 2
In previous studies, three antimicrobial peptide types werpeptides could be transported to different organs to ensure their
purified from hemocytes (Mitta et al., 1999a,b, 2000). Suclantimicrobial role.
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As defensin immune reactivity was never detected irdefence, including the antimicrobial peptides (see Iwanaga et
phagocytosing cells, the granulocyte sub-type containingl., 1998 for review). In contrast, the mytilin model exhibits
exclusively mytilins seems to be the only one involved insimilarities with that described for human neutropbi
bacteria phagocytosis. Furthermore, we demonstrated hiefensin peptides, in which neutrophil defensins are stored in
confocal microscopy that a sub-population of circulatingazurophil granules that discharge their contents into microbe-
hemocytes contained both defensins and mytilins. The role @bntaining phagosomes through a process of phagosome-
this latter hemocyte sub-type remains to be elucidated. Igranule fusion (Ganz et al., 1985). Within the phagolysosome,
previous studies, we showed that bacterial challenge triggerexdicro-organisms may encounter high antimicrobial peptide
a plasmatic increase of defensin and mytilin concentrations Zbncentrations suitable to kill them.
hours after and gave evidence on the hemocyte origin of the Our data strengthen the similarities of mussel hemocytes
released peptides, i.e. exocytosis figures of mytilin-containingith cells of the human monocyte/macrophage lineage. Indeed,
granules and shifting of defensin-immune reactivity towardsnussel hemocytes are capable of (i) non-self recognition
the plasma membrane (Mitta et al., 1999b, 2000). Granulocytesediated by lectins (Renwrantz et al., 1985; Pipe, 1990a), (ii)
containing both peptides could be involved in thesehemotactic migration towards invading pathogens (Cheng and
simultaneous plasmatic increases. Co-location in the santdowland, 1979; Stefano et al., 1989), (iii) attachment and
granules evidenced by both confocal and electron microscopiesdocytosis of the pathogen (for review see Renwrantz, 1990),
supports the hypothesis that both peptides are simultaneougly) killing of pathogens by reactive oxygen intermediates and
released by exocytosis. Consequently, the granulocyteszymes (Carballal et al.,, 1997), and also antimicrobial
containing only mytilins and the one containing both defensinpeptides.
and mytilins, are probably involved at different stages of the Recent data have highlighted similarities between pathogen
anti-infectious response. The first sub-type would be involvedecognition and signalling pathways of innate immunity in
in an early phase response by migrating towards infectious sitéethropods and mammals (Hoffmann et al., 1999). We describe
and phagocytosing micro-organisms, the second sub-tygere a new invertebrate model of antimicrobial peptide
being involved at a later stage by releasing the peptides forimvolvement in anti-infectious processes that is closely related
systemic response. to that of mammals. All together, these data suggest that

In the present work, we demonstrated the presence of mytilivertebrate innate immunity is a patchwork of ancestral
B messengers and peptides in enterocytes. In a previous stuthgchanisms still existing in primitive animals.
immunocytochemistry on tissues have revealed the presence of
defensin-like substances in the intestine epithelium and we We are grateful to Dr Bernard Calas and Dr Alain Chavanieu
demonstrated that these molecules were located in granu&F:};eg'etem'\gﬁgt%er”t':éhlg,gg{adsesfz?;r']rée'v'ggl}w?y“;hg.srisr-evgrtgﬁ”'r‘],t
structures contained in enterocytes (Mitta et al., 1999b). SucH''® Pes ! ! ' IS a join research uni
a location of antimicrobial peptide expression in epithelial cell%/I MR 5098) funded by IFREMER, CNRS and Université de

f trointestinal tracts has b ted in i ts (Leh ontpellier 2. The Laboratoire d’Endocrinologie des Annélides was
of gastrointestinal tracts has been reported in insects (Leha recipient of a special ‘Incitation IFREMER grant’ for 1999. This

etal., 1997; Ferrandon et al., 1998) and mammals, where th@r has been partially carried out with the financial support from the
were found in Paneth cells (Ouellette and Selsted, 1996). Wommission of the European Communities, Agriculture and Fisheries
these species, antimicrobial peptides participated in a loc@tAIR) specific RTD programme, CT 97-3691. It does not necessarily
defence against micro-organisms. Our data suggest thatreflect its views and in no way anticipates the Commission’s future
similar mechanism of mucosal defence in the intestine alspolicy in this area.
exists in mussels.
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