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Abstract :

We investigated the effect of brown ring disease (BRD)' development and algal diet on energy reserves
and activity of enzymes related to energy metabolism, antioxidant system and immunity in Manila clam,
Ruditapes philippinarum. We found that algal diet did not impact the metabolic response of clams
exposed to Vibrio tapetis. At two days post-injection (dpi), activities of superoxide dismutase and
glutathione peroxidase (GPx) decreased whereas activities of nitric oxide synthase (iNOS) and catalase
increased in infected clams, although no clinical signs were visible (BRD-). At 7 dpi, activities of several
antioxidant and immune-related enzymes were markedly increased in BRD-likely indicating an efficient
reactive oxygen species (ROS) scavenging compared to animals which developed clinical signs of BRD
(BRD+). Therefore, resistance to BRD clinical signs appearance was associated with higher
detoxification of ROS and enhancement of immune response. This study provides new biochemical
indicators of disease resistance and a more comprehensive view of the global antioxidant response of
clam to BRD development.

Highlights

» Brown ring disease affects antioxidant and immune response of clams. » Resistance to the clam
disease is associated with higher antioxidant activities. » New bio-indicators of resistance to brown ring
disease development are provided.
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List of abbreviations

BRD, brown ring diseases;

dpi, days post injection;

ROS, reactive oxygen species;

RNS, reactive nitrogen species;

t-SOD, total superoxide dismutase;
Cu/Zn-SOD, Cu/Zn superoxide dismutase;
Mn-SOD, Mn superoxide dismutase;

CAT, catalase;

t-GPx, total glutathion peroxidase;
Se-GPx, selenium-dependant glutathione peroxidase;
GR, glutathion reductase;

GST, glutathione-S-transferase;

TrxP, thioredoxin peroxidase;

TrxR, thioredoxin reductase;

iINOS, inducible nitric oxide synthase;

PO, phenoloxidase;

HK, hexokinase;

PK, pyruvate kinase;

CS, citrate synthase

1. Introduction

The bacteria Vibrio tapetis is the causative agent of Brown Ring Disease (BRD) which has affected the
Manila clam Ruditapes philippinarum worldwide since the late 80’s ( Paillard and Maes, 1994). The
main clinical sign of BRD is a brown organic deposit called conchiolin on the inner shell of the clam.
This defense response of the mantle is called “nacrezation” and involves the deposition of conchiolin to
enclose the pathogen followed by the deposition of new calcified layers which may lead to shell repair
(Paillard and Maes, 1995; Trinkler et al., 2010). When these defense responses are not sufficient,
lesions occur and the pathogen invades the host leading to septicaemia and death (Allam et al., 2002).

Bacterial exposure can induce important alterations in the energy reserves of bivalves and consequently
on their metabolism. For instance, clams infected with V. tapetis exhibit glycogen reserve depletion,
weight loss and lower condition indices (Goulletquer and Université de Bretagne Occidentale, 1989;
Plana, 1995; Plana et al., 1996). Also, energetic status of the host plays a major role in the outcome
(death or recovery) of a bacterial infection in bivalves (Paillard, 2004; Flye-Sainte-Marie et al., 2007;
Genard et al., 2013). For instance, oyster Crassostrea virginica larvae exposed to Vibrio coralllilyticus
show a marked decline in food intake which coincides with lower triglyceride and protein content, the
two main energetic reserves in bivalve larvae ( Genard et al., 2013).

The invertebrate immune system is non-adaptive or innate and incorporates cellular and humoral
components (Ellis et al., 2011). The main cellular defense mechanism relies on phagocytosis by
immunocompetent cells known as haemocytes, and it consists of several steps including recognition,
chemotaxis, attachment, incorporation and destruction through



54
55

56
57
58
59
60
61
62
63
64
65
66
67
68

69
70
71
72
73
74
75
76
77

78
79
80
81
82
83

the production of reactive oxygen species (ROS) and reactive nitrogen species (RNS) (Pipe

and Coles, 1995; Chu, 2000; Soudant et al., 2013; Donaghy et al., 2015).

The internal destruction of pathogenic agents in bivalves relies on an increased
production of ROS and RNS that are toxic to invaders (Donaghy et al., 2015). Accumulation of
ROS and RNS can result in oxidative stress in the host (Lesser, 2006), which is normally
prevented by antioxidant enzymes (Sies, 1993; Hermes-Lima, 2004). Superoxide dismutase
(SOD) transforms the superoxide anion (O,") into hydrogen peroxide (H,0,) (Manduzio et
al., 2005). H,0, is decomposed into H,O and O, by catalase (CAT) or by glutathione
peroxidases (GPx) and thioredoxin peroxidase (TrxP) when H,0, and organic peroxides
concentration are low (Hermes-Lima, 2004; Manduzio et al., 2005). Activities of GPx and TrxP
depend on oxidation states of glutathione and thioredoxin (Trx) respectively, which are
controlled by glutathione reductase (GR) and thioredoxin reductase (TrxR) (Powis and
Montfort, 2001). Finally, glutathione-S-transferase (GST) is an antioxidant enzyme involved
in xenobiotics detoxification and scavenging of lipid peroxides (Hermes-Lima, 2004;

Manduzio et al., 2005). These reactions are summarized in Figure 1.

Many studies have investigated the effect of bacterial infection on gene expression of
antioxidant enzymes in bivalves, but very few consider effects on enzymatic activity.
Expression of RpSOD, RoGST and RpTrx increased in gills and haemocytes of R. philippinarum
during a short-term exposure to V. tapetis (Revathy et al., 2012a, 2012b; Umasuthan et al.,
2012a, 2012b, 2012c). Although gene expression of antioxidant enzymes is sometimes
correlated with their activity (Genard et al., 2013), this is not always the case (Chen et al.,
2002; Canesi et al., 2010; Béguel et al., 2013). Activities of SOD, CAT and GST increased in
response to bacterial infection whereas other enzymes were not influenced or not examined

(Canesi et al., 2010; Genard et al., 2013; Le Bris et al., 2015).

In addition to antioxidant enzymes, other immune-related enzymes are involved in
pathogen destruction in bivalves. Inducible nitric oxide synthase (iNOS) produces nitric oxide
(NO), a RNS which putatively leads to the formation of peroxynitrite, nitrosothiols and other
nitrogen derivative in cells that are harmful to pathogens (Hausladen and Stamler, 1999;
Donaghy et al., 2015). Additionally, in vitro production of nitrites, which are NO breakdown

products, is correlated with the concentration of V. tapetis in hemolymph and extrapallial
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fluids of R. philippinarum (Jeffroy and Paillard, 2011). To our knowledge, iNOS activity has

never been investigated in bivalves during exposure to pathogen.

Finally, phenoloxidases (PO) have a key role in innate immunity in bivalves by
activating the melanization cascade which leads to the production of melanin and its
derivatives (Aladaileh et al., 2007; Cerenius et al.,, 2008). These compounds exhibit
fungistatic, bacteriostatic and antiviral properties (Cerenius et al., 2008; Luna-Acosta et al.,
2011). PO is a particularly important aspect of BRD as it contributes to the conchiolin deposit
formation (Paillard et al., 1994). Bivalves exposed to pathogens generally exhibit higher PO

activity than control animals (Butt and Raftos, 2008; Le Bris et al., 2015; Richard et al., 2015).

In bivalves, haemocyte functions are influenced by dietary fatty acids (Delaporte et
al., 2003, 2006, 2007; Dudognon et al.,, 2014). We investigated the effect of diet on the
dynamics of BRD in R. philippinarum in relation to reproductive status in another paper
(Richard, 2015). We showed that disease prevalence and intensity as well as haemocyte
parameters were not influenced by diet. However, sexual maturity enhanced BRD intensity,

likely reflecting an energetic trade-off between reproduction and immunity.

Objectives of the present study were to investigate the effect of BRD development
and algal diet quality during a V. tapetis exposure on: (1) lipid, protein and carbohydrate
content, and activity of enzymes related to energy metabolism such as hexokinase (HK),
pyruvate kinase (PK) and citrate synthase (CS); (2) activity of the antioxidant enzymes SOD,
CAT, GPx, (GR), (TrxR), and GST, and (3) activity of two immune-related enzymes, iNOS and
PO. In this study, mantle of clams was individually sampled and pooled for biochemical
analysis according to diet, injection, tank replicate and BRD status at each time post-
injection (2, 7 and 30 dpi). The originality of our work is that we clearly describe the
metabolic response of clams exposed to V. tapetis as a function of disease development. In
particular, we characterize the metabolic response associated with the appearance of
disease clinical signs, thereby providing new biochemical indicators of disease resistance.
Also, we obtain a more comprehensive view of the global antioxidant response of clam to

the disease than previous studies which have generally focused only on SOD and CAT.
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2. Material and methods

2.1. Experimental design

Animals and experimental design are fully described in a companion paper (See
Richard, 2015). Briefly, clams were acclimated for four weeks with either Isochrysis aff.
galbana, clone Tahitian (T-Iso) or Chaetoceros calcitrans, two algal species exhibiting
differences in their biochemical compositions. Then, clams were injected in extrapallial
cavity with 100pL of CECT4600" V. tapetis suspension (10’ UFC.mL™) or 100 pL of filtered-sea
water (FSW) and further monitored for 30 days. Clam shells were collected at 2, 7 and 30 dpi
to assess disease prevalence intensity. Additionally, sex and sexual maturity were evaluated

and tested as internal parameters influencing BRD development.

Algal cultures of C. calcitrans and T-Iso were collected three times during the course
of the conditioning period for fatty acid composition analyses. Briefly, algae were filtered on
pre-ignited GF/F filters, placed into 6 mL vials containing 3 mL of chloroform:methanol (2:1,

v:v) and stored at -20°C until analyses.

Clams injected with V. tapetis and control animals injected with FSW collected at 2, 7
and 30 dpi were carefully dissected on ice. Whole clam mantle (Ma) and digestive gland (DG)
were flash-frozen in liquid nitrogen and stored at -80°C. Samples were individually powdered
using a Retsch MM 400 under liquid nitrogen. Then, an equal amount of powder originating
from the same condition of diet x injection treatment x BRD status x tank for each organ at
each sampling time were pooled together to obtain enough biological materials for
biochemical analysis, such that each individual had the same weight contribution to the pool
(Table 1). Clams injected with V. tapetis were classified as either BRD- (no clinical sign of
infection) or BRD+ (visible brown ring). For the control, visibly healthy clams were selected.
Only mature male were analyzed because the sex ratio was in favor of males (1.5:1.0) and
most of them were mature. Each pool consisted of 2 to 4 individuals per condition. The
number of replicates was therefore not homogenous because it depends on clinical signs

development and reproduction stages occurrence.
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Ma were analyzed for carbohydrate and protein contents, and immunity-,
antioxidant- and metabolism-related enzyme activities at 2, 7 and 30 dpi. Immune related
enzymes were analyzed through iNOS and PO activities, antioxidant enzymes through SOD,
CAT, GPx, TrxR, GR, GST activities and metabolism-related enzymes through citrate synthase

(CS), HK and pyruvate kinase (PK) activities.

Additionally, Ma samples were analyzed for fatty acid composition of polar lipids at 7
dpi to evaluate peroxidation index in membrane lipids. Fatty acids of neutral lipids were
analyzed in DG at 2 dpi to verify that diet effectively influenced the biochemical composition
of clams. Indeed, fatty acids composition of neutral lipids generally mirrors that of the food
(Dalsgaard et al., 2003). For these analyses, powder of DG and Ma was transferred into 6mL

vials containing chloroform:methanol mixture (2:1, v:v) and stored at -20°C until analyses.
2.2. Biochemical analyses

2.2.1.Fatty acid

Fatty acid composition was analyzed in total lipid of algae, in neutral lipids of clam DG
at 2 dpi and in polar lipids of clam Ma at 7 dpi. Neutral and polar lipids were separated using
a silica gel micro-column as described in Marty et al. (Marty et al., 1992). Briefly, aliquots of
samples were evaporated until dry and lipid extracts were recovered after three
chloroform:methanol (98:2, v/v) washings. The resulting extracts were placed on top of a
silica gel micro-column. Columns were washed with 10 mL chloroform:methanol (98:2, v/v)
to elute neutral lipids followed by 15 mL of methanol to elute polar lipids. Then, a known
amount of tricosaenoic acid (23:0) was added as an internal standard in both fractions. Each
lipid fraction was transesterified using 10% boron-trifluoride methanol (Metcalfe and
Schmitz, 1961) and analyzed in a gas chromatograph with an on-column injector, DB-Wax
capillary column and a flame ionization detector. Fatty acids were then identified by

comparison of retention times with standards and checked using a non-polar column.
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2.2.2. Carbohydrate

Carbohydrates contents were analyzed using the method of Dubois et al. (Dubois et
al.,, 1956). Carbohydrates were extracted from Ma in a 10 mM phosphate buffered saline
(PBS) containing EDTA (1mM) and Triton® X-100 (0.1%) at the ratio of 50 mg of powder in
250 pL of buffer. Standard solution of 0.4 mg/mL glucose was serially diluted in PBS (ranging
from 0.4 to 0.01 mg/mL) to provide a standard curve for the assay. Then, 500uL of 5%
phenol solution was added to 250 pL of samples and standard solutions. The resulting
solution was allowed to incubate during 40 min in the dark. The colorimetric reaction was
initiated by addition of 2.5 mL H,S0,. After 40 min, all solutions were placed in cuvettes and
absorbance was read at 490 and 600 nm on an Uvikon 941 (Kontron instruments).

Carbohydrate content was calculated using a standard curve and the following expression:
ODS = 0D5,490 - 1.5 X (ODS,GOO - 0.003)

Where OD; is the sample optical density of the sample; OD; 49 is the sample optical density
at 490 nm; and 0Dy ¢ is the sample optical density at 600 nm. Results are expressed as mg

per g wet weight.

2.2.3.Protein

For each sample, 50 mg of powder was homogenized in 250ulL of extraction buffer
using an Ultra-Turrax®. Two extraction buffers were tested and used for enzymatic assays in
order to avoid interactions with assays buffers and therefore with enzymatic activities. The
extraction buffer used prior to SOD, PO, PK, HK, CS, GPx-t and GPx-Se enzymatic assays
consisted in NaCl (150mM), Tris HCl (10mM), EDTA (1ImM), EGTA (1mM), phosphatase
inhibitor cocktail 1l (1%; Sigma-Aldrich), Triton® X-100 (1%; Sigma-Aldrich), CA-630 Igepal®
(0.5%; Sigma-Aldrich) and 1 tablet/25mL of complete EDTA free protease inhibitor cocktail
(Roche) (Corporeau et al., 2012). The extraction buffer used prior to CAT, GR, GST, NOS and
TrXR enzymatic assays consisted in Phosphate buffered saline (PBS 10mM; Sigma-Aldrich),
EDTA (1mM) and Triton® X-100 (0.1%; Sigma-Aldrich). After homogenization, samples were
centrifuged at 1000g for 10 minutes at 4°C to eliminate the lipid fraction of the samples and

then centrifuged at 10000g for 45 minutes at 4°C. The resulting supernatants were split
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among 9-10 separate microtubes for subsequent protein and enzyme assays, and stored at -

80°C.

Protein concentrations were evaluated in samples previously homogenized with each
buffer by the Bradford method using the Biorad Protein Assay Dye Reagent Concentrate
(BioRad France) and Bovine Serum Albumin (BSA) as protein standard. Results are expressed

as mg per g wet weight.

2.2.4.Enzyme

Activities were measured using 96-well microplates (Greiner 96-F-bottom) and
Synergy HT (Bio-Tek), except for catalase activity which was measured using quartz cuvettes

and Uvikon 941 (Kontron instruments).
Energy-related enzymes

Citrate Synthase (CS, EC 2.3.3.8) was assayed by recording the conversion of DTNB
into TNB (Childress and Somero, 1979). Briefly, 20 uL of protein supernatant were added to
triplicate wells as well as serial dilutions of commercial CS from porcine heart (Sigma-Aldrich
France) (ranging from 5 to 100 mU/mL), which was used as a standard for this reaction. One
hundred and sixty pL of assay buffer (0.25 mM acetyl-CoA, 0.125 mM DTNB and 100 mM
Tris-HCl) were added to wells and the reaction was initiated by addition of 20 pL of 5 mM
oxaloacetate. In blank wells, samples were replaced by extraction buffer. Absorbance was
monitored for 10 min at 412 nm. Results are expressed in U/mg protein; one U being defined

as the amount of enzyme catalyzing 1 umole of TNB per min (€rng, 412 = 13.6 mM™. cm'l).

Pyruvate Kinase (PK, EC 2.7.1.40) and hexokinase (HK, EC 2.7.1.1) activities were
measured using the protocol developed by Greenway and Storey (Greenway and Storey,
1999). Twenty uL of protein supernatant were loaded in triplicate wells and 20 pL of
extraction buffer was used for the blank wells. For PK, 180 uL of assay buffer (100 mM
imidazole-HCI, 50 mM KCI, 5 mM MgCl,, 10 mM phosphoenolpyruvate, 2 mM NADH, 0.2%
(v/v) rotenone saturated ethanol and 1 U/mL lactate dehydrogenase) were added to the
wells and the reaction was monitored for 15 min at 340 nm. For HK, the reaction was

initiated by addition of 200 pL of assay buffer (100 mM Tris, 1 mM EDTA, 2 mM MgCl,, 5 mM
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glucose, 1 mM ATP, 0.2 mM NADP" and 1 U/mL Glucose-6-Phosphate Dehydrogenase) and
reaction kinetics was followed during 15 min at 340 nm. Results are expressed as U/mg

protein; one U being defined as the amount of enzyme oxidizing 1 umole of NADH or NADP

(using €napH or NADP+, 340 = 6.22 mM™, Cm_l)-
Antioxidant enzymes

Total Superoxide Dismutase (t-SOD, EC 1.15.1.1) activity was measured using the SOD
Assay Kit (Sigma-Aldrich, France) following a modified procedure (Richard et al., 2015).
Briefly, the inhibition of the xanthine/xanthine oxidase complex was followed recording the
absorbance at 440 nm after 20 minutes of incubation at 25°C. Additionally, mitochondrial
SOD (Mn SOD) activity was assayed by addition of potassium cyanide, which was found to
inhibit specifically cytosolic SOD (Cu-Zn SOD) at concentrations above 2mM in Mytilus edulis
(Manduzio et al., 2003). In a preliminary assay, we tested a range of potassium cyanide
concentrations (0 — 10 mM) and the 5 mM concentration was selected for the Mn SOD assay
in clams. Mn SOD activity and subsequently Cu-Zn SOD activity (calculated as the activity
difference between t-SOD and Mn SOD) were assayed using the same kit and adding 5 mM
potassium cyanide to the assay buffer. All SOD activities are expressed in U/mg total protein
where one unit is the amount of enzyme necessary for inhibiting by 50% the

xanthine/xanthine oxidase complex.

Catalase (CAT, EC 1.11.1.6) activity was assessed following Aebi (Aebi, 1984). Briefly,
8 uL of protein supernatant were added to 792 uL of hydrogen peroxide solution (10 mM) to
initiate the reaction. Absorbance was immediately recorded for 90 sec at 240 nm. The blank
consisted of extraction buffer instead of sample. Absorbance of the blank was subtracted
from that of the samples. Activities are expressed in U/mg protein where 1 U is the amount

of enzyme necessary for catalyzing 1 pmole of H,0, per min (using €u.0,, 240 = 0.04 mM™, ecm

1.

Total Glutathione Peroxidase and Selenium Glutathione Peroxidase (t-GPx and Se-
GPx, EC 1.11.1.9) activities were measured by monitoring the decrease in NADPH
concentration at 340 nm (McFarland et al., 1999). The assay buffer consisted of 62.5 mM
Phosphate Buffer, 6.25 mM EDTA, 2.5 mM GSH, 2.5 U/mL GR, 0.5 mM NADPH. For t-GPx,
Cumene Hydroperoxide (1.875mM) was added to the assay buffer. For Se-GPx, NaNs (1.25
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mM) and H,0, (0.3125 mM) were added. Fifty puL of protein supernatants were placed in the
wells and the reaction was started by the addition of 200 pL of the assay buffer. NADPH loss
was recorded for 3 min at 25°C. The blank consisted of extraction buffer instead of sample.
Absorbance of the blank was subtracted from that of the samples. Enzyme activities are
reported as U/mg protein where one unit is the amount of enzyme necessary for oxidizing 1

umole of NADPH per min (using €nappn, 340 = 6.22 mm™. cm’l).

Glutathione Reductase (GR, EC 1.8.1.7) was assessed following (Cribb et al., 1989).
Briefly, 20 uL of protein supernatants were loaded in triplicate wells and the reaction was
initiated by addition of 170 pL of assay buffer (100 mM Sodium Phosphate Buffer, 0.7 mM
NADPH, 0.09 mM DTNB, 0.2 mM GSSG). Kinetics of GR activity was assayed during 3 min at
412 nm. The blank consisted of extraction buffer instead of sample. Absorbance of the blank
was subtracted from that of the samples. Activities are expressed as U/mg protein; one unit
being defined as the amount of enzyme catalyzing 1 umole of DTNB per min (using €prng, 412

=14.15 mMt ecm™).

Glutathione-S-Transferase (GST, EC 2.5.1.18) was measured following (McFarland et al.,
1999). Briefly, 15 uL of protein supernatant or extraction buffer (for blanks) were placed in
triplicate wells. The reaction was initiated by the addition of 200 uL of assay buffer (200 mM
Phosphate Buffer, 1 mM CDNB, 1 mM GSH) and absorbance was recorded for 3 min at 340
nm. Absorbance of the blank was subtracted from that of the samples. GST activities are
reported as U/mg protein; one U being defined as the amount of enzyme catalyzing 1 umole

of CDNB per min (using €cpng, 340 = 9.6 mM™. cm™).

Thioredoxin Reductase (TrxR, EC 1.8.1.9) was assessed following the conversion of
DTNB into TNB (Smith and Levander, 2002). Briefly, 50 pL of protein supernatant were
loaded in triplicate wells and 200 pL of assay buffer (62.5 mM Phosphate Buffer, 12.5 mM
EDTA, 0.3 mM NADPH and 3.125 M DTNB) were added to initiate the reaction. Additionally,
each sample was assayed in the presence of 20 uM aurothioglucose (an inhibitor of TrxR), in
order to assess non-TrxR activity contributions. After one minute of incubation at room
temperature, kinetics were followed for 3 min at 412 nm. The blank consisted of extraction

buffer instead of sample. Absorbance of the blank was subtracted from that of the samples.



280
281

282

283

284
285
286
287
288
289
290
201
292
293
294
295
296

297
298
299
300
301
302
303
304

305
306
307

Activities are expressed as U/mg protein; one U being defined as the amount of enzyme

producing 1 umole of TNB per min (€rng, 412 = 13.6 mMm™. cm’l).

Immune related enzymes

For the Inducible Nitric Oxide Synthase activity (iNOS, EC 1.14.13.39) assay, we
developed a non-radioactive method (appendix A). Briefly, 55 uL of protein supernatants
were incubated for 30 minutes at 37°C with 5 uL of assay buffer: Tris buffer (20 mM pH 7.4),
NADPH (1 mM), L-Arginine (1 mM), 5,6,7,8-tetrahydrobiopterin (10 uM), FAD+ (5 uM).
Samples and blanks were also incubated with the same assay buffer containing L-NMMA
(200 uM), a specific inhibitor of NOS, in order to assess NOS activity alone. Blanks were run
(PBS buffer instead of samples) and iNOS from mouse was used as a standard for the range
curve. The reactions were stopped by addition of 200 uL of the color developing reagent
(COLDER, see description in appendix A) and the microplate was incubated at 95°C for 15
minutes. After 10 minutes at room temperature, L-citrulline formation was assessed by
reading absorbance at 530 nm. Absorbance of the blank and of samples incubated with L-
NMMA was subtracted from that of the samples. Activities are expressed in U/mg protein

where 1 U is the amount of enzyme necessary to produce 1 umole of L-citrulline per min.

Phenoloxidase activity was assessed according to (Le Bris et al., 2013). Briefly, 50 pL
of protein supernatants or extraction buffer (blank) were incubated with 50 pL of Tris-HCI
buffer (0.10 M, pH 8.0) for 10 minutes at 25°C. The reaction was initiated by addition of 100
uL 0.04 M L-3,4-dihydroxyphenylalanine (L-DOPA), a common substrate for the three PO
subclasses. The increase in absorbance due to L-DOPA oxidation was monitored for 30
minutes at 492 nm. The spontaneous oxidation of L-DOPA (blank) was also measured and
subtracted from samples values. PO specific activities are expressed in units per mg protein

using the following expression:
PO (U/mg) = (AOD/min X f;)/[protein]

Where AOD /min is the value of increment of optical density per minute; f; s is the dilution
factor applied to the sample; and [protein] is the protein concentration of the sample in

mg/mL.
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2.3. Statistical analyses

Given the unbalanced nature of the sampling design, injection, BRD status and
sampling time were merged into one explanatory variable, hereafter referred to as
“treatment”. Treatments consist of seven conditions: control at 2 dpi, BRD- at 2dpi, control

at 7 dpi, BRD- at 7 dpi, BRD+ at 7 dpi, control at 30 dpi and BRD+ at 30 dpi.

Non parametric Permutational Multivariate Analyses of Variance (PERMANOVA,
(Anderson, 2001) were conducted on all biochemical variables for Ma and DG. This method
allows partitioning the variance in response variables attributed to each explanatory variable
(diet and treatment) and their interactions. A pseudo F-ratio, defined as the ratio of
dissimilarity within a treatment and between treatments, is computed and its significance

was tested by 999 permutations.

Ordination analyses were then performed using Principal Component Analysis (PCA)
to plot individuals, variables and correlations between variables. A posteriori comparison
tests were performed for each variable (ANOVA) in order to estimate the significance of
results obtained with PERMANOVA. These analyses investigated the effect of diet, treatment
and their interaction on biochemical parameters of clams. Analyses were first conducted

with data collected at all sampling times and secondly for each sampling time.

Statistical analyses were carried out using R 3.1.2 Software (R Development Core
Team, 2011). PERMANOVA were achieved using adonis function and the homogeneity of
multivariate dispersions were tested using betadisper function from the vegan package
(Oksanen et al., 2015). The rda function from vegan package was used for PCAs analyses and
the subsequent biplots were drawed using ggplot2 package (Wickham and Chang, 2015).
ANOVA using type lll error were performed using the Anova function from the car package

(Fox and Weisberg, 2010).
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3. Results

3.1. Dietary fatty acid signatures

The two cultured algae exhibited typical fatty acid profiles: C. calcitrans is rich in
20:5n-3 and 20:4n-6 and poor in 22:6n-3 whereas T-/so is rich in 22:6n-3, deficient in 20:5n-3
and poor in 20:4n-6 (Table 2). Neutral lipids of clam DG at the end of the conditioning period
clearly mirrored the fatty acid composition of the diet. For instance, DG of clams fed C.
calcitrans were rich in 20:4n-6 and 20:5n-3 and poor in 22:6n-3 while this is the inverse

pattern for those fed T-/so (Table 3).

However, polar lipids of clam Ma at 7 dpi were much less influenced by the diet.
Indeed, levels of 20:4n-6, 20:5n-3, 22:6n-3, in polar lipids of animals fed C. calcitrans were
5.4%, 7.4%, and 19.5% compared to 5.0%, 5.7%, and 21.6% in those fed T-Iso, suggesting

that selective incorporation/elimination of dietary fatty acids has occurred in this organ.

3.2. Metabolic response of clam

Overall, proximate composition (lipid, protein and carbohydrate content) and
activities of enzymes related to energy, antioxidant and immunity in Ma of clams were not
influenced by diet. However, most of these variables were greatly influenced by treatment

(PERMANOVA, r?=0.30, F=2.19, p=0.029).

At 2 and 7 dpi, activities of t-SOD, CAT, Se-GPx, GR, GST, iNOS and PO were markedly
influenced by the interaction of diet x treatment (PERMANOVA, r?=0.28, F=4.08, p<0.01).
However, the effect of diet was not significant when PCAs and PERMANQOVAs are conducted

by day (Table 4). We therefore consider only treatment effects.

Principal component analysis allows discrimination of clams injected with V. tapetis
from control at 2 dpi (Figure 2). At 7 dpi, PCA discriminates clams injected with V. tapetis
which did not exhibit clinical signs of disease development (BRD-) from those which were
visibly unhealthy (BRD+) and control. Activities of t-SOD, CAT, Se-GPx, GR and PO were
correlated together along with positive values of the first principal component axis (PC1)

whereas proximate compositions were correlated together along with PC1 negative values.
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Activities of Cu/Zn-SOD and TrxR were respectively correlated with negative and with

positive values of the second principal component (PC2).

At 2 dpi, activities of Cu/Zn-SOD and CAT were not significantly influenced by
injection x BRD status, although they were respectively 23 % lower and 27 % higher in BRD-
than in control (Figure 3, Appendix B). Also, activity of Se-GPx in BRD- was 46 % lower than

that of control. Finally, activity of INOS was 24 % higher in BRD- than that of control.

At 7 dpi, activities of antioxidant enzymes (t-SOD, CAT, GR) and PO in BRD- were 20 to
40 % higher than those recorded in other animals, regardless of sampling times and BRD
status (Figure 3, Appendix B). Activity of Se-GPx in BRD+ was 54 % lower that of BRD- at 7 dpi
(Figure 3, Appendix B). Activity of GST was not significantly impacted by treatment at 7 dpi,
although it was 29 % lower in BRD+ than in control and BRD- (Appendix B). Finally, activity of
iNOS in BRD+ was 30 % higher than that of control at 2 and 7 dpi and BRD- at 7 dpi (Figure 3,

Appendix B).

At 30 dpi, principal component analysis (PCA) and PERMANOVA by sampling times showed

that there was no significant effect at this sampling time (Table 4).

4. Discussion

4.1. Diet effect on clam response to V. tapetis

The two culture algae exhibited typical fatty acid profiles which were mirrored in the
neutral lipids of the DG as previously reported in other bivalve species (Delaunay et al.,
1993; Soudant et al., 1996, 1999). However, polar lipids of clam MA at 7 dpi were much less
influenced by the diet, suggesting that selective incorporation of dietary fatty acids has
occurred in this organ. Although selective incorporation of essential fatty acids in polar lipids
is common in bivalves (Delaunay et al., 1993; Soudant et al., 1996; Copeman et al., 2002;
Pernet and Tremblay, 2004), this phenomenon has rarely been observed to such an extent.
For instance, polar lipids of clam haemocytes are reflective of the diet and clearly influence

their functions (Delaporte et al., 2003, 2006, 2007; Dudognon et al., 2014). Our result may
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then reflect differences between organs abilities to regulate PUFAs in polar lipids and/or
differences related to batch origin (Napolitano and Ackman, 1992; Soudant et al., 1999;
Pernet et al., 2008).

Finally, the fact that dietary deficiencies were compensated in clam mantle may
explain that disease prevalence and intensities, as well as activities of immunity-,
antioxidant- and energy metabolism-related enzymes were not influenced by diet in this

organ.

4.2. Metabolic response of clam to V. tapetis

Activities of antioxidant and immune-related enzymes of clams injected with V.
tapetis changed between 2 dpi and 7 dpi concomitantly with increasing prevalence of BRD
and changes in BRD status (Richard, 2015). In our study, biochemical parameters were
measured in mature males only. Therefore, our results may not be fully representative of
clam populations which generally consist of a mixture of males and females at different
reproductive stages. However, the effects of sex and reproductive stage on enzyme activity
in bivalves have received very little attention. The only available information is that sex and
reproductive investment do not influence activities of antioxidant enzymes in gills of oysters

(Béguel et al., 2013).
4.2.1. Earlyresponse at 2 dpi

In V. tapetis injected clams, activity of Cu/Zn-SOD tends to decrease (-23 %) whereas
activity of iNOS was significantly higher than in the control (+24 %), likely leading to higher
concentration of O, and NO in Ma of BRD-. Indeed, previous studies reported that
productions of ROS and RNS are enhanced to neutralize pathogens in bivalves (Arumugan et
al., 2000; Tafalla et al., 2002; Bugge et al., 2007; Villamil et al., 2007; Costa et al., 2008). In
particular, the enhancement of iNOS in BRD- agrees with an in vitro analysis of body fluids of
clams exposed to V. tapetis that showed higher levels of nitrates and nitrites, two
breakdown products of NO decomposition as compared to unexposed controls (Jeffroy and
Paillard, 2011). Finally, increasing concentrations of both 0," and NO might lead to the
formation of peroxinitrite (ONOO-), a RNS highly toxic to pathogen (Torreilles and Guerin,
1999; Donaghy et al., 2015).
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Activity of Se-GPx, an enzyme involved in peroxides decomposition, was markedly
lowered in BRD- (-46 % compared to control), suggesting ROS accumulation in Ma. However,
this effect might be counterbalanced by the activity of CAT, an enzyme also involved in
peroxide detoxification, which tended to increase in BRD- (+27 % compared to control). The
complementary role of CAT and GPx has already been observed in clams Meretrix meretrix

challenged with Vibrio parahaemolyticus (Wang et al., 2011, 2013).
4.2.2. Lateresponse at 7 dpi

Resistance to BRD clinical signs appearance is associated to higher detoxication of ROS and

PO activities

Activities of several antioxidant enzymes (t-SOD, CAT) were markedly increased in
BRD-, compared to BRD+ and control, at 2 and 7 dpi (respectively, +22 % and +41 %). Over-
activation of these antioxidant enzymes in BRD- coincided with an increase in GR activity
(+22 % compared to control and BRD+ at 2 and 7 dpi), likely reflecting the regulation of
glutathione redox status for its further use, both in Se-GPx functioning and also as a non-
enzymatic antioxidant (Winston and Digiulio, 1991; Hermes-Lima, 2004). Overall, the
enhancement of antioxidant pathways in BRD- could indicate an efficient ROS scavenging
compared to BRD+. These results showed that over-activation of antioxidant enzymes in
clams may thus be related to their resistance to BRD clinical signs appearance. Although
increasing antioxidant enzymes activities during early exposure of bivalves to vibriosis was
already reported (Canesi et al., 2010; Genard et al., 2013), this phenomenon has never been

related to the resistance to BRD clinical signs appearance.

Concomitantly, the activity of PO was 31 % higher in BRD- compared to that of BRD+
and control at 2 and 7 dpi. Interestingly, oysters Saccostrea glomerata selectively bred for
QX disease resistance exhibit a similar increase in PO activity compared to wild animals (Butt
and Raftos, 2008). It is therefore likely that increased PO activity in clams exposed to V.
tapetis is related to a resistance to BRD clinical signs appearance as previously suggested for

antioxidant enzymes.

Taken together, these results suggest that in V. tapetis-challenged clams at 7 dpi, a

resistance to BRD clinical signs appearance can be measured and was associated with
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detoxification of ROS by antioxidant enzymes and the production of toxic quinones through

PO.

Appearance of BRD clinical signs is associated with lower GST activities and higher iNOS

activities

The activity of GST, an enzyme associated with xenobiotics and lipid peroxide
detoxification, tended to be lower in BRD+ compared to that of BRD- and control at 7 dpi (-
29 %). Concomitantly, t-SOD, CAT and Se-GPx activities of BRD+ were lower than those of
BRD- at 7 dpi (respectively, -22 %, -41 % and -54 %). Altogether, our results could suggest
that BRD+ were exposed to higher level of peroxidized lipids and ROS at 7 dpi than BRD- as
lipid peroxidation increase has previously been associated to decreased antioxidant activities
in M. edulis (Viarengo et al., 1991; Power and Sheehan, 1996). However, unsaturation index
of polar lipids, an indicator of lipid peroxidation (Hulbert, 2003; Munro and Blier, 2012), was
similar in BRD-, BRD+ and control at 7 dpi, such that the reduction in GST and antioxidant

activities in BRD+ was not sufficient to alter the polar lipids of clams.

In addition, the activity of iNOS was 20% higher in BRD+ compared to that of control
clams at 2 and 7 dpi and BRD- at 7 dpi, likely leading to higher levels of NO and RNS in these
animals, as previously reported (Jeffroy and Paillard, 2011). Over activation of iNOS had
already been reported at 2 dpi as an early response to V. tapetis injection, and BRD+ at 7 dpi

may keep on producing RNS to fight bacterial infection.
5. Conclusion

Antioxidant and immune responses were strongly influenced by BRD development in
clams exposed to V. tapetis. An early response was observed at 2 dpi in visibly healthy clams
(BRD-). This early response consisted of a decrease in antioxidant activities, likely leading to
accumulation of ROS to cope with bacterial infection. Then, at 7 dpi, clams that remained
BRD- exhibited an over-activation of PO and antioxidant enzymes compared to diseased
animals (BRD+). Therefore, activities of antioxidant and immune related enzymes are
biomarkers of resistance to BRD development in clam. This study provides a better
understanding of the antioxidant response of clams to the disease and it shows for the first

time that iNOS takes part in the in vivo response of a bivalve species to its pathogen.
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Figure 1: Commonly accepted enzymatic antioxidant pathways involved in reactive oxygen
species (in red) and reactive nitrogen species (in blue) production and detoxication in bivalve
mollusks hemocytes, in intracellular compartment (mitochondria, peroxisome, cytosol) and
in extracellular compartment (plasma). Abbreviations: NADPH-Ox, NADPH oxidase; Cu/Zn-
SOD, Cu/Zn superoxide dismutase; Mn-SOD, Mn superoxide dismutase; EC-SOD, extracellular
superoxide dismutase; CAT, catalase; GPx, glutathion peroxidase; GR, glutathion reductase;
GST, glutathione-S-transferase; GSSG, oxidized glutathione; GSH, reduced glutathione; TrxP;
thioredoxin peroxidase; TrxR, thioredoxin reductase; Trx(ox), oxidized thioredoxin; Trx(red),
reduced thioredoxin; iNOS, inducible nitric oxide synthase; O,", superoxide; H,0,, hydrogen
peroxide; ROOH, organic peroxides; ROH, alcohols; NO®, nitric oxide; ONOO’, peroxynitrite;
NO,, nitrite; L-ARG, L-Arginine; L-CIT, L-Citrulline.

Figure 2: Principal component analysis ordination biplot representing the effect of treatment
on biochemical parameters of clams (lines) at 2 and 7 days post-injection (dpi). Clams were
injected with filtered seawater (control) or with its pathogen Vibrio tapetis. Clams injected
with V. tapetis were either BRD- (no clinical sign of infection) or BRD+ (visible brown ring).
White symbols: control; grey symbols: BRD-; black symbols: BRD+. Triangles: 2 dpi; circles: 7
dpi. Abbreviations: t-SOD, total superoxide dismutase; Cu/Zn-SOD, Cu/Zn superoxide
dismutase; Mn-SOD, Mn superoxide dismutase; CAT, catalase; t-GPx, total glutathion
peroxidase; Se-GPx, selenium-dependant glutathione peroxidase; GR, glutathion reductase;
GST, glutathione-S-transferase; TrxR, thioredoxin reductase; iNOS, inducible nitric oxide

synthase; PO, phenoloxidase; HK, hexokinase ; PK, pyruvate kinase; CS, citrate synthase.

Figure 3: Biochemical parameters of clams at 2 and 7 days post-injection (dpi) with filtered
seawater (control, white bars) or with V. tapetis. Clams injected with V. tapetis were either
BRD- (no clinical sign of infection, grey bars) or BRD+ (visible brown ring, black bars).
Abbreviations: t-SOD, total superoxide dismutase; Cu/Zn SOD; Cu/Zn superoxide dismutase;
CAT, catalase; Se-GPx, selenium dependant glutathione peroxidase; GR, glutathione
reductase; GST, glutathione-S-tranferase; iNOS, inducible nitric oxide synthase; PO,
phenoloxidase. Specific enzyme activities are represented as mean * standard deviation

(SD). Letters indicate significant differences.
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Appendix A: Inducible Nitric Oxide Synthase activity assay

Nitric Oxide Synthases (NOS) are NADPH-dependant enzymes that convert L-Arginine
(L-ARG) into L-Citrulline (L-CIT) in the presence of its co-factors tetrabiopterin (BH4) and FAD
(Calderon-Cortes et al., 2006). In mammalian systems, three iso-enzymes of NOS are known:
the neuronal and constitutive NOS (nNOS or NOS 1), the inducible NOS originally found in
macrophages (iNOS or NOS IlI), and the endothelial and constitutive NOS (eNOS or NOS IlI).
Constitutive forms are calmodulin/Ca® dependant while iNOS s calmodulin/Ca**
independent (Knowles and Moncada, 1994). Additionnally, iNOS has been characterized in
haemocytes of the snail Viviparus ater and the oyster Crassostrea virginica (Conte and

Ottaviani, 1995; Villamil et al., 2007).

Numerous studies examining iNOS immune role in bivalves used the Griess Reagent
protocol which measures breakdown products of NO (nitrates and nitrites). Thus, this
method is not considered as directly evaluating iNOS activity. The most sensitive method for
NOS activity determination is based on the monitoring of radiolabelled L-ARG (Knowles and
Moncada, 1994). However, this method is time-consuming, due to the chromatographic

separation of L-CIT from L-ARG (Knipp and Vasak, 2000).

Here, we propose a protocol for determination of iNOS activity which is non-
radioactive and directly measures the enzyme’s product, L-CIT. Our method is based on that

of Knipp and Vasak (Knipp and Vasak, 2000) and relies on L-citrulline formation detection.

Briefly, 55 uL of protein supernatants were incubated during 30 minutes at 37°C with
5 uL of assay buffer: Tris buffer (20 mM pH 7.4), NADPH (1 mM), L-Arginine (1 mM), 5.6.7.8-
tetrahydrobiopterin (10 puM), FAD+ (5 pM). As iNOS is Ca®*/Calmodulin independent,
contrarily to constitutive NOS, these reagents were not added to the reaction buffer (Cho et
al., 1992; Gross, 1996). Samples were also incubated with the same assay buffer containing
L-NMMA (200 uM), a specific inhibitor of NOS, in order to assess specifically NOS activity
(Knowles and Moncada, 1994). Blanks were run (PBS buffer instead of samples) and iNOS
from mouse was used as a standard for range curve (Figure 1). The reactions were stopped
by addition of 200 pL of the colour developing reagent (COLDER): 2, 3-butanedione
monoxime (20 mM), thiosemicarbazide (0.5 mM), phosphoric acid (2.25 M), sulfuric acid (4.5

M), ammonium iron (lll) sulfate dodecahydrate (1.5 mM). Then, the microplate was



793  immediately sealed with foil and placed on a preheated aluminium plate in an oven at 95°C
794  for 15 minutes for colour development (Figure 2). After colour development, the microplate
795  was removed from the oven and allowed to cool down for 10 minutes at room temperature.
796  Absorbances were read at 530 nm. Activities were calculated for each sample by
797  substracting blank values and activities obtained with L-NMMA inhibition, and expressed as
798  U/mg total protein (1 U corresponding to the amount of enzyme producing 1 pmole of L-

799 citrulline per minute in the above conditions).
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801  Figure 1: Example of standard curve obtained with iNOS from mouse following this protocol.

Al
802  Figure 2: Setup for colour development — from Knipp & Vasak. 2000.

803  Abbreviations: m = microplate; | = lid of the microplate; t = thermoresistant sealing tape (foil

804 tape); Al = preheated aluminum plate (at 95°C); g = preheated glass plate (at 95°C).
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827  Appendix B: Summaries of means + standard deviation and ANOVA for biochemical
828  parameters of clams at 2 and 7 days post-injection (dpi) with filtered seawater (control) or
829  with V. tapetis. Clams injected with V. tapetis were either BRD- (no clinical sign of infection)
830  or BRD+ (visible brown ring). Abbreviations: t-SOD, total superoxide dismutase; Cu/Zn-SOD,
831 Cu/Zn superoxide dismutase; Mn-SOD, Mn superoxide dismutase; CAT, catalase; t-GPx,
832 total glutathion peroxidase; Se-GPx, selenium-dependant glutathione peroxidase; GR,
833  glutathion reductase; GST, glutathione-S-transferase; TrxR, thioredoxin reductase; iNOS,
834 inducible nitric oxide synthase; PO, phenoloxidase; HK, hexokinase; PK, pyruvate kinase;
835  CS, citrate synthase. Letters indicate significant differences.
. . 2 dpi 7 dpi ANOVA statistics
Variable Unit Control BRD- Control BRD- BRD+ F p-value
t-SOD U/mg 1.49+0.08®  1.32+0.11° 1.37+0.16° 1.76+0.11° 1.45+0.19° 45  <0.01
Cu/Zn-SOD U/mg 0.87 +0.34 0.67 +0.21 0.67 +0.24 1.15 4 0.09 0.80+0.26 1.73 0.18
Mn-SOD U/mg 0.61+0.31 0.65 +0.22 0.75+0.30 0.60 +0.02 0.60+0.21 046  0.77
CAT U/mg 13.25+2.16° 18.05+4.52®° 1592+2.14° 26.82+13.15° 14.37+2.00° 587  <0.01
t-GPx mU/mg 9.34 +1.05 8.01+1.38 9.32+1.59 6.75+0.77 801+159 206  0.13
Se-GPx mU/mg 2.43+0.49° 1.32+0.54°  1.59+0.70®  2.41+0.26° 1.11+0.58° 676 <0.01
GR mU/mg  9.09+1.74° 1055+1.56° 12.18+1.92° 15.69+0.06° 11.34:1.20™ 832  <0.01
GST mU/mg 7436+8.47  92.64+2599 101.32+23.81 112.00+29.85 72.03+21.88 3.19 0.03
TrxR mU/mg  269.23+72.51 181.62+48.19 215.80+100.14 125.76 +47.75 228.50+91.13 1.96  0.13
iNOS mU/mg 5.88+0.84°  7.76+0.91%°  732+132™ 679+0.75° 9.20+1.41° 843  <0.01
PO 1.U. 0.10£0.03°  0.09+0.02° 0.10+0.02° 0.15+0.01° 0.09+0.02° 323  0.03
HK U/mg 6.05+1.34 6.00 + 0.68 6.77 +0.71 6.91+2.16 7.29+0.97  1.99 0.13
PK mU/mg 26.33 % 3.69 22.93+3.16 26.41+1.52 27.62+3.32 26.75+2.76 218  0.10
s mU/mg 31.92+7.27 439242190 5424+1505 47.53+1.19 5847+12.41 221 0.16
Proteins  mg/gWW 21.80+0.81% 21.13+1.43%° 21.0+0.41®° 16.71+£3.27° 23.91+0.72° 357  0.02
Carbohydrates mg/g WW  13.71+5.04 17.48 £5.13 15.40 + 4.85 11.01+£5.21  18.32+4.74 1.49 0.24

836



Table 1: Sampling design. Clams were fed T-1sochrysis aff. galbana, clone Tahitian (T-1s0) or

Chaetoceros calcitrans (C. calcitrans) and injected with Vibrio tapetis or filtered sea-water
(FSW, Control). Clams injected with V. tapetis were either BRD- (no clinical sign of

infection) or BRD+ (visible brown ring). Abbreviations:. P, pool number; n, number of

individuals for the pool; T, tank number; dpi, days post-injection.

. . BRD Time (dpi)
Diet Injection status 2 7 30
P1n=3T4 P1n=2T4 P1n=2T4
. P2 n=3T4 P2 n=2T5 P2 n=3T5
C. calcitrans FSW Control P3 =3 T5 P3 nN=3 T5 P3 n=4T6
P4 n=3T6 P4 n=3T6 P4 n=3T6
P1n=3T1
C. calcitrans V. tapetis BRD- P2 n=3T2
P3n=3T3
P1n=3T1
P2 n=3T2 P1n=3T1
C. calcitrans V. tapetis BRD+ P3 n=4T2 P2 n=3T2
P4 n=3T3 P3n=4T3
P5n=3T3
P1n=3T13 P1n=2T13
P2 n=3T14 P2 n=3T14 P1n=3T14
T-Iso FSW Control P3 n=3 T14 P3 n=4 T15 P2 n=3T15
P4 n=3T15
P1n=3T10
. P2 n=3T10 P1n=2T10
T-Iso V. tapetis BRD- P3 n=5 T11 P2 n=2 T10
P4 n=3T12
. P1n=3T11 P1n=5T10
T-Iso V. tapetis BRD+ P2 n=3 T12 P2 n=4 T11




Table 2: Percent composition of the main long-chain polyunsaturated fatty acids in total
lipids of T-Isochrysis aff. galbana, clone Tahitian (T-Iso) and Chaetoceros calcitrans (C.
calcitrans) and neutral lipids of the digestive gland of control clams (DG) at 2 dpi. Values are

mean * standard deviations, expressed as percentage of total fatty acids (n=3 samples).

Fatty acid Algae DG

C. calcitrans T-Iso C. calcitrans T-Iso
20:4n-6 9.2+3.3 3.1+0.7 4.6+0.6 1.2 +0.2
20:5n-3 14.0+1.4 04+0.1 126+2.1 20+1.3

22:6n-3 1.3+0.1 8.4+0.4 51+1.0 141+1.4




Table 3: Percent composition of the main long-chain polyunsaturated fatty acids in polar
lipids of clam mantle collected at 7 dpi. Clams were @uhetoceros calcitrans or T-
Isochrysis aff. galbana, clone Tahitian (Tlso) and injected with filtered seawater (control) or
Vibrio tapetis. Clams injected witlV. tapetis were either BRD- (no clinical sign of infection)

or BRD+ (visible brown ring). Values are mean + standard deviations, expressed as

percentage of total fatty acids.

Fatty acid C. calcitrans T-Iso

Control BRD+ Control BRD- BRD+
20:4n-6 5.4+0.5 54+04 5.0t04 5.0%0.8 49+0.2
20:5n-3 7.4+0.5 7.2+04 5.7+0.3 5.3+0.5 5.8+0.1
22:6n-3 19.5+0.8 19.8+0.6 21.6+15 20610 21.0+0.7

Unsaturation index 277134 274+ 4.6 282+8.6 277+0.7 282 4.2




Table 4: Summary of PERMANOVA conducted on different sampling times (significant effects

are in bold).
. . PERMANOVA statistics
Times Explanatory variables
F p-value
Diet 0.01 0.54 0.64
2,7 and 30 dpi Treatment 0.30 2.19 0.03
Diet x Treatment 0.20 1.78 0.09
Diet 0.04 1.7 0.16
2 and 7 dpi Treatment 0.36 3.89 <0.01
Diet x Treatment 0.28 4.08 <0.01
Diet 0.03 0.65 0.53
2 dpi Injection x BRD status 0.29 5.8 0.01
Diet x Injection x BRD status 0.14 2.86 0.07
Diet 0.07 1.24 0.32
7 dpi Injection x BRD status 0.3 2.68 0.03
Diet x Injection x BRD status 0.02 0.36 0.81
Diet 0.06 0.51 0.66
30 dpi Injection x BRD status 0.03 0.23 0.92
Diet x Injection x BRD status 0.06 0.52 0.63
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