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Abstract. The present study reports for the first time the
involvement of an antimicrobial peptide in the defense re-
actions of a shrimp infected by a pathogenic Vibrio, Vib-
rio penaeicida. New members of the penaeidin family
were characterized in the shrimp Litopenaeus stylirostris
by RT-PCR and RACE-PCR from hemocyte total RNAs,
and by mass spectrometry detection and immunolocal-
ization of mature peptides in shrimp hemocytes. In in-
fected shrimps, bacteria and penaeidin distribution colo-
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calized in the gills and the lymphoid organ that repre-
sented the main infected sites. Moreover, the shrimp im-
mune response to infection involved massive hemocyte
recruitment to infection sites where released penaeidin
may participate in the isolation and elimination of the
bacteria, We show that the ability of the shrimps to cir-
cumvent shrimp infections is closely related to a recovery
phase based on the hematopoietic process. 

Key words. Crustacea; antimicrobial peptide; immune response; Vibrio infection; hemocyte; agglutination; chemo-
taxis; hematopoiesis.

Access numbers from Swiss-Prot Data Base for penaeidins from
Litopenaeus vannamei discussed in this study are: Litvan PEN2
(Pen-2): P81057, Litvan PEN3-1 (Pen-3a); P81058, Litvan PEN3-2
(Pen-3b): P81059 and Litvan PEN3-3 (Pen-3c): P81060. The nu-
cleotide sequences reported in this paper have been submitted to
GenBank with accession numbers Litsty PEN2: AY351655 and Lit-
sty PEN3-1: AY351656.
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Infectious diseases represent one of the main limitations
for sustainable development of shrimp aquaculture in 
all producing countries. Bacteria are etiological agents
responsible for diseases, and Vibrionaceae represent 
the most important group of opportunistic pathogens of
both larvae and juvenile shrimps [1–4]. In this context,
when prevention of infectious diseases appears to be a
priority for the shrimp culture industry, immunology can
be considered as a target to establish strategies dealing

with the management and control of disease in aquacul-
ture [5].
Defense reactions in crustaceans rely on both cellular and
humoral mechanisms. These include phagocytosis, en-
capsulation of foreign material [6], activation of the
prophenoloxidase system (proPO system) and the clot-



ting process [7, 8], which have been already well studied.
More recently, progress has been made in understanding
the immune response in penaeid shrimps, with the char-
acterization of antimicrobial peptides [9]. Among these,
antifungal peptides derived from the C terminus of he-
mocyanin have been identified in the plasma of both
Litopenaeus vannamei and L. stylirostris as the result of
microbial stimulation [10]. Using the expressed sequence
tag (EST) approach and a sequence homology search,
various antimicrobial peptides have been identified in
several shrimp species, namely peptides homologous to
antilipopolysaccharide factor from horseshoe crab, 11.5-
kDa antibacterial polypeptides identified in crab, and nu-
merous sequences homologous to penaeidins [11]. To
date, the penaeidins have been the most extensively stud-
ied peptides. This original family of antimicrobial pep-
tides was initially characterized from the hemocytes of L.
vannamei [12]. The penaeidins have been shown to be ac-
tive, in vitro, mainly against Gram-positive bacteria and
filamentous fungi [13]. They are synthesized and stored
in the shrimp granular hemocytes, and partly released
into the blood circulation in response to stimulation by in-
jection of heat-killed microorganisms. Moreover, these
peptides were shown to bind to the shrimp cuticle through
their chitin-binding domain [14]. More recently, in vivo
studies demonstrated that injection of heat-killed mi-
croorganisms induced important hemocyte reactions
such as a massive migration to the site of injection and
hemocyte lysis, which are followed by a proliferative re-
covery phase [15]. 
In the present study, we considered the defense reactions of
the shrimp L. stylirostris to the pathogenic Vibrio strain,
Vibrio penaeicida AM101 [16], which was associated in
New Caledonia to a seasonal outbreak disease affecting
predominantly juvenile shrimps [17, 18]. Surprisingly,
early post-larvae developmental stages are less affected by
these bacteria [19]. For further understanding of this bacte-
rial disease in L. stylirostris, we proposed to analyze pe-
naeidin gene expression and peptide distribution as tools to
approach the shrimp immune response to Vibrio infec-
tions. First, two new members of the penaeidin family were
characterized in the hemocytes of L. stylirostris. Then, we
considered analyses of the relative localization of Vibrio
and penaeidins in shrimps following experimental infec-
tions. This study highlighted that the ability of shrimps to
circumvent V. penaeicida infection may rely on the isola-
tion of the Vibrio by hemocytes for further elimination, but
also on the activation of the hematopoietic process. 

Materials and methods

Animals and immune challenge
Juvenile shrimp L. stylirostris (8–10 g) were obtained
from the French Polynesia Ifremer laboratory. Experi-
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mental infection was performed as previously described
[16] using V. penaeicida AM101, a highly virulent strain.
Shrimps (20 individuals) were infected by immersion for
2 h in 10-l seawater tanks containing 1.5 ¥ 105 colony-
forming units (CFU) of bacteria/ml. Animals were care-
fully rinsed with clear seawater and transferred into 100-l
tanks supplied with filtered (1 mm) and aerated seawater.
Four replicates were performed for the infected group.
Two tanks with infected animals were left untouched for
the mortality determination, and the other two parallel
tanks contained infected shrimps taken for the analyses.
Non-infected animals were kept in a separate tank as a
control. Mortalities were recorded twice a day over 5
days. Animals were sampled at 22 and 48 h after contact
with V. penaeicida for in situ hybridization (ISH) and im-
munohistochemistry (IHC). 
Hemolymph was collected in an equal volume of antico-
agulant-modified Alsever solution [20] and the hemo-
cytes were separated by centrifugation (800 g, 15 min).
Supernatants were eliminated and the cell pellets were
kept at 4°C until use.

RT-PCR
Total RNAs were extracted from L. stylirostris hemo-
cytes using the Trizol reagent kit (Gibco-BRL, Life
Technologies). Following heat denaturation of RNA
samples at 70°C for 5 min, reverse transcription (RT)
was performed using 1 mg RNA primed with 50 mg/ml
oligo(dT)15 in a 50-ml reaction volume containing 1 mM
dNTPs, 1 unit/ml of RNasin (Promega), 100 mg/ml bo-
vine serum albumin (BSA); New England BioLabs, 
and 2 units/ml M-MLV reverse transcriptase (New 
England BioLabs) in RT buffer. The PCR primers used
were: sense 5¢-GCCTCACCTGCAGAGACCGAC-3¢
(PVJ4R sens from Litvan PEN3-1, -3-2, -3-3, and -2
conserved 5¢UTR sequences; GenBank accession num-
bers, Y14926, Y14927, Y14928 and Y14925, respec-
tively), and antisense 5¢-CCAGGTTTCCATTGTCTT-
CTCC-3¢ (PVJ5 Ranti; nucleotides 292–313 of 3¢UTR
sequence of penaeidin-2) (fig. 1). PCR conditions were
as follows: 2 ml of hemocyte cDNA of L. stylirostris, 1 ¥
PCR buffer (Promega), 200 mM of each dNTP, 0.2 mM of
each primer, 2.5 U Taq DNA polymerase (Promega). The
PCR profile was: 30 cycles of 95°C denaturation for 
1 min, 63°C annealing for 1 min, and 72°C extension for
1 min, followed by a final extension at 72°C for 10 min.
RT-PCR products were cloned into a pPCR vector (PCR-
Script Amp Cloning Kit; Stratagene) and then sequenced
with T7 and T3 primers. Sequence reactions were per-
formed in both directions. A search for sequence ho-
mologies in SwissProt databases was done using
BLASTX and by PSI- and PHI-BLASTP.



Rapid amplification of cDNA ends
The full-length cDNA sequences of L. stylirostris penaei-
dins were obtained by rapid amplification of cDNA ends
(RACE). First, for 3¢-RACE, total RNA was reverse-tran-
scribed as described above, followed by second-strand
cDNA synthesis using PVJ4Rsens and oligo(dT)15

primers. The PCR profile was: 95°C denaturation for 
5 min followed by 40 cycles of 95°C denaturation for 
1 min, 54°C annealing for 1 min, and 72°C extension for
1 min, followed by a final extension at 72°C for 10 min. 
Amplification of the 5¢ cDNA end was performed using
a 5¢-RACE PCR Kit (Boehringer Mannheim). Briefly, re-
verse transcription was performed using oligo(dT)15 ac-
cording to the manufacturer’s procedures. The 5¢-RACE
products were obtained by PCR amplification using an
oligo(dT)-anchor adapter primer (Boehringer Mann-
heim) and gene-specific primer PVJ5Ranti with the same
PCR profile as above. The RACE products were cloned
into the pCR2.1 TOPO vector using the TOPO TA cloning
Kit (Invitrogen) and sequenced. Analyses of sequences
were performed using the same softwares as described
above.

Northern blot analyses
Hemocyte total RNAs (1 mg) were subjected to Northern
blot analysis as previously described [14]. The L.
stylirostris penaeidin cDNA probe was generated by PCR
amplification on a 340-bp cDNA clone using primers as
described above. A Litopenaeus sp. 18S rRNA-specific
probe was prepared as described elsewhere [14]. The
probes were 32P-radiolabeled using the Ready-to-go DNA
labeling kit (Amersham Pharmacia Biotech). Labeled
probes were hybridized for 12 h to immobilized RNA in
50% (v/v) formamide, 5 ¥ SSC, 8 ¥ Denhardt’s, 0.05 M
sodium phosphate, pH 6.5, 0.1% SDS and 100 mg/ml de-
natured salmon sperm at 42°C. The filters were washed
twice in 2 ¥ SSC, 0.1% SDS at room temperature and
twice in 1 ¥ SSC, 0.1% SDS first at room temperature and

then at 65°C, followed by autoradiography. After stripping,
the membranes were hybridized under identical conditions
with the 32P-labeled 18S rRNA probe and further subjected
to autoradiography. Resulting signals were quantified us-
ing the STORM system (Molecular Dynamics).

Matrix-assisted laser desorption/ionization-time of-
flight mass spectrometry
To ascertain the presence, in L. stylirostris, of the mature
forms of the penaeidins identified by the RT-PCR ap-
proach, mass spectrometry analysis was performed on
hemocytes under the following conditions. Matrix-as-
sisted laser desorption/ionization-time-of-flight mass
spectrometry (MALDI-TOF MS) analysis was carried
out on a Bruker BIFLEX III mass spectrometer in a pos-
itive linear mode with external calibration. Samples were
prepared according to the sandwich method [22]. Briefly,
0.5 ml of a saturated solution of a-cyano-4-hydroxycin-
namic acid (HCCA; Sigma) in acetone was placed on the
probe tip. When dried, 0.5 ml of hemocyte sample was de-
posited and immediately covered with 0.5 ml of a satu-
rated solution of HCCA in 50% acetonitrile. After drying
under vacuum, the sample preparation was washed with
1.5 ml of 0.1% TFA and dried under vacuum before
analysis. 

In situ hybridization
Tissues from juvenile shrimps were prepared for histol-
ogy as described previously [15]. Briefly, shrimp
cephalothoraxes were fixed for 72 h in Davidson’s AFA
solution containing 22% formalin, 31.5% ethanol and
11.5% glacial acetic acid, pH 3.5–4. After tissue embed-
ding in Paraplast, serial 8-mm sections were cut, mounted
on poly-L-lysine-coated slides and stored at 4°C until
use. Digoxigenin (DIG)-UTP-labeled sense and antisense
riboprobes were generated by in vitro transcription using
a DIG-RNA labeling kit and T3 polymerase (Roche).
DNA templates were produced by PCR from Litsty-pen3
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Figure 1. PCR strategy used to clone penaeidins in L. stylirostris. PCR primers were designed from the L. vannamei penaeidin cDNA se-
quences: one was based on conserved portions of the 5¢-untranslated regions (PVJ4Rsens) of the Litvan PEN3-1, Litvan PEN3-2, Litvan
PEN3-3, and Litvan PEN2 cDNAs, and the second was based on the 3¢-UTR of Litvan PEN-2 (PVJ5Ranti). 



cDNA using different primer couples, T3 and oligo(dT)15,
and T7 and PVJ4Rsense for sense and antisense probes,
respectively, under the same conditions as described
above for 3¢-RACE PCR experiments. V. penaeicida
probes were obtained by PCR from a pBluescript plasmid
carrying a fragment of the V. penaeicida 16S rRNA gene,
using the primer couples VecoF and T7, and VxhoR and
T3 to produce sense or antisense probes, respectively. Ve-
coF and VxhoR primers were designed as described else-
where [16]. RNA probes were ethanol precipitated, re-
constituted in DEPC water and kept at –20°C until use.
DIG-UTP probes were hybridized on tissue sections ac-
cording to a previously developed protocol [15, 23]. As
an additional control, sections were submitted to RNAase
treatment prior to hybridization. 

Immunohistochemistry
Immunodetection of penaeidins in shrimp tissues and he-
mocytes was performed as described elsewhere [15] us-
ing rabbit polyclonal antibodies specific to Litvan PEN3-
1 [14]. Immunoreactivity controls were performed by
pre-adsorbing the anti-penaeidin IgG overnight at 4°C
with pure penaeidin (10 mg of recombinant peptide [13]
per microgram of purified IgG). 

Protein extraction from hemocytes and Western blot
analyses
Hemocyte extracts were prepared as previously described
[12]. Briefly, the hemocyte homogenate was acidified 
to pH 4 by addition of 1 M HCl. After centrifugation 
(8000 g, 20 min), the supernatants were pre-purified by
solid-phase extraction onto 35-cm3 Sep-Pak C18 Vac car-
tridges (Waters Associates) equilibrated in acidified wa-
ter (0.05% trifluoroacetic acid). After washing with acid-
ified water, three stepwise elutions were performed with
5, 40, and 80% acetonitrile in acidified water.
The 40% acetonitrile fractions were lyophilized, recon-
stituted in MilliQ water, and incubated in a 1:1 mixture of
Laemmli buffer (25 mM Tris base, 0.19 M glycine; 0.1%
SDS) and 3 ¥ denaturing sample buffer (170 mM Tris, 
pH 8.8, 6% SDS, 21% glycerol, 150 mM dithiothreitol)
for 5 min at 65°C. Denatured samples were analyzed by
Tris-Tricine SDS-polyacrylamide gel electrophoresis
(Tris-Tricine SDS-PAGE) containing 16.5% acrylamide
according to a standard protocol [21]. After migration,
proteins were transferred (30 min, 10 V) to 0.2-mm nitro-
cellulose membranes (Bio-Rad) in a semidry elec-
trophoretic transfer cell (Trans-blot SD; Bio-Rad Labora-
tories). The membranes fixed in 2.5% glutaraldehyde and
washed in PBS were then incubated with 3 mg/ml rabbit
anti-penaeidin IgGs for 2 h at room temperature. Incuba-
tion of anti-penaeidin IgGs pre-adsorbed overnight at
4°C with purified recombinant penaeidin was used as a
control. After extensive washes in PBS containing 0.1%
Tween 20 at pH 7.4 (PBS-T), the membranes were incu-

bated with a 1:50,000 dilution of alkaline phosphatase-
conjugated goat anti-rabbit IgGs (Jackson Immunore-
search). Antibodies were diluted in PBS-T supplemented
with 0.5% skimmed milk. The membranes were then de-
veloped using SigmaFast nitroblue tetrazolium/5-bromo-
4-chloro-3-indolyl-phosphate tablets as chromogenic
substrate. 

In vitro bacteria agglutination assays
The marine bacteria strains V. alginolyticus, V. penaei-
cida, and V. vulnificus were grown in saline peptone 
water (1.5% peptone, 1.5% NaCl, w/v, pH 7.2) at 25°C.
Escherichia coli 363 and Micrococcus luteus were grown
in Luria-Bertani broth (Bactotryptone 1%, yeast extract
0.5%, NaCl 1% w/v, pH 7.5) at 37°C and 30°C, respec-
tively. The bacterial suspensions were washed twice by
centrifugation (1000 g for 10 min) in PBS, and 50 ml of
each bacterial strain (108 bacteria/ml) was incubated in
triplicate in a microtiter plate with purified penaeidin-3
[20] at 2, 5, and 10 mM for Vibrio spp. and at 1 and 2 mM
(concentrations below the MIC values, 1.25–2.5 mM and
5–10 mM) for M. luteus and E. coli, respectively. In con-
trols, the peptide was substituted by PBS. Incubations
were performed at room temperature for the Vibrio
strains, and at 37°C for M. luteus and E. coli. Agglutina-
tion was examined after 2-h incubation with an Olympus
inverted microscope.

Results

Cloning and sequencing of penaeidin cDNAs in 
L. stylirostris
A PCR strategy was used to identify and clone putative
penaeidin sequences in L. stylirostris. PCR primers were
designed from the L. vannamei penaeidin cDNA se-
quences: one was based on conserved portions of the
5¢UTR of Litvan PEN3-1, Litvan PEN3-2, Litvan PEN3-
3, and Litvan PEN2 cDNAs, and the second was based on
the 3¢UTR of Litvan PEN2 (fig. 1). Two PCR products
300 and 350 bp in length were obtained from 
L. stylirostris cDNA, cloned into pPCR script vector and
three different clones were sequenced for each of them.
They were shown to present sequence homologies with
the penaeidins characterized in L. vannamei. cDNA se-
quences were then obtained by RACE (see Materials and
methods). A first 321-bp cDNA sequence encompassed a
225-bp open reading frame (ORF) flanked by 72-bp
5¢UTR codes for a 75-amino-acid sequence. The deduced
sequence shares 86% identity and 88% homology with
the precursor form of penaeidin-2 from L. vannamei and
was named Litsty PEN2 (fig. 2A). The second 368-bp
cDNA sequence presents a 261-bp ORF encoding an 87-
amino-acid peptide. The deduced peptide sequence
shares 64% identity and 74% homology scores with pe-
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naeidin-3 from L. vannamei and was consequently
named Litsty PEN3-1 (fig. 2B). 

Detection of penaeidins in hemocytes of L. stylirostris
by MALDI-TOF MS
To identify the putative mature forms of L. stylirostris pe-
naeidins, hemocytes were analyzed by MALDI-TOF MS.
MS analysis revealed the presence of several molecular
ions at masses corresponding to the predicted molecular
masses of the mature forms of Litsty PEN2 and Litsty
PEN3-1 (fig. 3A). The predominant single charged ion at
7164.26 in m/z (average molecular mass) and the double-
charged ion at 3584.81 in m/z corresponded approximately
to the predicted calculated molecular masse (MassLynx
v3.5) of Litsty PEN3-1 ([M+H]+ at 7164.46 and [M+2H]2+

at 3582.73), assuming that Litsty PEN3-1 has a pyroglu-
tamic acid as an N terminus, an amidated C terminus, and
the six cysteine residues form three disulfide bridges.
Moreover, the mass spectrum revealed the presence of a

single charged ion at 5617.01 in m/z and a doubly charged
ion at 2809.93 in m/z corresponding to the predicted 
calculated molecular mass of Litsty PEN2 with a predicted
C-terminally amidated lysine residue ([M+H]+at 5614.75
in m/z and [M+2H]2+ at 2807.87 in m/z). 

Detection of penaeidins in hemocytes of L. stylirostris
by Western blot analysis
To confirm the identity of these molecules, an acidic ex-
tract of hemocytes was analyzed by Western blot using a
rabbit antibody directed against Litvan PEN3-1 [14]. No
peptide ranging around 5.6 kDa and corresponding to Lit-
sty PEN2 was detected by the antibody. A clear band, in
the size range of penaeidin-3 and consistent with the
measured molecular weight of Litsty PEN3-1, was de-
tected with anti-penaeidin IgG (fig. 3B). This cross-im-
munoreactivity allowed us to use this antibody for further
studies on peptide localization and distribution in differ-
ent tissues of L. stylirostris. 
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Figure 2. Litsty PEN2 (A) and Litsty PEN3-1 (B) cDNA sequences and deduced amino acid sequences cloned from L. stylirostris hemo-
cytes and alignment with penaeidins from L. vannamei (C). (A, B) Nucleotides in boldface indicate the position of the PCR primers
(PVJ4Rsens and PVJ5Ranti) used to clone L. stylirostris penaeidins. The double-headed arrow indicates the putative cleavage site by a sig-
nal peptidase. An asterisk indicates the stop codon. (C) A solid underline indicates the putative signal sequence; dashes were created to op-
timize the alignment. Asterisks indicate conserved residues in boldface. Post-translational modifications are in parentheses: (Q) for py-
roglutamic acid resulting from cyclization of glutamine residue; a for C-terminal amidation. Arrows indicate the position of predicted sig-
nal peptides by signal peptidase. 

C



Detection of penaeidin transcripts in hemocytes of 
L. stylirostris
Northern blot analyses on hemocyte total RNAs (1 mg)
using comparative Litsty PEN2 or Litsty PEN3-1 coding
region sequence probes showed positive signals but did
not allow us to distinguish the corresponding transcripts.
The probes hybridized to mRNAs of approximately 850
nucleotides. As the hybridization intensities obtained
with Litsty PEN3-1 cDNA probes were very strong, we
assumed that Litsty PEN3-1 was the most abundantly ex-
pressed and it was studied further (fig. 4A). In addition,
Northern blot analyses on total RNAs (1 mg) from hemo-
cytes collected from eight individual shrimps revealed
that Litsty PEN3-1 is constitutively expressed in all tested
shrimps (fig. 4B). 

Localization of V. penaeicida in infected shrimps
Following V. penaeicida infection by immersion, the first
shrimp mortalities were observed at about 22 h and con-
tinued until 48 h. After 48 h, no massive death of shrimps
was observed. The percentage of cumulative mortalities
after 5 days was of 65% and 60% of shrimps in both in-
fected tanks and the cumulative mortality observed in
the non-infected tank was only 5% (table 1). Similar
mortality kinetics were observed in two other batches of
infected shrimps (data not shown). In tissues from three
infected shrimps, Vibrio was detected by ISH using a

DIG-labeled 16S RNA antisense riboprobe and alkaline
phosphatase detection. No signal was observed on tissue
sections from non-infected animals (data not shown). In
contrast, at 22 h post-infection, hybridization signals
were seen mainly in the gills (fig. 5A), while after 48 h,
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Figure 3. Identification of penaeidins in hemocytes from L. stylirostris. (A) The
MALDI-TOF mass spectrum of hemocytes shows singly charged molecules with masses
corresponding to the masses calculated for deduced amino acid sequences of Litsty
PEN2 and Litsty PEN3-1. (B) Immunodetection of L. stylirostris penaeidins in hemocytic
acid extracts using polyclonal antibodies for Litvan PEN3 (B1). Pre-adsorption of the an-
tibodies with purified Litvan PEN3-1 totally abolished the immunoreactivity (B2). 

Figure 4. Expression of penaeidin mRNAs in L. stylirostris hemo-
cytes. (A) Northern blot hybridization of penaeidin mRNA in
shrimp hemocytes. One microgram per lane of hemocyte total RNA
was fractionated by denaturing electrophoresis in a 1% formalde-
hyde gel. The RNA was probed with Litsty PEN2 and Litsty PEN3-
1 coding-sequence probes. (B) One microgram of hemocyte total
RNAs from individual shrimps was used and hybridized succes-
sively with radiolabeled Litsty PEN3-1 probe and with an 18S
rRNA probe as control. Signals were quantified by the STORM sys-
tem and the ratio of penaeidin/18S rRNA calculated.



V. penaeicida was clearly observed not only in gills but
also in the lymphoid organ (fig. 5B, inset C), the heart,
and muscle. The specificity of the signal was confirmed
by hybridization with sense 16S RNA riboprobe (fig.
5D, E).

Penaeidin expression and peptide distribution
To follow penaeidin expression in response to the Vibrio
infection, penaeidin distribution was studied by both ISH
and IHC. For ISH analyses, a plasmid containing full-
length Litsty PEN3-1 cDNA was used to generate sense
and antisense riboprobes. In non-infected shrimps, Litsty
PEN3-1 mRNA was detected in hemocytes infiltrating
most tissues or located in blood vessels irrigating tissues
(fig. 6A). A hybridization signal was observed neither
with the sense riboprobe (fig. 6B) nor after RNAse pre-
treatment of sections (data not shown). In parallel, im-
munodetection using rabbit polyclonal IgG directed
against Litvan PEN3-1 revealed the presence of penaei-
dins in hemocytes located in most of the tissues and ves-
sels (fig. 6C). In contrast, no immunostaining was ob-
served when anti-penaeidin antibodies were pre-incu-
bated with purified penaeidin (fig. 6D), confirming the
specificity of the peptide detection.
In the context of Vibrio infection, striking reactivity was
seen at 22 h post-infection both at the mRNA and peptide
levels in gills where Vibrio was also detected as demon-
strated above. Increased numbers of penaeidin-express-
ing hemocytes were observed in gills, compared to non-
infected animals (fig. 7A–C). Simultaneously, on adja-
cent cuts, strong penaeidin immunostaining was also seen
throughout this tissue, showing the release of the peptide

CMLS, Cell. Mol. Life Sci. Vol. 61, 2004 Research Article 967

Figure 5. Detection of V. penaeicida by in situ hybridization in shrimp tissues infected by immersion challenge. Paraffin-embedded sec-
tions of L. stylirostris shrimps infected with V. penaeicida were hybridized with Vibrio 16S rRNA DIG-UTP antisense or sense probes, then
revealed using alkaline phosphatase-conjugated antibodies. Relatively intense labeling was detected in gills (A) and the lymphoid organ 
(B, C) using the antisense probe. Hybridization using the 16S rRNA sense riboprobe did not present labeling in gills (D) or the lymphoid
organ (E), confirming the specificity of the signal. Note that the cuticle is stained by the chromagen used to reveal the phosphatase-con-
jugated antibodies (white arrows). Abbreviations: b, bacteria; LO, lymphoid organ; gf: gill filament. Bars, A, C, D: 5 mm; B, E: 20 mm.

Table 1. Record of shrimp mortalities after infection with V. pe-
naeicida.

Time after Infected tank Infected tank Non infected
infection (h)

0 0 0 0
22 2 3 0
30 4 4 0
47 7 4 0
54 0 0 1
71 0 1 0
78–126 0 0 0

Dead shrimps 13 12 1

Surving 7 8 20
shrimps

Percentage of 65 60 5
mortalities

The procedures of infection were as described in Material and
methods. The data only consider the record of mortalities observed
in control tanks not harvested for histological analysis.



(fig. 7D). In parts of the gills distant from Vibrio local-
ization sites, a few hemocytes expressing penaeidin
mRNA (fig. 7E) but immunonegative for penaeidins (fig.
7F) were observed.
At 48 h post-infection, the number of hemocytes in most
tissues, both expressing and storing penaeidins, appeared
to be similar to that observed in non-infected shrimps
(fig. 7G, H). However, scattered nodular bodies reactive
to anti-penaeidin antibody were observed in gill sinuses
(fig. 8A, inset B) and lymphoid organ (fig. 8C). 

Penaeidin expression in hematopoietic tissue
In non-infected shrimps, few penaeidin-expressing cells
were seen in hematopoietic tissue (fig. 9A). At 22 h after
bacterial infection, strong hybridization signals of the Lit-
sty PEN3-1 antisense probe were observed in this tissue
(fig. 9B). As a control, ISH analyses using a sense probe
on adjacent sections of infected shrimps (fig. 9D) con-
firmed the specificity of the reaction. At 48 h, penaeidin
mRNA contents appeared to be similar to that observed in
non-infected shrimps (fig. 9C). In contrast, no modifica-
tion in the pattern of penaeidin immunodetection was
seen in the hematopoietic tissue whatever the infection
time. Penaeidin labeling was restricted to a few hemo-
cytes infiltrating the tissue (fig. 9E–G).

In vitro agglutinating activity of penaeidin-3 against
Vibrio bacteria
In vitro agglutination assay was performed against differ-
ent bacterial strains using recombinant Litvan-Pen3 from
L. vannamei [13]. Litvan PEN3-1 at 5 mM was found to
agglutinate V. alginolyticus, V. vulnificus, and V. penaei-
cida. No agglutination of M. luteus or E. coli, used as test
organisms for Gram-positive and Gram-negative bacte-
ria, respectively, was observed at the peptide concentra-
tion tested. 

Discussion

Penaeidin antimicrobial peptides were initially isolated
from hemocytes of L. vannamei [12] and their presence
in L. stylirostris was suggested by Northern blot analyses
using a Litvan PEN3-1 probe (data not shown). Subse-
quently, we used a PCR approach to clone and character-
ize penaeidin sequences in the L. stylirostris shrimp
species. Comparison of full cDNA sequences of the dif-
ferent penaeidins characterized in L. vannamei revealed
conserved regions in 5¢UTR and 3¢UTR regions, which
allowed us to identify two new members of the penaeidin
family in L. stylirostris. The two deduced peptide se-
quences of the cloned PCR products revealed a high
level of homology with penaeidin-2 and -3 from L. van-
namei (see fig. 2C) and were named Litsty PEN2 and
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Figure 6. Detection of L. stylirostris penaeidin mRNAs and peptides in non-infected shrimps by ISH and IHC, respectively. Adjacent paraf-
fin-embedded sections of L. stylirostris were hybridized with Litsty PEN3-1 DIG-UTP antisense (A) or sense (B) probes. Similar sections were
immune stained for penaeidin (C, D). ISH using the antisense probe and immunohistological analyses show positive signals only in hemocytes
present in tissues (A, C). Adjacent control sections were totally devoid of labeling (B, D). Arrows, hemocytes; *blood vessels. Bars, 50 mm.



of the six cysteines in their C-terminal segment and of
the proline-rich N-terminal domain. To date, this unique
chimeric structure is characteristic of the penaeidin fam-
ily [9, 12]. The primary structure of these two novel
forms of penaeidin in L. stylirostris hemocytes was con-
firmed by direct analysis of an acidic extract of hemo-
cytes by MALDI-TOF MS. In fact, two molecular
masses at 5617 Da and 7167 Da were detected in the ex-
tract. These two masses correspond to the calculated
molecular masses of the deduced sequences of Litsty
PEN2 and Litsty PEN3-1, respectively. These analyses
not only demonstrated the presence of the penaeidin pep-
tides in hemocytes but also confirmed the post-transla-
tional modifications already shown in L. vannamei pe-
naeidins, i.e., a C-terminal amidation of the peptides, an
N-terminal blockage with pyroglutamic acid of the pe-
naeidin-3 peptides [12], and the bridging of the six cys-
teine residues.
Like its homologue in L. vannamei, Litsty PEN2 displays
two additional amino acids (Glu-Ala) in its C terminus
and two predicted cleavage sites by signal peptidase were
also obtained according to SignalP IV.1 software [24].
Moreover, Litsty PEN2 also contains in the N-terminal
domain, eight proline residues, some of them involved in
the conserved motif PIPRP common to Litvan PEN2 and
Litvan PEN3 [9] and present in other antimicrobial pep-
tides such as bactenecin-7 from cattle (three times,
P19661) and sheep (only once, P50415) neutrophils [25].
Litsty PEN3-1, even if it contains many proline residues,
differs from all the other known penaeidins by the ab-
sence of this PIPRP motif in the N-terminal proline-rich
region. Like penaeidins from L. vannamei, Litsty PEN3-
1 contains in its C-terminal domain the chitin-binding
motif identified in plant lectins and various antifungal
peptides [26]. Additionally, whereas Litvan PEN3 iso-
forms are composed of 62 amino acid residues, Litsty
PEN3-1 is longer (67 residues) due to the presence of ad-
ditional residues in the medial sequence linking the two
conserved regions of the molecule [26]. 
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Figure 7. Analyses of penaeidin expression in L. stylirostris hemo-
cytes after V. penaeicida infection by ISH and IHO. Paraffin-em-
bedded sections of infected and non-infected L. stylirostris shrimps
were hybridized with Litsty PEN3-1 DIG-UTP antisense probes 
(A, C, E, G). Penaeidin immunostaining was performed on adjacent
sections using anti-penaeidin antibodies, a 1-nm gold particle-
labeled secondary antibody and revealed by silver amplification. 
(B, D, F, H). A hemocytes. Arrows, Bars, A, B: 80 mm; C, D, G, H:
160 mm; E, F: 40 mm. (A, B) Non-infected shrimps. (C) In parts of
the gills where Vibrio was detected at 22 h after infection, great
numbers of hemocytes expressing penaeidins were concentrated.
(D) In adjacent cut sections strong immunoreactivity distributed
throughout the tissue was observed. (E, F) In other parts of gill tis-
sue where vibrios were not detected, penaeidin expressing hemo-
cytes were observed (E) but most did not contain penaeidins (F).
(G, H) In gill vessels 48 h after infection, the number of hemocytes
containing penaeidin mRNAs (G) became equivalent to the number
of hemocytes storing penaeidins (H).

Figure 8. Immunohistological detection of penaeidin in L. styliro-
stris gills and epigastric nodules at 48 h after infection. Numerous
hemocytes containing penaeidin were observed in nodular struc-
tures located in vessels of gills (A, B). Nodular structures contain-
ing immunoreactive cells appeared also in epigastric hematopo-
ietic nodules (C). Arrows, hemocytes; *, nodular structure. Bars,
A: 200 mm; B, C: 20 mm.

Litsty PEN3-1, respectively. The two translation products
are composed of a putative 19-residue signal sequence,
with 100% homology with those of L. vannamei penaei-
dins, followed by a mature peptide of 55 or 67 residues,
respectively. The peptide sequences contain the pattern



In previous work, analyses of penaeidin expression and
distribution following injection of heat-killed microor-
ganisms [14, 15] provided new insights into the immune
responses of shrimp to a microbial challenge, confirming
the importance of the hemocytic response. In the present
paper, we considered the shrimp defense responses fol-
lowing an infection with the pathogenic strain V. penaei-
cida [17]. Numerous Vibrio species have been reported as
causal agents of diseases in penaeid species [1–4]. How-
ever, most Vibrio species are now widely accepted as be-
ing opportunistic and may cause severe mortalities in lar-
vae or juveniles, which suffer from stress or any defi-
ciency. V. penaeicida disease is unique since this bacteria
has been shown to be predominantly pathogenic for juve-
nile and adult shrimps, whereas post-larvae stages remain
unaffected [16, 27]. Indeed, vibrioses are mainly known
to affect shrimp larvae and post-larvae. Since, to date,
nothing is known about the immune capability of shrimp
at early developmental stages, the host/pathogen model
juvenile L. stylirostris/V. penaeicida appears particularly
well adapted to study the shrimp immune response to a

true infection. Events of infection remission are observed
among the shrimps and understanding this phenomenon
will be important for further development of prophylactic
measures based on shrimp health monitoring [5]. 
Upon experimental V. penaeicida infection, shrimp mor-
talities appear from 22  to 48 h post-infection. Therefore,
these periods were selected to detect and localize both
Litsty PEN3-1 and pathogens within the shrimp tissues.
This is particularly useful to study the penetration route
of V. penaeicida in the shrimp. We saw by ISH that Vib-
rio is predominantly located in the shrimp gills where, at
the same time, penaeidin detection was mainly observed,
i.e., penaeidin-expressing hemocytes and free penaeidin
in the tissues. Later, Vibrio was also detected in more in-
ternal tissues, especially the lymphoid organ. The local-
ization of Vibrio in these tissues has already been re-
ported in Penaeus japonicus naturally infected by V. pe-
naeicida [28] and more recently in P. monodon upon an
immersion challenge with V. vulnificus [29]. Accumula-
tion of bacteria may indicate that gills and the lymphoid
organ are natural routes for either bacteria entry or for
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Figure 9. ISH and immunohistological analysis of penaeidin expression in hematopoietic tissues of L. stylirostris after V. penaeicida in-
fection. Paraffin-embedded sections of non-infected and infected shrimps were hybridized with Litsty PEN3-1 DIG-UTP antisense (A–C)
and sense (D) probes. Immune detection of penaeidins was performed using anti-penaeidin antibodies revealed by silver amplification
(E–G). In non-infected shrimps, no hybridization signal was seen within hematopoietic tissue (A), but penaeidin-expressing hemocytes
could be observed in the periphery of hematopoietic tissue (A). Twenty-two hours after infection, a strong hybridization signal was detected
with Litsty PEN3-1 antisense probe in hematopoietic tissues (B, white stars; B¢) but not with the sense probe confirming the specificity of
the reaction (D). Fourty-eight hours after infection, the same hybridization pattern as observed in non-infected shrimps was seen (C) with
positive hemocytes (C¢). Penaeidin immunostaining was seen in some infiltrating hemocytes in hematopoietic tissues of non-infected (E),
22-h-infected (F), and 48-h-infected (G) shrimps. Arrows, hemocytes; *, hematopoietic tissues. Bars, A–D: 200 mm; A¢, B¢, C¢: 20 mm;
E–G: 40 mm.



elimination. They also may be target sites for infection.
Several studies based on bacteria injection have shown
the gills to be involved in the clearance and elimination
of the microorganisms [30, 31]. The massive accumula-
tion of hemocytes expressing penaeidins observed in
gills at 22 h, with their concomitant decrease in the other
shrimp tissues illustrated significant hemocyte recruit-
ment and a massive release of peptides to the infection
sites. This accumulation appears to be concomitant with
the triggering of a proliferative process. Indeed, a strik-
ing penaeidin mRNA content was observed in
hematopoietic tissues, whereas no peptide immunoreac-
tivity was seen in this tissue at the same time. This sug-
gests intense hematopoietic activity and production of
cells with a high level of penaeidin expression, as a con-
sequence of Vibrio infection. Young hemocytes with
high transcriptional activity would be released into the
hemolymph where they maturate, i.e., translate and store
penaeidins. According to the kinetics of mortality for
this disease, the shrimps analyzed at 48 h after the im-
mersion challenge, were those that survived the infec-
tion. We can assume they developed an efficacious re-
sponse against V. penaeicida. At that time, the proportion
of hemocytes expressing and storing mature penaeidins
observed in the shrimp tissues appeared to be similar to
that observed in non-infected animals. This strongly 
suggests possible restoration to apparently homeostatic
conditions resulting from hematopoiesis. Proliferative
processes may provide a systemic response, contributing
to rapidly replace the hemocytes lysed in response to the
microbial infection. This is in agreement with previous
studies that have demonstrated an intense penaeidin re-
lease resulting from the lysis of granular hemocytes [14].
However, in the case of V. penaeicida infection, we can-
not exclude the possibility that the hemocytes have been
massively lysed due to the pathogenic effect of Vibrio ex-
tracellular products (ECPs) or toxins. Proteases have
been suggested to be important virulent factors, causing
tissue damage in the host and thus contributing to the
bacterial entry [32]. ECPs and toxic cysteine proteases
from V. harveyi were shown to impair shrimp homeosta-
sis [33]. For V. penaeicida, an ECP toxic effect was sug-
gested by in vivo injection in L. stylirostris, since cyto-
pathic effects were shown in vitro on hemocytes and
ovarian primary cultured cells [19]. Such toxic effects
would result in the massive release of penaeidins ob-
served in the present study. However, according to our
observations, such putative Vibrio virulence factors
would not impair the hemocyte proliferative activity of
the shrimps. 
At 48 h post-infection, numerous nodular bodies con-
taining penaeidins were observed within gill filaments
and the lymphoid organ. These are thought to be related
to the isolation and elimination of the pathogens, partic-
ipating in the successful circumvention of the disease.

The formation of aggregates of hemocytes and bacteria
in gills has been described in shrimps [14] and crabs [30]
following an injection of bacteria. In crabs, these hemo-
cytic clumps have been shown to display antibacterial
activity, and microbial death was associated with an en-
capsulation phenomenon [31]. In a previous study, op-
sonic activity against V. alginolyticus was shown for pe-
naeidin-3, which may contribute to phagocytosis and
elimination of Vibrio [15]. Additionally, penaeidins
would be involved in bacteria agglutination and encap-
sulation processes. To investigate such properties of pe-
naeidins, we have shown that purified peptides are able,
in vitro, to agglutinate Vibrio strains. Other bacteria such
as the Gram-positive M. luteus or the Gram-negative E.
coli are not agglutinated but are killed after incubation
with penaeidins. Shrimp may have developed with pe-
naeidins a defense mechanism which can discriminate
between bacterial species. Foreign microorganisms such
as Gram-positive bacteria or filamentous fungi appeared
to be sensitive to the penaeidins [13]. Vibrionacea, which
generally belong to the shrimp natural flora, would be
agglutinated. When Vibrio strains reach a high concen-
tration in shrimp, penaeidins may contribute to their
elimination by opsonization and phagocytosis, as well as
by agglutination and encapsulation. High penaeidin con-
centrations are reached in the nodules where the Vibrio
can be consequently killed. 
Our findings indicate that gills are the preferential route
for entry of Vibrio. We can also speculate that the ability
of shrimps to surmount an infection and restore home-
ostasis may depend on their physiological ability to trig-
ger hematopoiesis. This is in agreement with previous
studies on L. stylisrostris challenged with V. penaeicida,
where shrimp survival was correlated with a higher num-
ber of circulating hemocytes, according to the molting
cycle [34]. A more thorough understanding of penaeid
shrimp immunity will require considering the molecular
mechanisms underlying the activation of hematopoiesis,
a process that may contribute to the ability of the shrimps
to surmount infections. In the same way, progress may be
achieved by studying host-pathogen interactions and the
effect of physiological or environmental parameters that
can impair the defense capability of the shrimps.   
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