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Abstract

As an approach to investigate the suspected involvement of cellular factors in Biomphalaria glabrata resistance/susceptibility
to Echinostoma caproni, we compared protein patterns from hemocytes collected from susceptible and resistant snails. This pro-
teomic approach revealed that twelve hemocytic proteins exhibited significant differences in their apparent abundance. The genes
corresponding to five of them were characterized by a combination of mass spectrometry and molecular cloning. They encode an
aldolase, an intermediate filament protein, a cytidine deaminase, the ribosomal protein P1 and the histone H4. Furthermore, we

investigated their expression in parasite-exposed or -unexposed snails. These last experiments revealed changes in transcript levels
corresponding to intermediate filament and histone H4 proteins post-infection.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Snail–trematode immunobiological interactions have
been studied in the fresh-water snail Biomphalaria
glabrata following infection by the human blood fluke
Schistosoma mansoni and by the echinostome species,
Echinostoma paraensei and Echinostoma caproni. In

� Note: Nucleotide sequence data reported in this paper are available
in the GenBankTM database under the accession numbers: DQ117975,
DQ117976, DQ117977, DQ117978, DQ117979.
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E-mail address: mitta@univ-perp.fr (G. Mitta).

these different models, compatibility polymorphism was
highlighted (Richards, 1975; Richards and Shade, 1987;
Lewis et al., 1993; Langand and Morand, 1998). In order
to elucidate the mechanisms underlying differences in
compatibility, numerous molecular studies comparing
susceptible and resistant strains of molluscs were under-
taken. These studies revealed that many genes were dif-
ferentially expressed between strains of B. glabrata sus-
ceptible or resistant to S. mansoni or E. caproni (Miller
et al., 2001; Raghavan et al., 2003; Lockyer et al., 2004;
Nowak et al., 2004; Vergote et al., 2005).

In our B. glabrata/E. caproni model, two snail strains
of B. glabrata were selected (Langand et al., 1998). E.
caproni miracidia are able to penetrate both susceptible
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and resistant snails. While the parasite undergoes normal
development in susceptible snails, in resistant snails it
is encapsulated and eliminated. Susceptibility/resistance
mechanisms of B. glabrata to E. caproni are probably
inherited in a multigenic fashion (Langand and Morand,
1998) and have been shown to rely on both cellular and
humoral factors (Ataev and Coustau, 1999). Regarding
humoral factors, five proteins differentially represented
in the plasma of susceptible and resistant snails were
recently characterized using a proteomic approach from
the plasma (Vergote et al., 2005). Regarding the cel-
lular factors, studies showed that excretory-secretory
(ES) products from in vitro transformed E. caproni
sporocysts inhibited key defence functions of suscep-
tible host hemocytes such as adhesion and phagocytosis
(Humbert and Coustau, 2001). Interestingly, hemocytes
from resistant snails remained unaffected by these par-
asite ES products, suggesting that they exhibit consti-
tutive differences compared with hemocytes from sus-
ceptible snails (Humbert and Coustau, 2001). In order
to investigate molecular determinants of these differ-
ences, we developed comparative molecular approaches
to study the levels of gene expression in both strain
hemocytes.

The present work aimed at: (i) identifying proteins
differentially represented in the hemocytes of susceptible
and resistant snails by a comparative two-dimensional
electrophoresis approach; (ii) characterizing the genes
encoding these proteins; (iii) analysing their expression
post-infection.
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entire procedure was repeated to prepare six independent
hemocyte protein and RNA fraction.

2.2. Experimental infection

The parasite E. caproni (Jeyarasasingam et al., 1972)
was maintained in Bg.Bra snails and mice (SWISS OF1
stock) as described previously (Trouvé et al., 1996).
Snail infections were performed according to previously
described procedures (Guillou et al., 2004). Ten indi-
viduals from each strain were collected at 3, 6, 12, 24,
48 and 96 h post-exposure and frozen in liquid nitrogen
until RNA extraction.

2.3. Two-dimensional gel electrophoresis

2.3.1. Hemocyte protein extracts
Proteins (from one pellet) were extracted using 350 �l

of a buffer pH 7.5 containing urea 8 M, Tris 40 mM, DTT
1%, CHAPS 4%. After resuspension, an incubation of
2 h at room temperature was performed. Then the lysate
was centrifuged at 15,000 × g for 30 min at 4 ◦C. The
supernatant was stored at −80 ◦C until use.

2.3.2. Isoelectrofocusing (IEF)
IEF for the 2-D gel electrophoresis was performed

using the IEFCell systemTM (Biorad) as previously
described (Vergote et al., 2005). Isoelectrofocusing
was raising gradually until 8000 V and running until
180,000 V h at 20 ◦C.
. Material and methods

.1. B. glabrata strains and hemocyte recovery

B. glabrata snails used in this study belonged either
o the unselected Bg.Bra stock originating from Brazil
Guillou et al., 2004), or to the EAF-S or CB-R strains
elected, respectively, for their susceptibility or resis-
ance to E. caproni (Langand et al., 1998; Humbert
nd Coustau, 2001). At the time of the study, the per-
entages of adult snails susceptible to E. caproni were:
g.Bra = 70%, EAF-S = 98% and CB-R = 1%.

Hemolymph was extracted from the headfoot of
00 uninfected snails from the EAF-S or from the
B-R snails according to standard procedure (Sminia
nd Barendsen, 1980) and immediately placed on ice.
pproximately 10 ml of hemolymph were recovered

rom each strain and centrifuged at 800 × g for 10 min
t 4 ◦C. The plasma was discarded and the hemocytes
ere washed two times with PBS before storage of the
ellet at −80 ◦C until protein or RNA extractions. The
2.3.3. SDS-PAGE
IPG stripsTM were transferred on a 12% poly-

acrylamide gel containing 0.8% of cross-linker piper-
azine diacrylamide. Electrophoresis were performed in
Tris/Glycine/SDS buffer according to the conditions
defined by O’Farrell (1975). Proteins were separated
1 h at 30 V and then at 250 V until Coomassie blue has
reached the bottom of the gel. After electrophoresis, gels
were silver stained according to a modified protocol of
Morrissey (1981) or a method compatible with mass
spectrometry analysis (Shevchenko et al., 1996).

2.3.4. 2-D image analysis
Six gels per condition were analyzed using the

ProgenesisTM v1.5 software program (Nonlinear dynam-
ics, Newcastle upon Tyne, UK). Analysis was performed
using previously described protocol (Vergote et al.,
2005). Statistical significance was assessed using the
Mann–Whitney U-test. P values < 0.05 were considered
as significant. All tests were done using STATVIEW v.
4.5 statistic software package.
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2.4. Protein identification

2.4.1. In-gel digestion for mass spectrometry
Proteins of interest were excised and gel pieces were

washed twice in 150 �l of 15 mM potassium ferricyanide
and 50 mM sodium thiosulfate solution according to
Gharahdaghi (Gharahdaghi et al., 1999). Trypsic diges-
tion was performed using previously described pro-
cedure (Vergote et al., 2005). Peptide extraction was
performed twice for 15 min with 100 �l of 50% ace-
tonitrile/1% trifluoroacetic acid (TFA) solution for fur-
ther matrix-assisted laser desorption/ionization-time of
flight mass spectrometry (MALDI-ToF MS) analysis or
with 100 �l of 50% acetonitrile/1% formic acid solution
for further liquid chromatography–tandem mass spec-
trometry (LC–MS–MS) analysis. Trypsin digests were
then lyophilized in a SpeedVac concentrator (Savant)
and resuspended in 5 �l of 0.1% TFA or 0.1% formic
acid.

2.4.2. MALDI-ToF MS
MALDI-ToF MS analysis of trypsin digests were per-

formed as previously described (Vergote et al., 2005).

2.4.3. NanoLC–MS–MS analysis
NanoLC–NanoESI-MS/MS analysis were performed

on an ion trap mass spectrometer (LCQ Deca XP+,
Thermo-electron) equipped with a nano-electrospray ion
source coupled with a nano high-pressure liquid chro-
matography system (LC Packings Dionex).

were acquired using a 2 m/z units ion isolation window
and a 35% relative collision energy.

For the automated database search of fragment ion
spectra the Bioworks3.1 software (Thermo-electron)
was used. The obtained files were directly analysed using
the MASCOT MS/MS ions search software (http://www.
matrixscience.com/cgi/search form.pl?FORMVER=
&SEARCH=MIS).

Theoretical masses of peptides from precursors
(deduced from cDNA sequences) were generated
by the PeptideMass software (http://www.expasy.org/
tools/peptide-mass.html).

2.5. RNA extraction

Total RNA was extracted from hemocyte pellets using
the NucleoSpin® RNA II Kit according to the manufac-
turer’s instructions (Macherey-Nagel). Total RNA was
extracted from whole body snails according to previ-
ously described procedures (Guillou et al., 2004).

2.6. Gene characterization

First-strand cDNAs were prepared from total RNAs
with oligo d(T)17 for primer using the Superscript IITM

(Invitrogen). The 3′ and 5′ portions of the cDNAs were
amplified by PCR using the GeneRacerTM Kit (Invitro-
gen) using different primers designed from ESTs identi-
fied by MASCOT analysis (primer positions are given in
bold in Figs. 2–6). PCR was performed in 50 �l mix-
Two microlitres of sample (trypsic digest) were
injected into the mass spectrometer using the Famos
auto-sampler (LC Packings Dionex). The sample was
first desalted and then concentrated on a reserve phase
precolumn of 0.3 mm i.d. × 5 mm (Dionex) by a solvent
A (H2O/Acetonitrile-95/5–0.1% HCOOH) delivered by
the Switchos pumping device (LC Packings Dionex) at
a flow rate of 10 �l/min for 3 min. Peptides were sep-
arated on a 75 �m i.d. × 15 cm C18 Pepmap column
(Dionex). The flow rate was set at 200 nl/min. Peptides
were eluted using a 5–100% linear gradient of solvent B
(H2O/Acetonitrile-20/80–0.08% HCOOH).

Electrospray needles were purchased from the New
Objective society (Woburn, MA, USA). Spray voltage
was set at 1.5 kV, and capillary temperature was set
at 170 ◦C. The mass spectrometer operated in posi-
tive mode. Data acquisition was performed in a data-
dependent mode consisting in a single run of alternation
of a full scan MS over the range m/z 500–2000 and a full
scan MS/MS of an ion selected in an exclusion dynamic
mode (the most intense ion was selected and excluded for
further selection for a duration of 3 min). MS/MS data
tures containing 2 �l of first-strand cDNA using the
DyNAzymeEXTTM kit (Finnzymes).

The PCR products were ligated into the pCR4-
TOPOTM vector according to the manufacturer’s instruc-
tions (Invitrogen). Dideoxy sequencing reactions of the
recombinant plasmids were sequenced using a dideoxy-
dye-terminator method (CEQTM DTCS-Quick Start kit,
Beckman Coulter) and a CEQTM 8000 apparatus (Beck-
man Coulter). M13 forward, M13 reverse and specific
primers were used for sequencing. Sequences were
obtained using the CEQTM 8000 sequence analysis soft-
ware.

Similarities were searched using BLASTX pro-
gram (http://blast.genome.jp/). Specific protein domain
searches were performed using the ScanProsite program
(http://www.expasy.org/tools/scanprosite/).

2.7. Quantitative reverse transcriptase PCR
(Q-PCR)

Q-PCR analysis was performed on total RNAs
extracted from hemocytes and whole bodies from unex-

http://www.matrixscience.com/cgi/search_form.pl%3fformver=%26search=mis
http://www.matrixscience.com/cgi/search_form.pl%3fformver=%26search=mis
http://www.matrixscience.com/cgi/search_form.pl%3fformver=%26search=mis
http://www.expasy.org/tools/peptide-mass.html
http://www.expasy.org/tools/peptide-mass.html
http://blast.genome.jp/
http://www.expasy.org/tools/scanprosite/
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posed and/or exposed (to E. caproni) EAF-S and CB-R
snails. Reverse transcription was performed as described
in Section 2.6. Primers design, Q-PCR and analysis
were performed using standard procedure (Guillou et
al., 2004).

Statistical significance was assessed using the
Mann–Whitney test for nonpaired series and the
Wilcoxon test for paired series. P values < 0.05 were
considered as significant. All tests were done using
STATVIEW v. 4.5 statistic software package.

3. Results

3.1. Differentially represented proteins in
hemocytes from susceptible and resistant strains

The 2-D electrophoretic profiles of proteins from
hemocytes of CB-R and EAF-S strains are illustrated
in Fig. 1A.

Image analysis revealed 2552 proteins on the gels.
Among these spots, we selected all spots showing a dif-
ferential representation greater than two-fold. Statistical
analysis revealed that differences observed for 12 spots
were significant (P < 0.05). Six of these proteins (670,
933, 1008, 1132, 1426, and 1496) were more represented
in hemocytes of susceptible snails and six (628, 1040,
1181, 1401, 1646 and 1686) were more represented in
hemocytes of resistant snails (Fig. 1B).

In order to identify these proteins, we first per-
formed an in-gel digestion with trypsin. Trypsic digests
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Table 1
Sequence tags obtained by LC-MS-MS and matching with ESTs of B.
glabrata

Spot Sequences ESTs accession
numbers

670 FAQYLTPAQEDELR CK989803
RLEAINLPNTEDNRRK
GIIPGIK

1040 YAAQINQLR CV022409
NTAYAELATR CK149507
GMDYADFWK
IDLIQQDCEAK
IASLQAERDELAR
DGMQLQHAQEEVK
QLSELERELEEQR
SLVEQAIGTAGK
MSLELEIACYKK

1401 DYDVYMTKPDHTFIK CK989288
SSPGELLPHGFTPLDLMSFEKPGN

1426 AAGVSVEPYWPGLFAK CK989132
APAEEKKKEAK

1686 ISGLIYEETR CK725238
GVLKVFLENVIRDAVTYTEHAKR CK725259

pared to the experimental peptide tags and experimental
peptide mass fingerprint obtained by LC–MS–MS and
MALDI-ToF MS respectively. Coverage percentages are
given in Table 2.

The cDNA corresponding to spot 670 is shown in
Fig. 2. The deduced sequence corresponds to a pro-
tein of 367 amino acids. This protein has a calculated
monoisotopic mass of 39524.25 Da and a theoretical pI
of 6.85, which are in good agreement with the position
of the protein in the gel. Comparison of the deduced
amino acid sequence to the databank revealed high simi-
larities to proteins of the fructose-bisphosphate aldolase
family (E-value = e−145 and e−144 for aldolase from
platyhelminthes, Swiss-Prot accession number P53442
(El-Dabaa et al., 1998), Q9GP32 (Brehm et al., 2000),
respectively). This B. glabrata protein was named
Bg fructose-biphosphate aldolase (GenBank accession

Table 2
Percentage of coverage of deduced amino acid sequences by experi-
mental data (tags and fingerprints) obtained from the different proteins
of interest

Spot Coverage (%)

670 30.5
1040 21.5
1401 66
1426 30.5
1686 50.5
ere then analysed by nanoLC–MS–MS. Peak lists con-
aining mass and intensity pairs were obtained from
eptides and their fragmentation products. These lists
ere analysed and compared to databases using MS/MS

ons Search software. Sequence tags obtained for the
pots 670, 1040, 1401, 1426 and 1686 displayed signif-
cant similarities and matched with ESTs of B. glabrata
Table 1). As the complete genome of B. glabrata is
ot yet available, we were not able to identify the other
pots (628, 933, 1008, 1132, 1181, 1496 and 1646) and
e exclude them from the present analysis.
In order to confirm these identifications, com-

lete coding sequences (CDS) of these different genes
ere then characterized by RACE-PCR using primers
esigned from the ESTs. The PCR products were then
loned and sequenced. The sequences obtained are
hown in Figs. 2–6, which correspond to the complete
DS of the genes encoding proteins 670, 1040, 1401,
426 and 1686, respectively. The corresponding deduced
mino acid sequences were then analysed to obtain
he coverage percentage. Theoretical masses of pep-
ides generated by the PeptideMass software were com-
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Fig. 1. Comparison of hemocyte protein patterns from uninfected susceptible and resistant snails. (A) Silver-stained two-dimensional reference gels
of proteins from B. glabrata resistant (CB-R) and susceptible (EAF-S) snails. Molecular mass (M) calibration is indicated on the left of the gel and
pI calibration at the bottom of the gel. The pI calibration was done with pI standards run in the same conditions on a separate gel. Spots differentially
represented between gels are encircled. (B) Normalized volume of proteins differentially represented between CB-R and EAF-S quantified with
ProgenesisTM software. All differences are significant when using the Mann–Whitney U-test (P < 0.05). The figure shows the average values obtained
from six gels for each condition. Spots 670, 933, 1426 and 1496 were not detected on CB-R gels and spot 1646 and 1686 were not detected on
EAF-S gels.
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Fig. 2. cDNA corresponding to the protein 670 (aldolase). The deduced amino acid sequence is shown in widely spaced upper case letters. Fragments
of the protein identified by analysis of mass spectrometry data are highlighted in pale grey (mass fingerprint and tags obtained by MALDI-ToF and
MS–MS). The charged amino acids known to mediate actin binding to the rabbit aldolase protein (Wang et al., 1996) are boxed. Positions of primers
designed for Q-PCR and CDS characterization are in italic and in bold respectively.

number: DQ117975). This protein is probably cytoplas-
mic as predicted by the PSORT II prediction program and
contains the four charged amino acids known to mediate
actin binding to the rabbit aldolase protein (Wang et al.,
1996).

The cDNA corresponding to spot 1040 is shown in
Fig. 3. The deduced sequence corresponds to a protein of
582 amino acids. This protein has a calculated monoiso-
topic mass of 65237.61 Da and a theoretical pI of 5.48,
which are not in agreement with the position of the pro-
tein in the gel. Comparison of the deduced amino acid
sequence and the peptides tags and fingerprint obtained
by mass spectrometry revealed that only the C-terminal
part of the precursor is covered by experimental data
(Fig. 3). These data strongly suggest that the spot 1040
could (i) be the result of cleavage of the N-terminal por-
tion of the full-length protein and (ii) correspond to the
C-terminal part of the precursor starting at G271. Indeed,
this last part of the precursor has a calculated mass of
34538.68 Da which is in agreement with the position

of the protein in the gel. Comparison of this precur-
sor to the databank revealed high similarities to proteins
of the intermediate filament family from molluscs (E-
value ≈ 0; Aplysia californica S24545, Helix aspersa
S12277, Lymnaea stagnalis Q6QUW1). Consequently,
the protein corresponding to spot 1040 was named Bg
intermediate filament protein (GenBank accession num-
ber: DQ117976).

The cDNA corresponding to spot 1401 is shown in
Fig. 4. The deduced sequence corresponds to a protein of
139 amino acids. This protein has a calculated monoiso-
topic mass of 15227.49 Da and a theoretical pI of 6.41,
which are in good agreement with the position of the pro-
tein in the gel. Comparison of the deduced amino acid
sequence to the databank revealed high similarities to
cytidine deaminase from vertebrates (E-value < 2e−39
for cytidine deaminase from Mus musculus, P56389
or Homo sapiens, P32320). A protein motif database
search (SCANPROSITE) revealed the presence of an
active site for cytidine deaminases (PS00903), which is
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Fig. 3. cDNA corresponding to the protein 1040 (intermediate filament protein). The deduced amino acid sequence is shown in widely spaced
upper case letters. Fragments of the protein identified by analysis of mass spectrometry data are highlighted in pale grey (mass fingerprint and tags
obtained by MALDI-ToF and MS–MS). Positions of primers designed for Q-PCR and CDS characterization are in italic and in bold respectively.

conserved in the large cytosine deaminase family. The
family can be classified into RNA-editing deaminases,
cytidine deaminases and cytosine deaminases based on
substrate specificity and the active-site sequence. The
analysis of the precursor showed that our protein shares
the structural features of the cytidine deaminase group
(see Fig. 4). Consequently, this B. glabrata protein was
named Bg cytidine deaminase (GenBank accession num-

ber: DQ117977). Note that this protein is also probably
cytoplasmic as predicted by the PSORT II prediction
program.

The cDNA corresponding to spot 1426 is shown in
Fig. 5. The deduced sequence corresponds to a pro-
tein of 114 amino acids. This protein has a calculated
monoisotopic mass of 11573.75 Da and a theoretical
pI of 4.44, which are in good agreement with the
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Fig. 4. cDNA corresponding to the protein 1401 (Cytidine deaminase). The deduced amino acid sequence is shown in widely spaced upper case
letters. Fragments of the protein identified by analysis of mass spectrometry data are highlighted in pale grey (mass fingerprint and tags obtained
by MALDI-ToF and MS–MS). Cytidine and deoxycytidylate deaminases zinc-binding region signature is underlined. Boxed regions indicate the
active site domains and arrows denote the conserved cysteines involved in the Zn binding. Conserved residues found in all members of the protein
family are underlined. Positions of primers designed for Q-PCR and CDS characterization are in italic and in bold respectively.

position of the protein in the gel. Comparison of the
deduced amino acid sequence to the databank revealed
high similarities to acidic ribosomal protein P1 (E-
value = 5e−39 and 4e−36 for ribosomal protein P1 from
Drosophila melanogaster P08570 and Mus musculus,
P47955, respectively). This B. glabrata protein was
named Bg ribosomal protein P1 (GenBank accession
number: DQ117978).

The cDNA corresponding to spot 1686 is shown in
Fig. 6. The deduced sequence corresponds to a protein of
103 amino acids. This protein has a calculated monoiso-

topic mass of 11360.38 Da which is in good agreement
with the molecular weight deduced from the molecular
mass calibration. Nevertheless, the position in the gel
(4 < pI < 5) is not in agreement with the theoretical pI of
11.36 calculated from the amino acid sequence deduced
from the cDNA. Comparison of the deduced amino acid
sequence to the databank revealed high similarities to
numerous histone H4 (E-value = 2e−52 for histone H4
from Mus musculus, Q6PDS7, for example). This B.
glabrata protein was named Bg histone H4 (GenBank
accession number: DQ117979).

Fig. 5. cDNA corresponding to the protein 1426 (Ribosomal Protein P1). The deduced amino acid sequence is shown in widely spaced upper case
letters. Fragments of the protein identified by analysis of mass spectrometry data are highlighted in pale grey (mass fingerprint and tags obtained by
MALDI-ToF and MS–MS). Positions of primers designed for Q-PCR and CDS characterization are in italic and in bold respectively.
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Fig. 6. cDNA corresponding to the protein 1686 (Histone H4). The deduced amino acid sequence is shown in widely spaced upper case letters.
Fragments of the protein identified by analysis of mass spectrometry data are highlighted in pale grey (mass fingerprint and tags obtained by
MALDI-ToF and MS–MS). Positions of primers designed for Q-PCR and CDS characterization are in italic and in bold respectively.

3.2. Differential abundance of the proteins is
neither correlated to a differential transcription
level nor linked to differences in primary structures
of the proteins between the two strains

In order to determine if the differences in abundance
of the proteins could be linked to different transcript con-
tents in hemocytes for the corresponding genes, we anal-
ysed the expression ratio of each gene to ribosomal pro-
tein (S19) by Q-PCR (Fig. 7). No significant difference
in transcript content was evidenced for the gene encod-
ing Bg aldolase, Bg cytidine deaminase, Bg ribosomal
protein P1 and Bg histone H4. A significant difference
was only observed for the gene encoding Bg intermediate

filament protein (P < 0.05). The corresponding transcript
was 3.7 more represented in hemocytes of susceptible
snails (Fig. 7), whereas the corresponding protein (cleav-
age product) was 3.41 more represented in hemocytes of
resistant snails.

Therefore, differences in hemocyte content of our
different proteins of interest do not appear correlated
with differences in expression ratios of the correspond-
ing genes.

In order to investigate if mutations between strains
could be responsible for differential position of pro-
teins in gels, we further characterize the CDS of these
different genes in the two strains. No differences were
observed.

stant CB
PCR an
formed
Fig. 7. Differential abundance of transcripts in hemocytes of the resi
strains. Transcript ratios were determined using real-time quantitative
the average value (±S.D.) of three independent experiments each per
showing difference in transcript level that was significant (P < 0.05).
-R (dark boxes) and the susceptible EAF-S (light boxes) uninfected
d are expressed relatively to S19 expression levels. Each histogram is
in duplicates. *Bg intermediate filament protein corresponding gene
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Fig. 8. Transcript ratios corresponding to the spots 670, 1040, 1401, 1426 and 1686 in the resistant CB-R (dark boxes) and susceptible EAF-S (light
boxes) infected snails at different times post-exposure. Ratios were determined using real-time quantitative PCR and are expressed relatively to S19
expression levels (ratio/S19). Each histogram is the average value (±S.D.) of three independent experiments each performed in duplicates.

3.3. Effect of infection on expression ratios

In order to further investigate the potential involve-
ment of the candidate genes in the differential suscep-
tibility of strains, we analyzed their transcript level at
various times after exposure to E. caproni (Fig. 8). The
kinetic rates of transcription of the genes of interest were
analyzed on total RNA extracted from three independent
pools of ten snails at 0, 3, 6, 12, 24, 48 and 96 h post
infection.

No significant differences between the two strains
were observed concerning the variations of Bg aldolase,
Bg cytidine deaminase and Bg ribosomal protein P1
transcripts at different periods post-infection. On the
other hand, significant variations (P < 0.05) were evi-
denced for the genes encoding Bg histone H4 and Bg

intermediate filament protein. Indeed, a peak of Bg his-
tone H4 was evidenced following 6 h of infection (6.25
fold the control value) in susceptible but not in resis-
tant snails. Bg intermediate filament protein transcripts
increase during the first hours post-infection with a peak
reached at 24 h (6.77 times more than in the control).
On the contrary, Bg intermediate filament protein tran-
scripts decrease during the first hours post-infection
and drop drastically at 6 h (4.63 times less than the
control).

4. Discussion

The comparative proteomic approach we used to
study hemocytes collected from susceptible and resis-
tant snails revealed that 12 out of the 2552 proteins
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from hemocytes exhibited significant differences in their
apparent abundance.

Direct comparison of tags obtained by LC–MS–MS
to databases allowed the identification of 5 of these 12
differentially represented proteins. The complete CDS
of the different corresponding cDNAs were character-
ized using RACE-PCR. These five cDNAs displayed
high similarities for proteins whose function is known in
numerous biological models. These proteins were named
Bg aldolase, Bg intermediate filament protein, Bg cyti-
dine deaminase, Bg ribosomal protein P1 and Bg histone
H4.

Bg aldolase is a protein detected only in hemocytes of
the EAF-S strain. The corresponding transcript is highly
and equally present in hemocytes of the 2 strains. No
difference in the primary structure of the protein was
evidenced by complete CDS sequencing of the 2 strains.
This means that only translational or post-translational
processes could explain the absence of this protein
in hemocytes extracts from CB-R snails. Fructose-1,6-
biphosphate aldolases are ubiquitous glycolytic enzymes
that catalyze the reversible cleavage of d-fructose 1,6-
biphosphate to d-glyceraldehyde 3-phosphate and dihy-
droxyacetone phosphate, by an ordered uni–bi mecha-
nism (Rose et al., 1965). It has been known for many
years that several glycolytic enzymes can interact with
cytoskeletal proteins (Arnold and Pette, 1968) and it has
been proposed that some of these enzymes could play
structural and/or regulatory roles in cytoplasm, in addi-
tion to their catalytic role. In apicomplexan parasites,

EAF-S strain. In addition, the transcript concentration
of this gene varies very differently after exposure to the
parasite in the 2 strains: high increases are evidenced
in resistant snails in the first 24 h following exposure,
whereas high decreases are observed in susceptible ones
at the same time. All these observations taken together
reveal that the regulation of the expression of this gene
is very different in hemocytes of the two strains. This
kind of protein is involved in the structure of the inter-
mediate filaments which are one of the three cytoplas-
mic filament systems participating in conjunction with
microfilaments and microtubules to the cytoskeleton fil-
ament network. While these structures were considered
to form static “space filling” cytoplasmic network in the
cells, recent works showed that intermediate filament are
dynamic, motile elements of the cytoskeletal repertoire
of vertebrate cells (Helfand et al., 2004). Considering the
major role probably played by differences in hemocyte
mobility and adherence capabilities towards the parasite
between strains, this gene that is differently regulated
between strains could be a candidate to explain differ-
ences in susceptibility/resistance.

While no difference in transcript concentration of the
gene encoding Bg histone H4 was evidenced, the cor-
responding protein was only detected in gels from the
CB-R snails. In addition, the position in the gel of the pro-
tein in extracts from CB-R hemocytes (4 < pI < 5) is not
in agreement with the theoretical pI of 11.36 calculated
from the amino acid sequence deduced from the cDNA.
This phenomenon was already observed for the same
recent results have revealed a potential role for aldolase
in connecting adhesion molecules from the parasite with
the cytoskeleton, and have provided a model linking
adhesion with motility (Buscaglia et al., 2003; Jewett
and Sibley, 2003). Such an involvement of aldolase in our
system could be crucial to explain the differences of com-
patibility between strains. This hypothesis is strength-
ened by the conservation in Bg aldolase of the 4 charged
amino acids known to mediate actin binding (Wang et al.,
1996). The differential abundance or post-translational
processing of Bg aldolase between strains could explain
differences in motility or adhesion of hemocytes from
susceptible snails which failed to encapsulate the para-
site (Ataev and Coustau, 1999).

Bg intermediate filament protein is a protein whose
cleavage product is more represented in hemocytes of
the CB-R strain. This could participate in a regulated
proteolysis process of Bg intermediate filament pro-
tein, as it was already evidenced for an intermediate
filament protein of another gasteropod (Perlson et al.,
2004). We have shown that the transcript corresponding
to this protein is more represented in hemocyte of the
protein in other models (http://www.expasy.org/cgi-
bin/nice2dpage.pl?P02304). This suggests that the
protein could have been submitted to major post-
translational modifications in hemocytes of the CB-R
strain. Recently, it was shown that histone are subject to
extensive post-translational modifications, such as acety-
lation, methylation, phosphorylation and other covalent
marks (Jenuwein and Allis, 2001; Peterson and Laniel,
2004) linked to either activation or repression of tran-
scription (Freitas-Junior et al., 2005; Nie et al., 2005).
In our model this differential post-translational status of
histone H4 could reflect a differential chromatin struc-
ture in hemocytes of CB-R and EAF-S snails responsible
for different patterns of gene expression. In addition,
following parasite exposure we evidenced a differential
regulation of the corresponding gene between strains.
While no variation was observed in resistant snail, a
high increase of Bg histone H4 transcript was observed
in susceptible ones. This could also trigger chromatin
modifications in susceptible snails and result in different
patterns of gene expression in EAF-S snails contributing
to the success of infection.

http://www.expasy.org/cgi-bin/nice2dpage.pl?p02304
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The spot 1426 corresponds to the acidic ribosomal
protein P1 from B. glabrata. While this protein was
only detected in hemocytes of the EAF-S strain, no dif-
ference in the transcript content of the corresponding
gene in hemocytes of the two strains was evidenced.
This suggests that post-translational modifications could
also be involved in the differences observed. Some post-
translational modifications of acidic ribosomal protein
were documented (Nusspaumer et al., 2000; Giorgianni
et al., 2004) and these can affect the expression of specific
proteins and the manifestation of particular phenotypes
(Zambrano et al., 1997; Rodriguez-Gabriel et al., 1998).
Nevertheless, it is difficult to speculate on the potential
role of these modifications in our system.

Finally, we evidenced in this study a cytidine deami-
nase more represented in hemocytic extracts of the resis-
tant snails. This enzyme is an evolutionarily conserved
enzyme of the pyrimidine salvage pathway, which cat-
alyzes the hydrolytic deamination of cytidine to form
uridine (Camiener and Smith, 1965). This enzyme is
intracellular, cytosolic and highly expressed in human
mature granulocytes (Kuhn et al., 1993). This protein
is released upon granulocyte activation (Mansson et al.,
1990; Yu et al., 1992) and has a growth regulatory effect
by depleting the pool of cytidine required for genome
replication. The potential regulatory role of this molecule
on hemocyte mitosis could participate to a better regula-
tion of the cellular response in resistant snail. In addition,
as this enzyme is released upon activation, it could trig-
ger a cytidine depletion around the parasite encircled by
t
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