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ABSTRACT

Marine mollusk aquaculture has more than doublegtr dve past twenty years, accounting for over
15% of total aquaculture production in 2016. Inf@es disease is one of the main limiting factors to
the development of mollusk aquaculture, and thicdities inherent to combating pathogens through
antibiotic therapies or disinfection have led tte@sive research on host defense mechanisms atid hos
pathogen relationships. It has become increasidglgr that characterizing the functional profilds o
response to a disease is an essential step instiaéing resistance mechanisms and moving towards
more effective disease control. The Manila cl&uditapes philippinarum, is a main cultured bivalve
species of economic subject to Brown Ring Dise&R[)), an infection induced by the bacterium
Vibrio tapetis.

In this study, juvenile Manila clams were subjecteda 28-day controlled challenge withbrio
tapetis, and visual and molecular diagnoses were carngdam distinguish two extreme phenotypes
within the experimental clams: uninfected (“RES&sistant) and infected (“DIS”, diseased) post-
challenge. Total protein extractions were carrigtifor resistant and diseased clams, and proteane w
identified using LC-MS/MS. Protein sequences wesgamed against a reference transcriptome of the
Manila clam, and protein intensities based on kags quantification were compared to reveal 49
significantly accumulated proteins in resistant afiseased clams. Proteins with known roles in
pathogen recognition, lysosome trafficking, andiou#s aspects of the energy metabolism were more
abundant in diseased clams, whereas those with moleedox homeostasis and protein recycling were
more abundant in resistant clams.

Overall, the comparison of the proteomic profilégesistant and diseased clams after a month-long
controlled challenge to induce the onset of BrowngRlisease suggests that redox homeostasis and
maintenance of protein structure by chaperone pi®temay play important and interrelated roles in

resistance to infection by Vibrio tapetis in the Manila clam.
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1. INTRODUCTION

Mollusks represent over a fifth of the global aguage market, accounting for USD 29.2 billion
in 2016 of which the most heavily traded species @ysters, clams, scallops, and mussels.
Originating from the Asian Pacific coast, the Manitlam,Ruditapes philippinarum has become
the second major cultured bivalve in the world,hwatver 4.4 million tons per year produced
worldwide [1]. This species was introduced to theerieh Atlantic coast for aquaculture
diversification in the 1970s [2], and following apid increase in clam production, mortality
events became increasingly frequent and severetwally leading to the closure of many clam
production parks [3]. The mass mortality episodesensubsequently associated to Brown Ring
disease (BRD) [4,5], a chronic extra-pallial infent caused byibrio tapetis. After initial
proliferation of the bacteria in the extra-pall@mpartment, diseased clams manifest abnormal
conchiolin deposits along the inner surface ofghell. In severe infections, the pathogen may
cause lesions in the mantle and penetrate the lgempbl in which case septicemia and death
occur within 4-5 days [6,7].

In France, BRD continues to negatively impact pabidun and prevalence can reach 80 - 100 %
[8] along the Northern Atlantic coast. While thevesgty of the disease and the virulence of its
etiological agent are known to be largely dependsnta number of environmental factors,
namely temperature and salinity, bivalves have mbar of sophisticated stress and immune
response mechanisms, as well as a highly spenffiaté immune system on which they rely to
directly combat infection [9,10]. As marine bivadviack an adaptive immune system, the innate
genomic component of their immune system plays ssergial role in mitigating the host

response to pathogens.

Invertebrate innate immunity relies on a numbermpathogen recognition factors that trigger
signaling pathways involved in hemocyte recruitmehigocytosis, and the production of a wide
range of antimicrobial compounds for host defendile resistance to infection in bivalves
initially depends on the ability of mucosal intexéa to impede pathogen entrance into the host,
circulating hemocytes from fluids (such as hemollingmd extra-pallial fluids) and bioactive
molecules in the plasma are responsible for medjathe secondary host response through
phagocytosis and direct bacterial neutralizatiorabgimicrobial effectors [11,12]. Interestingly,

clams have been shown to recover from BRD throug#ll sepair processes, leading to the
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investigation of this resistant phenotype in selvpapulations [13]. Previous gene expression
and transcriptomic studies on the Manila clam Hadeto the assembly of a transcriptome and
have shed light on several factors such as pathogemgnition and killing, modulation of
hemocyte cytoskeleton, regulation of apoptosid, l@a-mineralization that are likely to play key
roles in the innate immune response against batterfections [4-8,14-19]. The factors
influencing virulence and highlighting the dynamiaisthe infection process leading to Brown
Ring disease in the Manila clam are increasinglil described [8,20-23], and it is has become
clear that the interactions between host and patihatduring infection leads to a complex
remodeling of the molecular framework of both ongars, highlighting the importance of
understanding the changes in gene expression assvlose occurring on the proteomic level.
In addition, several studies focusing \dibrio-induced expression of immune-related gends.in
philippinarum suggest a tendency towards a downregulation aohffemmatory response and an
upregulation of genes related to homeostasis is $pecies, insisting on the importance of
investigating the molecular mechanisms at playdeniify markers of resistance [24,25]. The
growing number of genomic and transcriptomic resesiravailable for this host species have
unveiled particularly high levels of polymorphism, factor that may mitigate the observed
functional variability in the immune response tdhpmens [26,27], though to date there remains
a significant knowledge gap surrounding the fun@laesponse of the Manila clam to infection
with Vibrio tapetis, particularly in disease-resistant clams.

The present study aims to characterize the protepnofiles of resistant and susceptible Manila
clams following infection withVibrio tapetis. By comparing the functional response in these two
extreme phenotypes, we seek to shed light on ttteraresponsible for resistance to pathogens

in this invertebrate species.
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2. MATERIALS AND METHODS

2.1. Experimental design and sampling
JuvenileR. philippinarum (average shell length 12.37 mm) from a cohort ofech families
produced at the SATMAR hatchery (Marennes, Framegk acclimated for 12 days in aerated
seawater tanks at 14°C. An experimental group (B8JLl%as exposed to air for 8 hours at 14°C
to facilitate valve opening, then placed in a shalltank and injected into the pallial cavity
(without damaging the mantle epithelium) with 50 of V. tapetis suspension (strain
CECT4600) prepared in filter-sterilized sea water (FSSWitaming 8.2 x10 bacteria.mr*
(4.1 x 16 bacteria injected per clam). A first control gro@@l; n=300) was injected with 50 pL
of FSSW, and a second control group (62300) received no treatment. All clams (injected as
well as not injected) were then kept in dry comhs for at least 6 hours to ensure that the
injected clams retained the fluid, then returnedéparate tanks in a thermoregulated room at
14°C with no food and constant aeration for fouekss according to a standardized protocol
established by Paillard & Maes [28]. As BRD is aachc infection localized in the extra-pallial
compartment, injection into the pallial cavity masithe natural infection process, whereas
injecting tissues results in rapid septicemia Vortapetis injections, or tissue disruption in the
case of sterile filtered sea water injection irte tissues. Dead clams, when they occurred, were
recorded daily and removed from the tanks. The aesawemained unchanged throughout the
duration of the experiment. After the four-weekuhation period, all clams were sampled for
whole weight, shell weight, shell length, and eatdm was individually opened with a cleaned
scalpel over a tube, allowing whole tissues andi$luo be collected together, after which the

sample was flash frozen in liquid nitrogen andexticait -80°C.

2.2. Diagnostic methods
For visual diagnosis, shells were observed undaginacular magnifier to identify and quantify
the extent index of Brown Ring disease accordinghi® classification system described by
Paillard & Maes (1994). For molecular diagnosis, M&Rom whole-body tissue and fluid
samples was analyzed. Briefly, the samples wereogemized in a volume of phosphate buffer
saline (PBS; pH = 7) based on tissue weight, fiona concentration of 0.25 mg/uL tissue in the
buffer. Ceramic beads were added to each samplanaatianical tissue disruption was done

using 2 cycles of 20 seconds beating (10 sec. paismom temperature at 6.5 m/sec on a
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FastPrep-24 benchtop homogenizer (MP-Bio). TotaAD#Xtractions were carried out using 80
ML (eq. 20 mg) of the homogenate and the Nucleo§@inTissue Kit (Macherey-Nagel)
according to the manufacturer's protocol with miradaptations (see detailed protocol in
supplementary file 1). The remaining homogenate ¥lesh frozen and stored at -80°C for
subsequent protein extractions. PCR mix was prepaith 1 puL template DNA, 5 pL GoTaq G2
Flexi buffer, 0.15 uL GoTaq polymerase enzyme (ully/ 0.5 pL dNTP mix (each 10 mM),
17.35 puL HO, and 0.5 pL of forward and reverse primers spetif thevirB4 gene of thev.
tapetis strain CECT4600 (final volume 25 pL, adapted from Bidault et a28]). Initial
denaturation was done at 94°C for 5 min, followgd® cycles of denaturation (94°C), annealing
(54°C), and extension (72°C) for 30 seconds eauh aafinal extension step at 72°C for 3 min.
PCR products were deposited on 1% agarose gellaciiophoresis was carried out at 110 V for
45 min. In total DNA samples containi tapetis DNA, a 173 bp amplicon was then visible by

fluorescence.

2.3. Total protein extraction and digestion

Based on both visual and molecular diagnoses, ssmpére assigned to one of four categories
representative of the disease kinetics: BRD-/PCH; BRD-/PCR+ (1); BRD+/PCR- (2);
BRD+/PCR+ (3). Total proteins were extracted frdimreé samples from category O and three
samples from category 3 (presenting the same extdek of conchiolin deposit according to
Paillard & Maes [29]), representing the extreme nutgpes hereafter referred to as “RES”
(Category 0) and “DIS” (Category 3). Sample homages were defrosted on ice and 10 pL
protease inhibitor mix (GE Healthcare) was addefferAmixing by vortex, the samples were
centrifuged at 15 000 x g for 10 min at 4°C. Thpesnatant was transferred to a clean tube and
proteins were quantified according to the Bradforethod [30]. Based on protein concentration,
the volume necessary for 50 ug of total proteins twansferred to a clean tube and volume was
adjusted to 50 pL with an ammonium bicarbonate (AghBolution (100 mM). Samples were
reduced with 5 pL dithiothreitol (10 mM) for 40 mites at 56°C, then alkylated with 10 pL
iodoacetamide (20 mM) for 30 min in the dark. Pirotdigestion was carried out at 37°C
overnight with 10 pL trypsin buffer (0.1 pg/pL). taf digestion, 5% formic acid was added and

peptide samples were dehydrated using a SpeedVaaotewtrator.
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2.4. LC-MSMS analyses
Peptide quantification and identification was cadriout through nano-LC MS/MS to allow for

the comparison of the proteomic profiles of resistato Brown Ring disease in the Manila clam.

2.4.1. Sample Preparation for Mass Spectrometry Analysis
For nano-LC fragmentation, peptide samples west fiesalted and concentrated onto a pC18
Omix (Agilent) before analysis. The chromatograpstgp was performed on a NanoElute
(Bruker Daltonics) ultra-high pressure nano flowrashatography system. Peptides were
concentrated onto a C18 pepmap 100 (5 mm x 300.gujnprecolumn (Thermo Scientific) and
separated at 50°C onto a Aurora reversed phase$tepolumn (25 cm x 7um i.d.) packed
with 1.6 pum C18 coated porous silica beads (lonopticks). Mophases consisted of 0.1%
formic acid, 99.9% water (v/v) (A) and 0.1% fornaicid in 99.9% ACN (v/v) (B). The nanoflow
rate was set at 400 nl/min, and the gradient grafids as follows: from 2 to 15% B within 60
min, followed by an increase to 25% B within 30 ramd further to 37% within 10 min, followed

by a washing step at 95% B and reequilibration.

2.4.2. Mass Spectrometry Analysis
MS experiments were carried out on a TIMS-TOF pessspectrometer (Bruker Daltonics) with
a modified nano electrospray ion source (CaptivagpBruker Daltonics). The system was
calibrated each week and mass precision was grémeterl ppm. A 1400 spray voltage with a
capillary temperature of 180°C was typically em@dyor ionizing. MS spectra were acquired in
the positive mode in the mass range from 100 t® 1@&. In the experiments described here, the
mass spectrometer was operated in PASEF mode wailhstoon of single charged peptides. A

number of 10 PASEF MS/MS scans was performed durig§ seconds from charge range 2-5.

2.4.3. Peptide Sequencing and Protein Precursor |dentification
The fragmentation pattern was used to determinsd¢hj@ence of the peptide. Database searching
was performed using the Peaks X software. A custiatabase was used, consisting in the
translated sequences of loci from the digestivengjlaranscriptome of the Manila clam

(unpublished data; a FASTA file containing loci segces for significantly differentially
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accumulated proteins can be sound in supplemefil@id, with the corresponding annotations in
supplementary file 2). The variable modificatiofisvaed were as follows: C-Carbamidomethyl,
K-acetylation, methionine oxidation, and DeamidatigNQ). “Trypsin” was selected as
Semispecific. Mass accuracy was set to 30 ppm af8 Da for MS and MS/MS mode
respectively. Data were filtering according to aRFlBf 0.5% and the elimination of protein

redundancy on the basis of proteins being evidebgdte same set or a subset of peptides.

2.5. Data analysis
Label-free quantitative data from Peaks X softwarere imported into Perseus in which
statistical analyses were performed [31]. Dataewkrg2-transformed and only proteins
identified in every sample of at least one of tbhaditions tested were kept for further analysis.
Data were then compared using a t-test betweenitcoml “RES” and “DIS”, a threshold of
significance of 0.05 was applied, below which pitde were considered as statistically
differentially accumulated.
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3. RESULTS AND DISCUSSION

3.1. Identification of RESvs DISindividuals following experimental infection
A major goal of this study was to compare the pote changes inR. philippinarum
individuals, from a single population, showing aasted susceptibilities to BRD. Overall, a low
mortality of 2.4 % was observed during the four-wéscubation period, as it often observed
whenV. tapetis is injected into the pallial fluids. MoreoverjsHow mortality occurred mostly
on days 5-6, as was previously described by autwbish suggested this is due to septicemia
following accidental injections o¥. tapetis in the tissues [32]. The highest mortality perugro
(5.5 %) occurred in group C1 (inoculated with FSSWhereas group C2 (no treatment) and the
experimental group (inoculated witil. tapetis) showed 1.8 % and 1.9 % total mortality,
respectively, comparable to the results obtainedotimer BRD studies [13]. Shell length
(12.37+0.14 mm) and total weight (0.411+0.011 gyewmeasured for all individuals, and dual
diagnosis was carried out for 430 experimental slabual diagnosis of the experimental clams
showed that 59 % showed varying degrees of cornnhil@posits, and 42 % were PCR-positive
for the strain-specifigirB4 173 bp amplicon. Overall, the experimental popotatvas relatively
evenly distributed in the four categories (Table Qontrol groups C1 (n=66) and C2 (n=49)
showed conchiolin deposits in 1.5 % and 2 % ofilials, respectively, and none of the control
samples were positive for molecular diagnosis.
The four diagnostic categories in which the experital clams were placed represent four stages
in the infection process as it occurs within theapallial compartment, summarized in Figure 1.
Clams from the two extreme phenotypes, i.e. catedor(BRD-/PCR-) and category 3
(BRD+/PCR+), were chosen for the following proteorsiudy.

3.2. Differential shotgun proteomics of resistant (RES) vs diseased (DIS) clams
In all, we could identify 2093 proteins, of whicBZ2L were present in at least 2 out of 3 samples
in one or both condition(s) (termed “RES” for caigg O/resistant and “DIS” for category
3/diseased). Only proteins identified in both REB8 BIS samples were retained for downstream
analyses. Spectral counts were used to calculatesthtive abundance of proteins. A Student T-

test was used to identify proteins for which aburéawas significantly modified in either of the
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two categories, yielding a list of 102 proteinsngiigantly more abundant in either RES or DIS
clams p-val < 0.05; a complete list of these proteins cancamd in the supplementary file 2,
and a FASTA file containing the corresponding seges of the loci can be found in
supplementary file 3). Of these, 49 proteins hddldchange of at least 1.5: seventeen proteins
were accumulated in the RES group and thirty-twadedns in the DIS group, four of which could
not be characterizedC( gigas protein IDs: EKC23703, EKC34161, EKC41442, EKC37p1
These 49 proteins are presented in Figure 2 andaheotations are further detailed in Table 2;
they were functionally annotated by examining thassociated COG categories, biological
process GO terms, and literature review, and dssmibelow according to their potential roles in
different aspects of Brown Ring disease, i.e. tlmeniune response”, “Energy production” and

“Protein metabolism”.

Table 1: Dual diagnosis through visual inspectibthe inner surface of both valves (BRD+ or BRDaggdPCR
amplification of the virB4 gene region of 173 bCf®+ or PCR-) allows for distinction between 4 catéggs,
ranging from CAT 0O (uninfected post-challenge, ted"RES”) to CAT 3 (infected according to both diagtic
methods, termed “DIS”). The 430 samples tested shatv24 % and 26 % of samples fall in CAT 0 andTCA
respectively. The link between these categoriestlamélinetics of infection in the extra pallial cpartment with
Vibrio tapetisis described in Figure 1.

DIAGNOSTIC CATEGORIES:

Total experimental
clamsn= 430 BRD- BRD+
CAT 0 CAT 2
PCR- n= 105: 24% n= 142: 33%
CAT 1 CAT 3
PCR+ n= 70 16% n= 113 - 26%
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(a) (b) (c)

RES DIS

LOD: 10 cells

Logl0 cells.ml’ V. tapetis

v

7 14 30

(ad. Bidault et al. 2015)

Days Post Injection

Figure 1: Schematic representation of the kinaifdrown ring disease development during 30 day& jggection (DPI) in a controlled challenge, adapfrom Bidault et
al. 2015, showing concentration \éftapetis in extrapallial fluids (cells.mt) and limit of detection (LOD) at 1x1@ells. "RES" clams are negative for both visual an

molecular diagnosis. Bacteria enter the extrapalbenpartment and become quantifiable at pointtfen proliferate rapidly (clams at this stagetarened “CAT 1” in our
study), with highest concentrations generally obsgraround 7 DPI. The host then begins to trapéfoteria within the conchiolin deposits charactirisf Brown ring

disease, thus leading to a decrease in the coatientof bacteria in the extrapallial compartmearhs at this stage are termed “CAT 2” in our sjudspresented by point

(b). Clams can thus be positive for the visual dagjs and negative for molecular diagnosis whilsthiacteria remain trapd against the inner surface of the shell, a jgs
during which the host attempts to recalcify over bacterial biofilm. In the case of “DIS” clamsnohiolin deposits are present but insufficientiiting the pathogen,
which will continue to proliferate (point (c), alsermed “CAT 3" for this study) and reach high centrations in the extrapallial compartment onceenor

10
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Disribution of significantly abundant proteins (FC > 1.5) in resistant
("RES") and diseased ("DIS") clams, by functional groups.
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Cytoskeleton
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Figure 2: Number of proteins per functional groue. (‘immune response”, “energy production”, “priot
metabolism”) that were more abundant in DIS clad@sk bars) and in RES clams (light bars).

w
(=2}
~1

11



Table 2: Proteins significantly abundant (p-val.e3) in DIS and RES clams, with fold-change > Idgsdup ratio"). Based on Clusters of Orthogous @s(COG), Biological
Process GO terms, and literature review regardiagales of these proteins in the context of disgtm proteins are grouped into three main funetiooles described in the
discussion; “Immune response”, “Energy productiaid “Protein metabolism”.

Student's . A . . .
DIS RES ) =~ Unique R philippinarum . . . _— Biological process GO  Functional role
Intensity Intensity Ratic" Tvtzlsutep peptides locus ID C. gigas protein 1D COG C.gigasgene description term discussed
Immune
1440 948 0.002 3 Locus 6868673 EKC40501 Galectin-9 _50:0006954 response -
inflammatory response pathogen
recognition
G0:0002752 cell surface Immune
1250 21 0.041 1 Locus 5288240 EKC31577 Beta—1,3-glu_can-b|nd|ng pattern recognition response -
protein 1 receptor signaling pathogen
pathwa recognitior
] . Immune
384 244 0.026 1 Locus 4334179 EKC24393 Complement C3 GO.O(igSQCS)SSlgwmune response -
P signalling
Ras GTPase-activating- G0:1903829 positive Immune
647 1770 0.005 3 Locus 615620 EKC23268 - . 9 regulation of cellular response -
like protein . .
protein localization cytoskeleton
G0:0006888 endoplasmic  Immune
1270 832 0.025 3 Locus 2955238 EKC27178 Dynactin subunit 2 reticulum to Golgi vesicle-  response -
mediated transport cytoskeleton
Sarcoplasmic calcium- C©:0051480 regulation of  Immune
14900 4540 0.018 9 Locus 7235177 EKC29122 Op: X cytosolic calcium ion response -
binding protein :
concentration cytoskeleton
Putative serine GO0:0051603 proteolysis Immune
3200 2010 0.025 4 Locus 2215912 EKC27269 . involved in cellular response -
carboxypeptidase CPVL . )
protein catabolic process  lysosomal
. . Immune
910 486 0.005 1 Locus 2384090 EKC25290 ependymin related 1 GO.OO(;Zjlh(‘SB(’)Si(;iII-matnx response -
lysosomal
Immune
903 446 0.045 1 Locus 2964637 EKC26355 Ovochymase-1 G0:0006508 proteolysis response -
lysosoms
palmitoyl-protein G0:0007042 lysosomal Immune
2660 531 0.029 2 Locus 3062641 ENSDARP00000139466* . ‘ A response -
thioesterase 1 lumen acidification |
ysosomal
Ras-related protein Rab- GO:0090382 phagosome Immune
680 374 0.014 1 Locus 665720 EKC31469 : - response -
43 maturation vesicles

12



Vacuolar protein sorting- G0:0007040 lysosome

Immune

1780 716 0.027 Locus 2853765 EKC32573 associated protein 35 organization response -
vesicles
296 2550 0.003 Locus 6888709 EKC26119 Angiotensin-converting GO:000_1817 regula_tlon of Immune
enzyme cytokine production  response - redox
Thioredoxin domain- G0:0045454cell redox Immune
323 669 0.019 Locus 2057997 EKC35339 containing protein 5 homeostasis response - redox
4480 8140 0.045 Locus 355976 EKC36585 Angiotensin-converting GO:OOQlSl? regulapon of Immune
enzyme cytokine production  response - redox
152 245 0.048 Locus 4589062 EKC37227 Alcohol dehydrogenase GO:0051775 response to  Immune
class-3 redox state response - redox
G0:2000379 positive
399 638 0.036 Locus 2688502 EKC36531 Xanthine regulation of reactive ~ Immune
dehydrogenase/oxidase oxygen species metabolicresponse - redox
process
G0:0034599 cellular Immune
2250 783 0.006 Locus 6590720 EKC20036 Glutathione peroxidase response to oxidative
response - redox
stress
. . Immune
448 753 0.003 Locus 3201607 EKC33267 Endophilin-B1 GO'Ooofgclss"‘s‘pOpto“c response -
P apoptosi
Serine/threonine-protein GO:0035970 peptidyl- Immune
1030 593 0.007 Locus 1202748 EKC29685 P threonine response -
phosphatase . ;
dephosphorylation apoptosis
Adenosine deaminase GO0:0006154 adenosine Immune
749 351 0.002 Locus 1979842 EKC21473 : : response -
CECR1 catabolic process ;
apoptosis
Energy
3500 2120 0.036 Locus 1236277 EKC20480 Glycogen debranching GO:OOOSQSO glycogen  production —
enzyme catabolic process carbohydrate
metabolisr
Energy
2860 1720 0.007 Locus 8380444 EKC18570 Phosphoglucomutase-1  CO-0006006 glucose - production -
metabolic process carbohydrate
metabolism
Energy
11100 6930 0.037 Locus 381335 EKC27095 Phosphoenolpyruvate GO:0006094 production -
carboxykinase [GTP] gluconeogenesis carbohydrate
metabolisr
Methylglutaconyl-CoA GO0:0006552 leucine Energy
1130 1770 0.031 Locus 2128190 EKC32958 : ; production -
hydratase catabolic process AAS
581 298 0.013 Locus 2982362 EKC42273 Excitatory amino acid  G0:0006537 glutamate roEdrl],lirt?gn -
) transporter 1 biosynthetic process P AAS
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Alanine aminotransferase G0:0042851 L-alanine

Energy

6150 1990 0.041 10 Locus 8587681 EKC33186 E > metabolic process proilfstlon -
Aspartate . Energy
21400 6060 0 19 Locus 2044774 EKC40669 E aminotransferase, GO‘OOO610.7 oxaloacetate production -
. metabolic process
cytoplasmic AAs
Propionyl-CoA G0:0006552 leucine Energy
4660 2820 0.034 1 Locus 7730822 EKC43060 El . : : production -
carboxylase beta chain catabolic process AAS
Pvruvate dehvdro enaseGO:0006086 acetyl-CoA Energy
9940 24000 0.038 8 Locus 4823168 EKC21276 C y yarog biosynthetic process from production -
E1 subunit alpha
pyruvate TCA
] . . Energy
38700 24600 0.001 26 Locus 2348137 EKC25158 C Malate dehydrogenase GO‘OOO6999 tricarboxylic production -
acid cycle TCA
3-demethylubiquinone-9 GO:0006744 ubiquinone Energy
1120 662 0.026 1 Locus 5269440 EKC19854 y . production -
3-methyltransferase biosynthetic process ETC
ATP synthase subunit ~ GO:0006754 ATP Energy
42700 24200 0.041 34 Locus 4313121 EKC39329 C . . production -
alpha biosynthetic process ETC
Protein
1190 2290 0.049 3 Locus 1397283 EKC35325 T Titin G0:0007155 cell adhesion metabolism -
transport
. . Protein
1940 2980 0.041 3 Locus 5145028 EKC29146 O  14-3-3 protein epsilon CG©:0035556 intracellular i -
signal transduction
transport
Cullin-associated ) . Protein
1600 3590 0.034 10 Locus 3208485 EKC19309 S NEDD8-dissociated ~ CO-0016567 protein o olism —
; ubiquitination .
protein 1 proteolysis
26S proteasome non- . . Protein
498 1630 0.044 2 Locus 4231109 EKC28114 0 ATPase regulatory ~ CO:0000209 protein b olism -
h polyubiquitination .
subunit 7 proteolysis
26S protease regulatory  GO:0000209 protein Protein
440 235 0.035 1 Locus 4900110 EKC29780 o) P - reguiatory OUDDSL Pr metabolism -
subunit 4 polyubiquitination .
proteolysis
FK506 binding protein  G0O:0046716 muscle cell Protein
4860 2510 0.012 4 Locus 2922613 EKC25378 o) ap : €1 metabolism -
14 cellular homeostasis . .
protein folding
Heat shock protein HSP  GO:0050821 protein Protein
2550 4140 0.014 16 Locus 2939806 EKC25687 (o] P DUSUO2L P metabolism -
90-alpha 1 stabilization chaperone
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G0:0000122 negative

Other -

633 1200 0.048 Locus 2389731 EKC42074 PO'V(RC)'bg‘d'”g Protein o qulation of transcription ranseriotion
by RNA polymerase Il P

Transcriptional activator G0:0006268 DNA Other -

1300 563 0.023 Locus 995640 EKC39351 P unwinding involved in -
protein Pur-alpha DNA replication transcription
1860 2940 0.003 Locus 453724 EKC20816 AsparaginyltRNA  GO:0006421 asparaginyl- ~ Other -
synthetase tRNA aminoacylation translation
1300 752 0.024 Locus 454248 EKC31246 60S ribosomal protein . 4506412 translation , O -
L27a translation
818 1560 0.021 Locus 3238632 EKC23703 Uncharacterized - - Other - unknown
Calycin superfamily
Abhydrolase domain- GO:0906656 .

584 357 0.018 Locus 4959443 EKC41849 S . phosphatidylcholine  Other - unknown

containing protein 14A biosynthetic process
670 396 0.033 Locus 1004421 EKC34161 si:ch73-250a16.5 Other - unknown
3520 1910 0.042 Locus 6596965 EKCA41442 Uncharacterized - SH3- Other - unknown

like domain
Uncharacterized -
1060 350 0.028 Locus 4498780 EKC37917 Carbohydrate esterase 4 Other - unknown
(CE4) family

t Ratios are presented as

for those more abundant in RES clams, and|&s

for those more abundant in DIS clams.

* Danio rerio protein ID and protein description
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3.3.IMMUNE RESPONSE-ASSOCIATED PROTEINS

3.3.1. Pathogen recognition and immune-pathway activation
The ongoing infection process in clams from the QtBup is supported by the presence of a
number of proteins whose primary functions are @ased with pathogen recognition and the
subsequent triggering of signaling pathways, sushGalectin-9 (Gal9), 1-B-glucan-binding
protein (BGBP), and Complement component C3 (CB)teths such as Galectins, which have
previously been demonstrated as upregulated inexi@a pallial fluids ofV. tapetis-infected
clams, and BGBP act as pattern recognition receiRRs) by recognizing-galactoside and
lipopolysaccharide residues found on bacterial nramds [18,33,34]. This initiates the immune
response by activating signaling pathways for chawis, phagocytosis, and opsonization and
induces antimicrobial peptide (AMP) synthesis tlglouhe prophenoloxidase and complement
cascade systems [35,36]. Interestingly, selectreeding for parasite resistance in the Sydney
rock oyster found that resistance was directly teelato the loss of a specific form of
phenoloxidase enzymes, supporting the presencdisf particular enzyme as a marker of
susceptibility [37,38]. The C3 protein identifiedour dataset belongs to the complement cascade
system, an essential component of the invertelmataine response leading to the opsonization
and lysis of pathogens [39-42]. Upregulation oft@ires associated to the complement system
have previously been described ki philippinarum through several transcriptomic studies
investigating response to disease, highlightinginigortance of this pathway in host response to
Vibrio pathogens [18,24]. The significantly high abundant proteins specifically involved in
pathogen recognition in the DIS group supports@ngtacute response to the ongoing infection
with V. tapetis in these animals.
Interestingly, the RES clam group showed high abnod of Ras GTPase-activating-like protein
1 (IQGAP1), a pathway-activating protein that iglivated in a number of immune-associated
functions. Namely, during infection by microbialtbagens that target the host microtubule
network, similar to the way in whic¥. tapetis inhibits pseudopod formation in the hemocytes of
R. philippinarum, IQGAP1 has been shown to bind to and modulate theity of proteins
involved in bacterial invasion, ultimately interiagf with the actin cytoskeleton [19,43].
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3.3.2. Pathogen-associated lysosomal activity
Other proteins highly abundant in the DIS group @mlved in immune response through
antimicrobial and lysosomal activity. The putatigerine carboxypeptidase (CPLV) and the
serine protease Ovochymase (OVCH1) identified ie @IS group are known to have
antibacterial activity and can be involved in paody#ic digestion of lysosomal components
[44,45]. As lysosomes contain the hydrolytic enzgmmeecessary for degradation of cellular
components as well as encapsulated pathogenicsagerg also interesting to note the higher
abundance of Ependymin-related protein 1 (EPDRDIB samples, which has been suggested
to function as a lysosomal activator protein, aathftoyl-protein thioesterase-1 (PPT1), which
is associated with lysosomal degradation of pret¢46,47]. An uncharacterized protein in the
DIS clam group belonging to the carbohydrate estera(CE4) family may also play a role in
degrading phagocytosed bacteria as well as inh@ibiofilm formation, as certain enzymes of
the CE4 family, whose main function is to de-acat®ylpolysaccharides, specifically degrade the
essential peptidoglycan polymers of bacterial edlls [48]. In addition, active intracellular
membrane trafficking (ex. phagosomes) in DIS clamsuggested by the high abundance of
proteins such as the Ras-related protein RAB43¢chvhegulates vesicular movement following
immune system activation by microbial infectionsgda vacuolar-sorting protein VPS35, which

directs transmembrane cargo proteins to the lysakdegradation pathway [49,50].

3.3.3. Cytoskeleton-associated immune response
The cytoskeleton is a network of filaments thatyplan essential role in certain aspects of
immunity through cell structure maintenance, tramspphagocytosis, and communication
between cellular components. As such, it is alsowknto be one of the targets of invading
pathogens such @&erkinsus olseni andV. tapetis in the Manila clan{19,51,52]. Interestingly, a
dynactin subunit (DCTN2) and a sarcoplasmic calehinding protein (SCP) were highly
abundant in DIS clams, both of which play a roleytoskeleton function. DCTN2 is part of a
dynein/dynactin complex which coordinates the ntidoale movement of vacuoles towards
lysosomes and plays an important role in the biegsnand transportation of pathogen-
containing vacuoles in rabbit cells infected byigdle intracellular bacteria [53,54]. This may
reflect the internalization oV. tapetis by hemocytes in the case of DIS clams, activating

microtubule motors such as the dynein/dynactin dexpn an attempt to fuse bacteria-
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containing vacuoles with lysosomal membranes. S@Psh are known to interact with the
cytoskeleton by regulating the calcium balance,ehbgen shown to be upregulated in Manila
clam hemocytes in response to both parasitic antkhal infections [18,22,51]. Bacteria of the
genusVibrio have been suggested to inhibit intracellular ickiihg and the fusion of bacteria-
containing phagosomes with lysosomes in order midawneutralization, a relatively common
immune-evasion technique seen in a number of pagied [55]. In this light, the elevated
abundance of lysosome-associated proteins in otdrtiee DIS group may reflect an attempt to

counter the bacteria’s inhibitory processes.

3.3.4. Apoptotic processes

Apoptosis of host immune cells during an infectiman represent one of the ultimate defense
strategies against invading pathogens, wherebyaisé cell is sacrificed so as to eliminate the
internalized pathogenic agent [56]. Induction obpipsis has been suggested to be one of the
mechanisms of survival put in place by resistardteng,Ostrea edulis, perhaps in response to
anti-apoptotic mechanisms that are a known surstategy for some intracellular pathogens,
such as the protozoan paradtenamia ostreae [57]. Clams from the RES group in our study
demonstrated higher abundances of Endophilin BX-1Bi a protein associated with the
formation of pores in the outer mitochondrial meart® that leads to apoptosis through the
caspase pathway [57-59]. In contrast, DIS clamswetohigh abundance of adenosine
deaminase (CECR1) a protein that, while primarg@gaziated with the purine metabolism, also
plays an important role in reducing the concerdratf the toxic derivatives of adenosine and
deoxyadenosine to protect cells from apoptosis6fHd0,A serine/threonine protein phosphatase
PPP3CC, also more abundant in DIS clams, bears cdsg@mblance with the protein phosphatase
3 catalytic subunit beta, PPP3CB, which was regesuttjgested to promote cell-proliferation and
may play an anti-apoptotic role in tumorous humamd&y cells [62]. While apoptosis is a
complex process that can benefit immune defendeapaoptosis is also a mechanism by which
the host may maintain cellular functions and cargicombatting infection, though seemingly at
a cost given the relatively high abundance of pnstéwvolved in energy metabolism in the DIS

clam group (see part 3.4).

3.3.5. Redox homoeostasis
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Host production of reactive oxygen species (ROS) egactive nitrogen species (RNS) is a
known mechanism of defense and pathogen neutializahough this process requires a delicate
balance as the accumulation of ROS/RNS can alsb tieaxidative damage to the host [63].
Glutathione peroxidase (GPX3), a member of thaulzllantioxidant system, was more abundant
in the DIS clam group. Interestingly, a previousd#s on BRD-infected Manila clams reported a
decrease in enzymatic activity of GPX at 7 dpi,uiiio the study did not measure enzyme
abundance nor activity at 30 dpi [21]. Oysters satgd to bacterial infection, however, have
shown an upregulation of glutathione peroxidaseegetpression in pathogen-challenged larvae,
suggesting that GPX may be an indicator of oxidasiress that may have been occurring in DIS
clams from our study as a result of the ongoingbanterial processes discussed in part 3.3.2
[21,64].

The RES clam group was characterized by a highanddnce of proteins more or less directly
associated with ROS/RNS production and scavendihipredoxin domain-containing protein 5
(TXNDCS5) is a member of the protein disulfide isoase family whose expression has been
associated with oxidative stress and cellular datyo[65,66]. At least two shorter-term (max 7
days) studies have investigated the role of thioxedin response tV'. tapetis, pointing towards
an increase in activity of thioredoxin W tapetis-challenged clams compared to controls or to
resistant clams, thus the higher abundance ofdatiaxdin observed in RES clams of this study
may reflect a possible reversal of this mechanisithé case of long-term resistance (30 days)
[21,67]. Similarly, xanthine oxidoreductase (XOR9n enzyme implicated in the purine
metabolism, has previously been associated withumber of innate immunity processes
including redox homeostasis through the produatibROS and RNS by xanthine oxidase (XO),
as well as indirect free radical sequestration lbyptline dehydrogenase (XD) through the
synthesis the antioxidant uric acid [63,68—70]. RiE8ns also presented a significantly higher
abundance of two Angiotensin-converting enzymesEAGQvhich were recently demonstrated to
induce superoxide production and thereby enhanceetieidal activity in mouse neutrophils
[71], and class-IIl alcohol dehydrogenase (ADH3RH3 uses the reducing power glutathione to
eliminate the organic compounds formaldehyde amdtrSsothiols (SNO), ultimately limiting
their decomposition into the RNS nitric oxide [73),7Nitric oxide is a known toxic agent
produced by immune cells of invertebrates for pgémodefense, and NO production Ry

philippinarum in response t¥. tapetis has been correlated to hemocyte rounding and ppedd
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loss [74], highlighting the possible importanceNsD-sequestration by proteins such as ADH3 in
order to counter the negative effects of this coamgoon the host.

These findings support previous hypotheses suggetiat ROS/RNS production by hemocytes
may represent an alternative anti-bacterial regpagsinst pathogens suchvasapetis, which is
known to evade host immune responses such as pltagiscby inhibiting pseudopod formation
[74,75]. In addition, the higher abundance of tedox homeostasis-associated enzymes RES
clams supports findings from previous studies iatiing that resistance may be associated with a
greater ability to balance ROS/RNS production aodvenging, allowing them to rapidly
neutralize pathogens before they are able to cdottie host while simultaneously protecting
host cells from oxidative damage, a dual procesvipusly suggested using enzyme activity

assays in the Manila clam exposed/tdapetis [21].

3.4.PROCESSES ASSOCIATED WITH ENERGY PRODUCTION

Proteins potentially associated with energy praduacthrough carbohydrate and amino acid
catabolism represent the second largest group rirdataset, most of which (10 out of 12) are
more abundant in the DIS clam group. This sectr@ugs together the proteins implicated in the
degradation of glycogen and amino acids that gémessential metabolites for the tricarboxylic
acid (TCA) cycle, leading to the production of highergy electron donors such as NADH which

can integrate the electron transport chain (Figdre

3.4.1. Amino acid degradation for energy production
Propionyl-CoA carboxylase beta chain (PCCB) andhylglutaconyl-CoA hydratase (AUH),
enzymes involved in the degradation of branchednchmino acids (BCAAs) such as leucine,
were significantly more abundant in DIS and RESndarespectively. Demand for BCAAs as
energy metabolites or for the synthesis of immuaiated molecules has been demonstrated to
increase during disease [76,77]. Decreased levelsnamber of other amino acids durividprio
infection in mussels have also been reported, siiggethat the significantly higher abundance
of Alanine aminotransferase (GPT2), Aspartate atramsferase (GOT1), and Excitatory amino-
acid transporter-1 (SLC1A1) in DIS clams may alsoassociated with the degradation and/or
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conversion of amino acids into metabolites suclpyasivate, oxaloacetate, awneketoglutarate
for the TCA cycle [78-81].

3.4.2. Carbohydrate metabolism and TCA cycle

Our dataset showed a high abundance of proteikmdjrglycolysis with the TCA cycle for the
aerobic production of ATP such as Pyruvate dehyelnage (PDH) E1 subunit (alpha type Ill) in
RES clams, as well as Glycogen debranching enzyA@®L) and Phosphoglucomutase-1
(PGM1) in DIS clams, which may reflect the degramtabf carbohydrates for the production of
pyruvate, namely in the DIS clam group [82]. Thi®up is also characterized by a greater
number of proteins associated with various aspefctise immune response, a process known to
be energetically demanding [83]. More importantheight loss, decreased glycogen reserves,
and condition index, which are indicative of enengypalance and poor health, have previously
been attributed to the negative impact of BRD oergy balance in the Manila clam [8,84,85].
Malate dehydrogenase (MDHL1), which participateyenTCA cycle by oxidizing malate to form
oxaloacetate, was also more abundant in DIS clamgporting the hypothesis of increased
carbohydrate degradation for energy production. @uaset also indicated a significantly higher
abundance of the mitochondrial Phosphoenolpyrucatboxykinase (PEPCK-M) in the DIS
group, which is generally associated with catalgzime irreversible conversion of oxaloacetate to
phosphoenolpyruvate (PEP) for gluconeogenesis.a&\this appears to contradict the hypothesis
of glycogen and glucose degradation, recent stutbee demonstrated that overexpression of
PEPCK-M (as opposed to the cytosolic form PEPCK¥@y play a role in antiviral immunity in
insects, and the accumulation of PEP in infectellstivas suggested to be an antibacterial

mechanism against the bacterial patho®espl asma phagocytophilum [86,87].

3.4.3. Electron transport chain
The end products of the TCA cycle ultimately convbgir electrons to the electron transport
chain (ETC), composed of molecules within the inme&mbrane of the mitochondria, including
the essential proteins ubiquinone (coenzyme Q10)AarP synthase. In the DIS group, the high
abundance of 3-demethylubiquinone-9 3-O-methyltexase, which participates in the final step
of ubiquinone synthesis, suggests that there igyla emand for electron acceptor molecules

which increase the proton gradient in the inter im@me space of the mitochondria [88].
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Figure 3: Schematic representation of energy priialuand the carbohydrate and amino acid metabsligmluding glycolysis, the TCA cycle, amino-adegradation pathways, and
the electron transport chain. The processes intwhiighly abundant proteins in DIS (orange) and RiE8en) clams are implicated are annotated wittabitweviated protein name.
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Overall, proteins associated with the energy mdisting including ATP synthase subunits and ETC-
associated proteins, as well as proteins assocwtbdenergy production from both amino acids and
sugars, are more abundant in the DIS group thaherRES group, reflecting a high energy demand

likely as a result of the active immune responsedeed previously.

3.5.PROTEIN METABOLISM
Seven highly abundant proteins in the dataset vamsociated with various aspects of protein
metabolism, namely proteolysis, transport, and ehapes.

3.5.1. Proteolysis

Proteolytic processes are represented in our datagethe proteins cullin-associated NEDDS8-
dissociated protein 1 (CAND1) and subunit 4 of 8&S proteasome complex (PSMC1) in the RES
group, and by the 26S proteasome non-ATPase regylstibunit 7 (PSMD?7) in the DIS group (Table
2). In eukaryotic cells, proteolysis, or the degtamh of proteins and recycling of their componergs
a process mediated by the conjugation of polyulilghains to proteins which are then recognized by
the 26S proteasome complex, a multi-subunit enzggeponsible for proteolysis [89]. CAND1 binds
to unneddylated CUL1, one of the three major corepts of an E3 ubiquitin ligase playing an
essential role in protein degradation by regulatiggse ubiquitination [90]. Interestingly, ubiguit
ligase complexes were found to be one of the targkepathogenic bacteria during infection, whereby
inhibiting factors produced by pathogens may be ébleffectively bind to CUL1, preventing it from
correctly forming the ligase complex [91]. PSMCDbutinates substrate recruitment and translocation
into the proteolytic chamber of the proteasome, ignelssential for rapid proteolysis [92]. Similarly
PSMD7 is another component of the proteasome immpbrin mediating the recognition of
polyubiquitin chains and cleavage of ubiquitin frasegraded proteins [93]. In a previous gene-
expression study ofP. olseni-infected Manila clams, proteasome subunits werendoto be
downregulated in diseased animals, indicating @&sa@ proteolytic activity [41]. In that respecte th
elevated abundance of CAND1 and PSMC1 in RES clarag indicate a trend towards ubiquitin
tagging of damaged proteins and more active prategradation in RES clams than in DIS clams.
High proteolytic activity ion RES clams may be lkatk to the digestion of phagocytosed and
neutralized bacteria, and may also reflect the ggres of a pro-apoptotic protein in this group. In
addition, it may be possible that RES clams wele & sustain the cellular functions necessary for
effective elimination of the pathogen, after whigtoteins damaged by oxidative stress during the

immune response are degraded.
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3.5.2. Transport, folding, and chaperone functions
Our dataset also contained proteins associated weaittous aspects of protein synthesis, including
protein transport (Table 2). Titin (TTN), a largeustural protein thought to function as a scaffold
protein, has been shown to interact with actinfdachin, proteins of the cytoskeleton implicatectlive
movement of cellular components and proteins [94)].vertebrate striated muscle, TTN was
specifically shown to recruit E3 ubiquitin-ligas#b|, thus its high abundance in RES clams mayctfle
transport associated with proteolysis, consisteith whe fact that this group also showed higher
abundance of CAND1 and a proteasome subunit. Angtiaéein implicated in protein transport is 14-
3-3 epsilon (YWHAE), a binding protein suggesteglay a role in protein transport to the secretory
pathway, namely through interaction with GTPasé+atthg proteins such as IQGAP1 (see 3.3.3
Cytoskel eton-associated immune response), also found highly abundant in RES clams [96].
DIS clams showed a high abundance of FK506 bingimgein 14 (FKBP14), which is thought to
accelerate protein folding as it belongs to a farofl peptidyl-prolyl cis-trans isomerases that péay
role in the folding of newly synthesized protei®3]. The higher abundance of this protein in th& DI
group may reflect an increase in the synthesisnohune-related proteins, which were also more
abundant in DIS clams. Furthermore, it is alsoregeng to note that this family of proteins (also
called immunophilins) has been shown to inhibitleastablishment and intracellular infection by
bacteria [98]. Though not directly implicated irof@in metabolism, the DIS group also presented high
abundance of an Abhydrolase domain-containing protassociated with biosynthesis of
phosphatidylcholine, an essential class of membpdruspholipids, possibly reflecting an increase in
membrane synthesis due to the internalization ofdo in phagosomes [99].
Heat-shock protein 90 (HSP90), a chaperone prdteh plays a crucial role in protecting protein
structure in response to stress conditions, walshhigbundant in RES clams. Due to its interaction
with the major histocompatibility complex (MHC) atite antigen processing pathways in vertebrates
[100], HSP90 has been suggested to play a roleeinnate immune system response and resistance to
infection in invertebrates [101]. As HSP synthesispromoted by protein denaturation, the trend
towards proteolytic activity in RES clams discussedpart 3.5.1 may be partially responsible for
activating HSP synthesis. That said, the highendance of HSP90 in RES clams may also indicate
that resistant clams have a lower threshold fotgmodenaturation and thus perhaps more rapidly
activate the synthesis of protective chaperoneeprst granting them an advantage over DIS clams

when it comes to cellular protection.
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3.6.0THER
The transcriptional activator protein Pur-alpha FA), a protein involved in controlling DNA
replication and gene transcription processes [IX®,Wwas highly abundant in the DIS group, while a
Poly (rc)-binding protein 3 (PCBP3) associated widgative regulation of transcription [104] was
highly abundant in the RES group [104].
Proteins associated with translation include RPL2@Astructural component of the 60S ribosome
subunit whose upregulation has previously beenrtegan white-spot infected shrimp and in hypoxia-
stressed oysters [105,106], and asparaginyl-tRNAthegyase (NARS), whose primary function in
translation is to catalyze the attachment of agpaesto its corresponding tRNA.
Finally, four significantly abundant proteins weracharacterized; three were highly abundant in the

DIS group and one in the RES group.

4. CONCLUSION

Despite being one of the fastest-growing sectorsagdiaculture worldwide, mollusk production
continues to suffer significant losses due in parthe impact of infectious diseases. The study of
proteomic profiles offers the possibility of betterderstanding the complex functional mechanisms at
play during host response to disease, and may kfiedon factors associated with resistance to
disease.

The aim of the present study was to investigate pifeeeomic profiles of resistance to controlled
infection with Vibrio tapetis, the etiological agent of Brown Ring Disease, lee tManila clam,
Ruditapes philippinarum. The comparison of proteomic profiles of two exrtie phenotypes (RES and
DIS) observed in juvenile Manila clams shows a nemdf functional differences in highly abundant
proteins implicated in the immune response-assetigirocesses, energy production, and protein
metabolism. Twice as many significantly abundaotgins associated with the immune response were
accumulated in the DIS group compared to the RESigrreflecting the ongoing infection as
established by the presence of both visual and culae signs of disease. That said, the function of
immune-associated proteins in the RES group wasosilnconsistently associated with redox
homeostasis, whereas in DIS group the abundanteipsotwere mostly involved in pathogen
recognition, signaling, and neutralization. Thisymsuggest that disease resistant clams are better
equipped to manage ROS production and scavengioglar to simultaneously eliminate the pathogen
and protect host cellular components from oxidasivess. Protein degradation as well as protetiyon

chaperones were another process highly representegistant clams, with degradation possibly as a
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result of successful elimination of the pathogenciwhmay nonetheless have left a number of cellular
components damaged by oxidative stress. The fattotfly resistant clams showed significantly high

abundance of a chaperone-associated protein ssggasthis may be an important factor of resistanc

to disease. In contrast, diseased clams showedherhabundance of proteins involved in protein

synthesis and functional modifications, possiblyr&ponse to activation by the immune system in
order to continue fighting infection. Both immunesponse and protein synthesis are energy
demanding processes, which is further supportetheypresence of proteins involved in glycolysis,

TCA cycle, and the electron transport chain. Ovethe comparison of the proteomic profiles of

resistant and sick clams suggests that redox hdem®sand maintenance of protein structure by
chaperone proteins may play important and inteidleoles in resistance to infection éyorio tapetis

in the Manila clam.
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Figure 1: Schematic representation of the kinatfddrown ring disease development during
30 days post injection (DPI) in a controlled chadle, adapted from Bidault et al. 2015,
showing concentration &f. tapetis in extrapallial fluids (cells.mt) and limit of detection
(LOD) at 1x16 cells. "RES" clams are negative for both visual mrolecular diagnosis.
Bacteria enter the extrapallial compartment anebbmecquantifiable at point (a), then
proliferate rapidly (clams at this stage are terff@A8T 1” in our study), with highest
concentrations generally observed around 7 DPI.HOsé then begins to trap the bacteria
within the conchiolin deposits characteristic ob#n ring disease, thus leading to a decrease
in the concentration of bacteria in the extrapbd@mpartment (clams at this stage are termed
“CAT 2" in our study), represented by point (b)a@ls can thus be positive for the visual
diagnosis and negative for molecular diagnosisstithle bacteria remain trapped against the
inner surface of the shell, a process during whiehhost attempts to recalcify over the
bacterial biofilm. In the case of “DIS” clams, ctnalin deposits are present but insufficient

in limiting the pathogen, which will continue togtiferate (point (c), also termed “CAT 3”

for this study) and reach high concentrations endktrapallial compartment once more.



Figure 2: Number of proteins per functional groue. (‘immune response”, “energy

production”, “protein metabolism”) that were motuadant in DIS clams (dark bars) and in
RES clams (light bars).



Figure 3: Schematic representation of energy production and the carbohydrate and amino acid metabolisms, including glycolysis, the
TCA cycle, amino-acid degradation pathways, and the electron transport chain. The processes in which highly abundant proteins in DIS
(orange) and RES (green) clams are implicated are annotated with the abbreviated protein name. Glycogen debranching enzyme (AGL),
Phosphoglucomutase-1 (PGM1), and Phosphoenolpyruvate carboxykinase (PEPCK) are associated to the carbohydrate metabolism (both
glycolysis and gluconeogenesis). Alanine aminotransferase (GPT2), Propionyl-CoA carboxylase beta chain (PCCB), Methylglutaconyl-CoA
hydratase (AUH), Aspartate aminotransferase (GOT1), and Excitatory amino-acid transporter-1 (SLC1A1) all participate in the
degradation of amino acids that can play a role in replenishing metabolites of the TCA cycle. Malate dehydrogenase 1 (MDH1) is an
essential enzyme of the TCA cycle, the high-energy products of which are then shuttles to the electron transport chain where proteins
such as 3-demethylubiquinone-9 3-methyltransferase (REBM) and ATP synthase subunit alpha (ATP5A1) participate in the production
of ATP.
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Disribution of significantly abundant proteins (FC > 1.5) in resistant
("RES") and diseased ("DIS") clams, by functional groups.
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Highlights

Diseased Ruditapes philippinarum show higher abundance of proteins associated with pathogen
recognition and neutralization

Proteins associated with energy production metabolisms are more abundant in diseased clams

Healthy clams post-challenge showed higher abundance of proteins associated with redox homeostasis
Long-term resistance of Ruditapes philippinarum to infection with Vibrio tapetis may be linked to ability
to balance redox response and maintain protein structure



