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electric focussing was carried out in a horizontal
apparatus (Protean®IEF System from BioRad) at
20°C using a 5-step program: 500 V for 1 h and
30 min, followed by 1000 V, 2000 V and 4000 V,
each step during 1 h and 30 min; finally 8000 V to
reach a total of 52000 V h!. Current did not
exceed 50 pA per strip. After the first dimension,
strips were incubated for 15 min in equilibration
buffer (6 M urea, 50 mM Tris, 2% sodium dodecyl-
sulphate [SDS], 30% glycerol) containing 1% DTT
and then for 15 min in the same buffer supple-
mented with 2.5% iodoacetamide. The equilibrated
IPG strips were loaded on the top of 12.5% SDS
polyacrylamide gels, and the second dimension
was performed at 15°C in a vertical apparatus
(Protean®P1us Dodeca Cell, BioRad), with capacity
to carry out SDS-PAGE in up to 12 gels simultane-
ously keeping the same conditions: 2.5 W per gel
for 30 min followed by 12.5 W until the running
front reached the bottom of the gel. To assess the
reproducibility of the gels, 6 replicate gels were
produced from each health condition (non-infected
and infected) within each stock; all replicates were
performed in the same conditions. To determine
the coordinates of experimental molecular mass
(M,) and pl for each single spot, 2-D gels were cal-
ibrated using 2-D SDS-PAGE standards (BioRad), a
selected set of reliable identification landmarks
distributed throughout the entire gel.

Protein visualisation and image analysis

After 2-DE, protein spots were visualised by silver
staining, using a protocol compatible with MS (50 %
[v/v] ethanol, 1.2% [v/v] acetic acid and 0.05% [v/Vv]
formaldehyde for 1 h or overnight; 50 % [v/v] ethanol
for 20 min [x3]; 0.02% [w/v] sodium thiosulfate for
1 min; wash step with H,O milli-Q for 20 s [x3];
0.01 % [w/v] silver nitrate for 30 min; wash with H,O
milli-Q for 1 min [x3]; 0.05 % [v/v] formaldehyde, 3 %
[w/v] sodium carbonate, 0.02 % [w/v] sodium thiosul-
fate until complete appearance of the spots and
finally 1.5% [w/v] EDTA for 10 min to stop the stain-
ing). For image analysis, silver-stained gels were
digitised at 63.5 x 63.5 pm resolution using a Bio-Rad
GS-800 calibrated densitometer, and proteomic
analyses were performed with PD Quest 8.0.1 soft-
ware (BioRad). In order to obtain image patterns as
similar to the original gels as possible, visual corrob-
oration and manual edition of digitised gels were
performed, and streaks, speckles and artefacts were
removed. Fig. 2 shows how the comparison between
haemolymph pools was carried out within stocks. A
synthetic master gel was built by combining the best
4 gels obtained from each pool including only the
spots present in all gels of that pool. Then, the cre-
ation of a final synthetic gel for each stock, which
compared master gels of each pool of that stock,
allowed the discrimination of spots unique to each

Fig. 2. Scheme of the gel analysis and comparison between haemolymph pools within each oyster stock. (A) Analysis of gels of

each haemolymph pool to produce a master gel including only the spots shared by all 4 replicate gels. (B) Comparison be-

tween master gels of the haemolymph pools within each stock. (C) Final master gel of each stock discriminating the spots

shared by all the haemolymph pools and the spots unique to each of them. (D) Final master gel resulting from the additional
comparison between the master gels from oysters negative for Bonamia spp. in the 2 Galician stocks
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pool from spots shared by all pools within each stock.
Those unique spots were considered ‘'representative’
of the haemolymph of that particular pool because
they appeared in every gel from that pool but they
did not appear in every gel of the other pool/s within
the same stock (they might or might not appear in
some gels of the other pool/s). A conservative strat-
egy was followed, discarding all results that were
ambiguous, badly defined, showed overlapping spots
or spots detected at the boundaries of gels that did
not resolve properly. Highly reproducible replica-
tions were observed within each haemolymph pool.
The spots considered representative of each
haemolymph pool were excised and processed for
protein identification as explained below.
Additionally, particular attention was paid to oysters
of the 2 Galician stocks in which Bonamia spp. were
not detected despite the occurrence of B. ostreae and
B. exitiosa in the farming area. Thus, a comparison
between master gels from haemolymph pools of oys-
ters negative for Bonamia spp. of GSS and GNSS was
performed (samples from oysters negative for
Bonamia spp. of the RS were not included in the com-
parison, as their environmental background was dif-
ferent). With this comparison, characterization of
spots (1) shared by and (2) unique to or representative
of each Galician stock was possible. Unfortunately,
such spots could not be further processed for sequen-
cing due to funding limitations. No comparison of the
Galician stocks with the Irish stock was made because
the environmental conditions of their respective loca-
tions was different, and thus discriminating the influ-
ence of stock and infection from that of environment
in the protein profiles would not have been possible.
Differences in the number of spots occurring in the
master gels between stocks were analysed through
stock paired comparisons using 2 x 2 contingency ta-
bles and Fisher's tests with Bonferroni corrections, in
which the PCR diagnosis (positive or negative) were
organised into rows and the stocks into columns. IBM
SPSS 20 software was used in the statistical analysis.

MS and database search

Selected protein spots were manually excised and
sent to the Proteomic Service of the Ramén Do-
minguez Foundation (Complejo Hospitalario Uni-
versitario de Santiago de Compostela, Spain) for
sequencing. Spectrometry approaches such as matrix-
assisted laser-desorption/ionisation time-of-flight
(MALDI-TOF) MS and MALDI-TOF/TOF tandem MS
(Gogichaeva et al. 2007) were used in protein identifi-

cation of trypsin-digested spots (Shevchenko et al.
1996). MS data were obtained in an automated analy-
sis loop using a 4800 MALDI-TOF/TOF analyser (Ap-
plied Biosystems). Peptide mass fingerprinting and
peptide fragmentation spectra data of each sample
were combined through the GPS Explorer Software
v3.6 (Applied Biosystems) using Mascot software
v2.1. (Matrix Science) to search against the non-re-
dundant protein databases of Mollusca, Alveolata and
Rhizaria taxa included in the National Center for
Biotechnology Information (NCBI). Protein databases
of Alveolata and Rhizaria (protozoan infra-kingdoms,
the latter including the genus Bonamia) were included
in the search to increase the probability of matching
in case some excised spots corresponded to Bonamia.
Due to the poor protein and DNA sequence database
coverage for Ostrea edulis, most proteins were identi-
fied by de novo sequencing and BLAST similarity
searching following a procedure outlined by Liska &
Shevchenko (2003). All MS/MS spectra for a sample
were sequenced de novo using Pro BLAST 1.4 soft-
ware (Applied Biosystems) (Altschul et al. 1997), and
the top 6 candidate sequences for each MS/MS were
combined into a single text-format search string,
which was then submitted to MS BLAST for sequence
similarity searching using a server version of the Para-
cel BLAST software. Protein identification significance
was judged using the MS BLAST scoring algorithm;
identifications were considered correct with a score
250, although sequences with a lower score but with a
percentage of coverage of 100 % were also accepted
as correct. Additionally, fragmentation patterns calcu-
lated from the assigned peptide sequences were
matched against raw MS/MS data using links pro-
vided by the Pro BLAST software. Only proteins
matching with a minimum of 3 peptide sequences
with at least 20 identical amino acid residues were in-
cluded in the result list, providing more stringent cri-
teria for the identification according to the procedure
of Jorge et al. (2005).

RESULTS

Comparison of protein patterns between
haemolymph pools within each stock

Table 2 summarises the analysis of the gels pro-
duced in this study. In the GSS oysters, 2 pools were
made: one corresponding to oysters negative for
Bonamia spp., with an average of 804 spots in the
replicate gels, of which 495 were shared by the 4
replicates; and another corresponding to oysters pos-
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Table 2. (A) Results of the 2D-gel analysis, showing the average number of spots in the replicate gels from each haemolymph

pool, the number of spots in the master gels of each haemolymph pool and the numbers of spots shared by all pools within each

stock and spots representative of (unique to) each pool when comparing the pools within each stock (GSS: Galician selected

stock; GNSS: Galician non-selected stock; RS: Rossmore stock). The final column shows the number (and percentage) of

the representative spots that were further identified. (B) Results corresponding to the comparison between oysters negative
for Bonamia spp. of the 2 Galician stocks

Stock Haemolymph pool No. of spots No. of spots  Comparison between haemolymph pools within each stock
(4 replicates) (master gel) Shared Representative Identified
spots spots representative spots (%)
A)
GSS  Negative for Bonamia spp. 804 495 302 43 20 (47)
Positive for Bonamia spp. 707 381 8 3 (38)
GNSS Negative for Bonamia spp. 434 270 143 10 4 (40)
Positive for B. ostreae 505 258 22 2 (9)
Positive for B. exitiosa 533 297 13 0 (0)
RS Negative for Bonamia spp. 321 150 99 2 1 (50)
Weak signal for B. ostreae 622 365 16 4 (25)
Strong signal for B. ostreae 526 203 4 0 (0)
(B)
GSS  Negative for Bonamia spp. 804 495 158 109 -
GNSS Negative for Bonamia spp. 434 270 25 -

itive for Bonamia spp., with an average of 707 spots
in the replicate gels, of which 381 were shared by the
replicates. A total of 302 spots were shared by the 8
gels used for the analysis of this stock. Comparison
between haemolymph pools within GSS showed that
43 spots were representative of (unique to) the
haemolymph pool from oysters negative for Bonamia
spp. and 8 spots were representative of the pool from
oysters positive for Bonamia spp. (Figs. 3A & 4).

In the case of GNSS, 3 haemolymph pools were pro-
duced, one from oysters negative for Bonamia spp.,
with an average of 434 spots in the gel replicates, of
which 270 spots were shared by the 4 replicates and
10 were representative spots. The second pool com-
prised oysters positive for B. ostreae, with an average
of 505 spots in the replicate gels; 258 spots were
shared by the 4 replicates and 22 were representative
spots. The third pool was from oysters positive for B.
exitiosa, with an average of 533 spots in the replicate
gels; of these, 297 spots were shared by the replicate
gels and 13 were representative spots (Figs. 3B & 95).
The 12 gels of this stock shared 143 spots.

In the case of RS, 3 haemolymph pools were pro-
duced, including one from oysters negative for
Bonamia spp., with an average of 321 spots in the
replicate gels (150 spots were shared by the 4 repli-
cates and 2 were representative spots). The second
pool was from oysters with a weak positive signal for
B. ostreae, with an average of 526 spots in the repli-
cate gels (203 spots shared by the 4 replicates and 4
representative spots). The third pool comprised oys-
ters with a strong positive signal for B. ostreae, with

Fig. 3. Comparisons of spot patterns between master gels of
different haemolymph pools, showing the number of spots
representative of each pool and the numbers of spots shared
by all the pools in each comparison. (A) Oysters PCR-nega-
tive for Bonamia spp. of the Galician selected stock (GSS-)
vs. oysters PCR-positive for B. ostreae or B. exitiosa of the
same stock (GSS+). (B) Oysters PCR-negative for Bonamia
spp. of the Galician non-selected stock (GNSS-), vs. oysters
PCR-positive for B. ostreae (GNSS Bo+) and PCR-positive
for B. exitiosa (GNSS Be+) of the same stock. (C) Oysters
PCR-negative for Bonamia spp. of the Rossmore selected
stock (RSS-) vs. oysters with a weak PCR signal for B. os-
treae (RSS WBo+) and oysters with a strong PCR-signal for
B. ostreae (RSS SBo+) of the same stock. (D) GSS- vs.
GNSS—; in this case, the grey circles correspond to the distri-
bution of the 43 spots found representative of GSS— in com-
parison ‘A’ (grey circle a) and that of the 10 spots found rep-
resentative of GNSS- in comparison ‘B’ (grey circle b). NA:
not analysed
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Fig. 4. Digitised images of silver-stained gels produced by 2D-SDS-PAGE showing protein profiles of the haemolymph pools

from the oysters Ostrea edulis of the Galician selected stock (GSS). Gel corresponding to the haemolymph pool from oysters

(A) negative and (B) positive for Bonamia spp. Red circles indicate spots representative of each haemolymph pool. Numbers

correspond to identified proteins, listed in Table 3. pl: Isolectric point; M;: apparent molecular mass (kDa). A representative
image is shown for each pool; 4 gels were run and analysed for each pool

Fig. 5. Digitised images of silver-stained gels produced by
2D-SDS-PAGE showing protein profiles of the haemolymph
from Ostrea edulis of the Galician non-selected stock
(GNSS). Gel corresponding to the haemolymph pool from
oysters (A) negative for Bonamia spp., or positive for either
(B) B. ostreae or (C) B. exitiosa. Red circles indicate spots
representative of each haemolymph pool. Numbers corre-
spond to identified proteins, listed in Table 3. pl: isolectric
point; M,;: apparent molecular mass (kDa). A representative
image is shown for each pool; 4 gels were run and analysed
for each pool
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an average of 622 spots in the replicate gels (365
spots shared by the 4 replicates and 16 representa-
tive spots) (Figs. 3C & 6). The 12 gels of this stock
shared 99 spots.

Differences in the distribution of the number of
spots depending on PCR diagnosis (positive or nega-
tive) were significant in the comparisons GSS vs.
GNSS (p = 0.002), GSS vs. RS (p < 0.001) and GNSS
vs. RS (p < 0.001). Remarkably, the PCR-negative
pool of the GSS oyster stock had more spots than the
PCR-positive pool of the same stock, whereas the
PCR-negative pools of the GNSS and RS stocks had
fewer spots than the PCR-positive ones of the respec-
tive stocks.

Comparison of protein patterns between Galician
oysters negative for Bonamia spp.

The additional comparison between the master
gels from the haemolymph pools of oysters nega-

5 pl 8

tive for Bonamia spp. of the 2 Galician stocks
showed that both master gels shared 158 spots,
while 109 spots were unique to the master gel of
GSS and 25 spots were unique to the master gel
of GNSS (Table 2B). The group of 158 spots
occurring in both pools of this comparison included
7 spots that were considered representative of
the GSS oysters negative for Bonamia spp. when
compared with GSS-positive ones, and 3 spots
that were considered representative of GNSS oys-
ters negative for Bonamia spp. when compared
with GNSS-positive ones. The group of 109 spots
unique to GSS-negative oysters when compared
with GNSS-negative ones included 13 spots that
were representative of GSS-negative oysters when
compared with GSS-positive ones. The group of
25 spots unique to GNSS-negative oysters when
compared with GSS-negative ones included 3
spots that were representative of GNSS-negative
oysters when compared with GNSS-positive ones
(Fig. 3D).
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Fig. 6. Digitised images of silver-stained gels produced by
2D-SDS-PAGE showing protein profiles of the haemolymph
from oysters Ostrea edulis of the Rossmore stock (RS). Gel
corresponding to the haemolymph pool from oysters (A)
negative for Bonamia spp., or with (B) a weak positive signal
or (C) a strong positive signal for B. ostreae. Red circles indi-
cate spots representative of each haemolymph pool. Num-
bers correspond to identified proteins, listed in Table 3. pl:
isolectric point; M;: apparent molecular mass (kDa). A repre-
sentative image is shown for each pool; 4 gels were run and
analysed for each pool
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Protein identification

A total of 118 spots were found representative of a
particular pool when comparing the pools within
each stock (Table 2). Those representative spots
were excised, digested with trypsin and sequenced
by MS. Sequencing and database searching allowed
the identification of 34 proteins, of which 2 corre-
sponded to ‘hypothetical’ matched non-identified
proteins of molluscs included in databases. All of
the accepted matches were obtained against the
Mollusca database and none against the Rhizaria
and Alveolata databases. The list of identified pro-
teins representative of each haemolymph pool is
included in Table 3. In the GSS stock, 20 proteins
from oysters negative for Bonamia spp. were identi-
fied; they were mainly involved in energy metabo-
lism, respiratory chain, acting as chaperones, RNA
processing, protein biosynthesis and degradation,
cytoskeleton, oxidation-reduction process, apopto-
sis, and antioxidant and signal transduction. In the
GSS oysters positive for Bonamia spp., 3 proteins
were identified, which were involved in transcrip-
tion, protein biosynthesis and antioxidant processes.
In the GNSS oysters negative for Bonamia spp., 4
proteins were identified, involved in energy metab-
olism and defence, while 2 proteins involved in glu-
tamate biosynthesis and in defence were identified
in GNSS oysters positive for B. ostreae. Within the
RSS stock, 1 protein involved in cell growth was
identified in oysters negative for Bonamia spp.,
while 4 proteins involved in cytoskeleton, protein
degradation and detoxification were identified in
oysters with a weak signal for B. ostreae.

Regarding the comparison between the master gels
from the haemolymph pools of oysters negative for
Bonamia spp. of the 2 Galician stocks, 7 of the 109
spots unique to the master gel of GSS oysters
negative for Bonamia spp. corresponded to identified
spots (codes 1, 3, 5, 10, 12, 14 and 17 in Table 3), while
2 of the 25 spots unique to the master gel of GNSS
oysters negative for Bonamia spp. corresponded to
identified spots (codes 24 and 26 in Table 3).

DISCUSSION

Differences in haemolymph proteomic profile
were detected between oysters infected with
Bonamia spp. and non-infected oysters within each
oyster stock. Considering that infected and non-
infected oysters of the same stock shared the same
environmental conditions throughout their life, the

Table 3. Identified proteins corresponding to 2-DE spots that were considered representative of Ostrea edulis haemolymph pools when comparing the pools within each oyster
stock (GSS: Galician selected stock; GNSS: Galician non-selected stock; RS: Rossmore stock). pl: Isolectric point; M,: apparent molecular mass in Daltons; Exp: experimental value;

Theo: theoretical value; Score: highest alignment score between the query sequence and the database sequence segment (the higher the value of the score, the better the peptide
match); E-value: the number of distinct alignments, with a score equivalent to or better, that are expected to occur in a database search by chance (the lower the E-value, the better
the peptide match); Sequence: only the best match sequence is shown in the table; Match/(%Cov): number of amino acids of the protein sequence that corresponded to matched

peptides and percentage

Match
(%Cov)

Biological E-value NCBI Sequence

pI (Theo)/

M; (Theo)/

NCBI acc.

Protein
identification

Code Oyster Bonamia spp.

score

function

(Exp)

(Exp)

no.

diagnosis

stock

9/9 (100)

GPIAHGSSS

5.26/6.67 Energy metabolism, 0.088

23.65/80

AFR24232.1

Negative Cytochrome c oxidase
subunit I, partial (mitochon-

GSs?

1

respiratory chain

drial) (Chelidonura berolina)

29/29 (100)

KSVVPGGGAVEAALSIYLENFATSLGSRE

89.3

9 x 1072

T-complex protein 1 subunit EKC42768.1 75.32/67.68 6.82/6.64 Chaperone

Negative

GSS

alpha (Crassostrea gigas)
Adenylosuccinate synthetase-

12/12 (100)

KNYDSFPALDEDLCRL

42.6

3x107°

48.60/60.98 6.09/6.65 Energy and amino

XP_022333667.1

Negative

GSss?

3

acid metabolism
RNA processing

like (Crassostrea virginica)

15/16 (94)

RNPDMSIPENTEERRN

54.9

1x107°

48.50/51.22 5.49/5.98

XP_022320812.1

Lupus La homolog protein

Negative

GSS

(C. virginica)
Eukaryotic initiation factor

29/29 (100)

6.79/6.58 Protein biosynthesis 5 x 107 96.9 KVILALGDYMSVQCHACIGGTNIGDDIRK

137.9/48.1

EKC18878.1

Negative

GSs?

5

4A-III (C. gigas)
NADH-ubiquinone
oxidoreductase 75 kDa
subunit, mitochondrial-like

21/25 (84)

KNPPQVLFMLGADEGVLTRDDLPKD

68.1

1x 10713

80.41/38.70 5.84/5.96 Energy metabolism,

XP_022305803.1

Negative

GSS

respiratory chain

(C. gigas)
RNA helicase p47
(Spisula solidissima)
FH1/FH2 domain-containing

22/22 (100)

KITELGYSCFYIHARMNQQHRN

79.1

50.70/42.70 7.62/6.09  RNA processing 1 x 107"7

AAK85400.1

Negative

GSS

8/8 (100)

PPPPPGAP

28.6

0.50

Cytoskeleton

294.80/39.48 9.34/6.13

OWEF39623.1

Negative

GSSP

8

organisation

protein 3 (Mizuhopecten

yessoensis)
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differences in proteomic profile suggest that the
pattern of protein expression changed due to infec-
tion with Bonamia spp. Changes in protein expres-
sion might be caused by the parasite, which could
block host metabolism in order to escape host
defence mechanisms, or reflect a host metabolic
dysfunction as a consequence of the disease. Para-
sites have frequently been associated with alteration
of protein variety and concentration in the host
haemolymph. A substantial reduction in protein
variety in the haemolymph of Ostrea edulis associ-
ated with infection with B. ostreae was reported by
Cao et al. (2009). Protein levels lower than in their
corresponding healthy counterparts were noted in
Perkinsus marinus-infected Crassostrea virginica
(Chu et al. 1993) and in MSX-infected C. virginica
(Barber et al. 1988). Decreased levels may be due to
rapid utilisation of host nutrients by the parasite
(Cronin et al. 2001). The oyster stocks used in the
study showed different patterns regarding differ-
ences between oysters negative for Bonamia spp.
and positive ones in the number of protein spots;
this number was higher in negative than in positive
oysters within GSS, whereas GNSS and RSS oysters
showed the opposite pattern, i.e. lower number of
spots in oysters negative for Bonamia spp. Thus, dif-
ferent stocks seem to have different behaviours in
response to infection with Bonamia spp. Cao et al.
(2009) found that bonamiosis-resistant O. edulis
stocks expressed a wider variety of proteins in the
haemolymph than susceptible stocks did; the results
obtained from the Galician stocks (GSS and GNSS)
were in agreement with that observation.

The qualitative proteomic study allowed the identi-
fication of proteins representative of each infection
group within each oyster stock up to a total of 34.
These proteins whose expression is modified by in-
fection with Bonamia spp. are presumably key play-
ers in the host-parasite interaction. Remarkable
discrepancies were found between the theoretical
values of molecular weight and/or isoelectric points
of some identified proteins and the observed values
according to the position of their spots in the gels.
Protein isoforms generated by post-translational
modifications, alternative splicing or the occurrence
of multigene families could account for such discrep-
ancies (De La Fuente et al. 2011).

Results showed that infection with Bonamia spp.
leads to modified expression of O. edulis proteins
involved in major metabolic pathways, such as ener-
gy production, respiratory chain, oxidative stress,
signal transduction, transcription, translation, protein
degradation and cell defence. Changes in protein

expression might be caused by the parasite, which
could block host metabolism in order to escape host
defence mechanisms, or reflect a host metabolic dys-
function as a consequence of the disease. Several
proteins identified in Galician stock (GSS and GNSS)
oysters negative for Bonamia spp. were involved in
energetic metabolism. Host energetic reserves are
mobilised in order to generate the energy needed to
counter the parasite (Engelsma et al. 2014). Also,
immune cells require a constant supply of energy for
basic housekeeping and specific immune functions
such as migration, phagocytosis and cytotoxicity
(Buttgereit et al. 2000, Krauss et al. 2001). Immune
stimulation results in increased biochemical activity
and therefore a greater demand for ATP. Thus, cru-
cial processes for specific immune functions are rap-
idly impaired when immune cells are deprived of
energy (Coyne 2011). Proteins involved in energy
metabolism were identified in non-infected oysters of
the GSS and GNSS stocks: (1) adenylosuccinate syn-
thetase (AdSS), which catalyses the first reaction in
the synthesis of AMP; its regulation is considered a
checkpoint in the maintenance of the ATP:GTP ratio
in cells (Raman et al. 2004); (2) adenylate kinase,
which plays a significant role in providing ATP for
cytoskeletal functions crucial in defence mechanisms
and is recognised as a sensitive reporter of the cellu-
lar energy state (Dzeja & Terzic 2009, van Horssen et
al. 2009); and (3) arginine kinase (AK), which cata-
lyses phosphoarginine and ADP to produce more
L-arginine and ATP molecules during the immune
response. L-arginine is the unique physiologic source
of the nitrogen atom in nitric oxide (Kinsey & Lee
2003), which is regarded as a crucial component of
the innate immune response (Apel & Hirt 2004).
Thus, AK might play an important role in the immune
response against invading pathogens by modulating
NO concentration (Shi et al. 2012). Modulation of
proteins identified in our study has been previously
observed in different pathologic processes (Chen et
al. 2011, Wu et al. 2013).

Key components of the respiratory chain were also
identified in GSS and GNSS oysters negative for
Bonamia spp.: cytochrome c oxidase, NADH dehy-
drogenase and succinate dehydrogenase (ubiqui-
none) flavoprotein. Modified expression of these pro-
teins (or their genes) has been previously identified
in other bivalves infected with different parasites
(Tanguy et al. 2004, Kang et al. 2006, Perrigault et al.
2009, Prado-Alvarez et al. 2009, Fernandez-Boo et al.
2016) and in O. edulis when challenged with B.
ostreae (Martin-Gémez et al. 2012). The mitochon-
drial respiratory chain is important for the immune
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response of molluscs because (1) immune-stimulated
cells present increased metabolic and energetic
needs (van Rensburg & Coyne 2009, Coyne 2011); (2)
a functional electron transport system is necessary
for the phagocytosis of invading pathogens (van
Rensburg & Coyne 2009); and (3) an intensive activ-
ity of the respiratory chain generates an excess of
reactive oxygen species (ROS) (Koopman et al. 2010),
which is considered a defence mechanism against
invading pathogens (De Zoysa et al. 2009). An inhibi-
tion of the electron transport could account for a
reduced immune response (van Rensburg & Coyne
2009, Donaghy et al. 2012). Altogether, proteins in-
volved in energy metabolism are crucial for the
immune response and could be blocked by Bonamia
spp. to successfully infect bivalves.

Other major metabolic processes in which iden-
tified proteins are involved were protein synthesis
(transcription and translation) and degradation, which
showed that these processes are also affected in
O. edulis—-B. ostreae interactions. Zinc finger protein
ZFAT involved in transcription was representative of
GSS oysters positive for Bonamia spp. Lupus La-like
protein and RNA helicase p47, involved in transla-
tion, were representative of GSS oysters negative for
Bonamia spp. Eukaryotic initiation factor 4A (elF4A)
and 60S acidic ribosomal P2, involved in protein syn-
thesis, were representative of GSS oysters negative
and positive for Bonamia spp., respectively. Under-
expression of e[F4A and thus blocking protein trans-
lation is associated with parasite—host interaction
(Prasad et al. 2014). 26S protease regulatory subunit
8 and ubiquitin-associated protein 2, involved in pro-
tein degradation, were representative of GSS oysters
negative for Bonamia spp. and RSS oysters with a
weak positive signal for B. ostreae, respectively.
Variations in the expression of 26S protease regula-
tory subunit gene have been observed in flat oysters
infected with B. ostreae (Martin-Gomez et al. 2012).
Modified expression of various proteins related to
26S proteasome was also observed in the haemo-
lymph of the octopus Octopus vulgaris infected with
protozoan parasites (Castellanos-Martinez et al.
2014). Proteasome plays a critical role in ubiquitin-
mediated protein degradation through the ubiqui-
tin-proteasome pathway and is involved in cell pro-
liferation, apoptosis and stress responses; therefore,
proteasome is regarded as an essential component of
the defence system (Wu et al. 2013).

The cytoskeleton plays a central role in many cell
functions, regulating cell shape, cell division, adhe-
sion, motility, migration, signal transduction and
phagocytosis, which are crucial elements in the de-

fence mechanisms (May & Machesky 2001). Many
parasites are able to challenge the cellular machin-
ery to invade and survive within host cells (Rottner
et al. 2004). Parasite-host interactions are involved
in cytoskeletal changes (Gruenheid & Finlay 2003).
Consistently, various proteins identified in this study
were involved in cytoskeletal functions: T-complex
protein 1 subunit alpha, FH1/FH2 domain-contain-
ing protein 3, Kelch-like protein 24 (KLHL) and von
Willebrand factor A domain-containing protein 3B
(vWFA). Changes in the cytoskeleton of O. edulis
after being parasitised by Bonamia spp. have been
previously reported (Chagot et al. 1992, Morga et al.
2011a, Martin-Goémez et al. 2012). Phagocytosis is a
cytoskeleton-dependent process (May & Machesky
2001). Phagocytosis of Bonamia spp. by host haemo-
cytes is a key process in oyster—parasite interaction,
and even B. ostreae seems to actively contribute to its
own phagocytosis (Chagot et al. 1992). Consistently,
variations in the expression of cytoskeleton proteins
suggest that such proteins play an important role
in response to Bonamia spp. AdSS and adenylate
kinase have been mentioned above as relevant pro-
teins in energetic metabolism. These proteins are
especially interesting, as they participate in the gen-
eration of AMP, which plays a key role in phagocyto-
sis (Lacoste et al. 2001, Fabbri & Capuzzo 2010). The
involvement of these 2 proteins in 2 independent
processes (energetic metabolism and phagocytosis)
involved in response to parasites underlies their
importance in the response to bonamiosis.

Another relevant cellular process for which spe-
cific proteins were identified is cell defence; the
identified proteins were involved in (1) activation of
the complement system, (2) apoptosis and (3) redox
control. Clq is the first subcomponent of the C1
complex of the classical pathway of complement
activation, which is crucial for the clearance of
pathogens in invertebrates (Zhang et al. 2008). Pro-
teins related to C1q are among the major classes of
pattern recognition receptors in most bivalves (Ger-
dol et al. 2015); these receptors are crucial in the
immune response of bivalves (H. Zhang et al. 2008,
L. Zhang et al. 2014). Complement C1lqg-like protein
2 was expressed in GNSS oysters negative for
Bonamia spp. The implication of proteins related to
Clqg in the host—parasite interaction has been
reported in other bivalves such as Ruditapes decus-
satus infected with Perkinsus olseni (Prado-Alvarez
et al. 2009) and Mercenaria mercenaria parasitised
by QPX (Perrigault et al. 2009). In European flat
oysters, C1lq expression significantly changes due to
bonamiosis and neoplasia (Martin-Gémez et al.
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2014). C1q has been proposed as one of the genes
that confer resistance to parasitic diseases in oysters,
as is the case for Saccostrea glomerata against
Marteilia sydneyi (Green et al. 2009) and O. edulis
against B. ostreae (Morga et al. 2012).

Apoptosis plays a key role in defence against
pathogens. The mechanisms and signalling path-
ways underlying apoptosis are crucial in molluscan
immune responses (Schaumburg et al. 2006, Soko-
lova 2009). In bivalves, the role of apoptosis has been
highlighted in the response of the oyster C. virginica
against P. marinus (Hughes et al. 2010) and the clam
R. decussatus against P. olseni (Prado-Alvarez et al.
2009). A large number of genes involved in apoptosis
has been recently identified in C. gigas and found
over-expressed in the context of infection with Vibrio
anguillarum (Zhang et al. 2011). O. edulis specifically
responds to B. ostreae by inducing apoptosis of
haemocytes (Gervais et al. 2016, Morga et al. 2017).
Two proteins involved in apoptosis were found rep-
resentative of GSS oysters negative for Bonamia spp.:
Lupus La-like protein and cathepsin B. Lupus La-like
protein was mentioned above as involved in protein
synthesis; it can indeed modulate the stability and/or
translation of other apoptosis-associated proteins
(Valavanis et al. 2007). Cathepsins are involved in
the interaction between clam hosts and Perkinsus
spp. parasites (Kang et al. 2006, Soudant et al. 2013)
and are included in the host defence genes of scal-
lops Chlamys farreri (Wang et al. 2009). The cathep-
sin B gene is overexpressed upon O. edulis—Bonamia
spp. interaction (Morga et al. 2012). Manipulation of
host apoptosis by intracellular parasites occurs in ver-
tebrate and invertebrate hosts (Deveraux et al. 1997,
Schaumburg et al. 2006). Thus, B. ostreae could
inhibit apoptosis in order to survive inside the oyster
haemocytes (Morga et al. 2012).

Redox balance is an important process for cell
defence. Our study has identified several proteins
that participate in the oxidative stress response of the
cell. Biliverdin reductase A (BVRA) and extracellular
superoxide dismutase[Cu-Zn]| (EcSOD) were repre-
sentative of GSS oysters negative for Bonamia spp.,
whereas thioredoxin 1 and glutathione S-transferase
omega (GSTO), also implicated in the oxidative
stress response (Lillig & Holmgren 2007, Martins et
al. 2014), were representative of GSS oysters positive
for Bonamia spp. and RSS oysters with a weak posi-
tive signal, respectively. The product of BVRA
enzyme, bilirubin, has been described as a powerful
ROS scavenger with a cyto-protective effect (Kapitul-
nik & Maines 2009). SOD is involved in the oxidative
stress response (Gonzalez et al. 2005), being one of

the most important antioxidant defence mechanisms
in almost all cells, including those of molluscs (Anju
et al. 2013). EcSOD expression in oysters S. glomer-
ata resistant to M. sydneyi is much higher than in
non-resistant ones (Green et al. 2009). Expression of
SOD in O. edulis varied in B. ostreae-challenged
haemocytes in vitro and in vivo (Morga et al. 2011b,
2017). Higher levels of activity of Cu/Zn SOD may
result in a more potent and lethal respiratory burst
(Goodall et al. 2004). Thus, B. ostreae-induced inter-
ference with the respiratory burst would help the
parasite survive and divide within O. edulis haemo-
cytes (Hervio et al. 1989, Morga et al. 2009, 2011Db,
2017, Comesana et al. 2012). Thioredoxin gene has
been identified as involved in the immune response
of O. edulis to bonamiosis (Martin-Gémez et al.
2012). It could be expressed by the protozoan to pro-
tect itself from bivalve defence; in P. marinus, an
increase in the thioredoxin expression was observed
after challenge with mucus from C. virginica (Pales
Espinosa et al. 2014). GST plays an important role in
bivalve defence against parasites; in Ruditapes
philippinarum, the GST gene was over-expressed in
clams infected by P. olseni (Kang et al. 2006) and in
C. virginica infected with P. marinus (Tanguy et al.
2004). Increased GSTO expression has been previ-
ously reported during O. edulis-B. ostreae interac-
tion (Morga et al. 2011a, Martin-Gémez et al. 2012).

Special attention was paid to differences in the
haemolymph proteomic profile between non-
infected oysters of the 2 Galician stocks, the selected
and the non-selected one. Because oysters used in
the study from both Galician stocks shared the same
environmental conditions throughout their whole
life, differences between both stocks in their pro-
teomic profile should be associated with genotype
differences. Some of the genotype-based variations
in protein expression could be a basis for the higher
resistance to bonamiosis of GSS oysters compared
to GNSS ones. Oysters from both Galician stocks
had been grown in an area of the Ria of Arousa
affected by bonamiosis and, as expected, the num-
ber of PCR positive oysters for both Bonamia spp.
was higher in the non-selected stock (see ‘Materials
and methods’). Seven proteins (namely, cytochrome
c oxidase subunit I, AdSS-like, elF4A-III, 26S pro-
tease regulatory subunit 8, KLHL, cathepsin B and
vWFA domain-containing protein 3B-like isoform
X1) were found to be representative of GSS-nega-
tive oysters when comparing the master gels of GSS
and GNSS oysters negative for Bonamia spp. Such
proteins would presumably play a relevant role in
the interaction with Bonamia spp. Importantly, some
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of them (cathepsin B, KLHL and vWFA) are involved tgse (SOD) from pearl oyster Pinctada fucata. Fish Shell-
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nisms supporting resistance to bonamiosis in O. Biol 55:373-399
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flat oyster, Ostrea edulis L. Aquaculture 34:1-14
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