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Abstract:  
 
Disease is caused by a complex interaction between the pathogen, environment, and the physiological 
status of the host. Determining how host ontogeny interacts with water temperature to influence the 
antiviral response of the Pacific oysters, Crassostrea gigas, is a major goal in understanding why 
juvenile Pacific oysters are dying during summer as a result of the global emergence of a new 
genotype of the Ostreid herpesvirus, termed OsHV-1 μvar. We measured the effect of temperature (12 
vs 22 °C) on the antiviral response of adult and juvenile C. gigas injected with poly I:C. Poly I:C up-
regulated the expression of numerous immune genes, including TLR, MyD88, IκB-1, Rel, IRF, MDA5, 
STING, SOC, PKR, Viperin and Mpeg1. At 22 °C, these immune genes showed significant up-
regulation in juvenile and adult oysters, but the majority of these genes were up-regulated 12 h post-
injection for juveniles compared to 26 h for adults. At 12 °C, the response of these genes was 
completely inhibited in juveniles and delayed in adults. Temperature and age had no effect on 
hemolymph antiviral activity against herpes simplex virus (HSV-1). These results suggest that oysters 
rely on a cellular response to minimise viral replication, involving recognition of virus-associated 
molecular patterns to induce host cells into an antiviral state, as opposed to producing broad-spectrum 
antiviral compounds. This cellular response, measured by antiviral gene expression of circulating 
hemocytes, was influenced by temperature and oyster age. We speculate whether the vigorous 
antiviral response of juveniles at 22 °C results in an immune-mediated disorder causing mortality. 
 
 
Highlights 

► We investigate the immune response of Crassostrea gigas against poly I:C. ► Poly I:C induces 
expression of TLR, MDA-5, Rel, IRF, STING, PKR, Viperin. ► Hemolymph anti-HSV-1 activity is not 
induced by poly I:C. ► Temperature and host ontogeny influence the oyster's antiviral response. ► 
Juvenile oysters at 22 °C respond vigorously to poly I:C. 
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1.0	
  Introduction	
  52	
  
Aquatic	
   diseases	
   involve	
   complex	
   interactions	
   between	
   pathogen,	
   the	
   prevailing	
  53	
  

environment,	
   and	
   host	
   physiological	
   status.	
   	
   Despite	
   this,	
   many	
   scientific	
   studies	
   on	
  54	
  

aquatic	
  diseases	
  only	
  investigate	
  the	
  effect	
  of	
  one	
  or	
  two	
  simultaneous	
  factors	
  [1].	
  	
  This	
  55	
  

creates	
   problems	
   in	
   interpreting	
   the	
   causes	
   of	
  multifactorial	
   diseases,	
   such	
   as	
   Pacific	
  56	
  

oyster	
  mortality	
  syndrome	
  (POMS),	
  a	
  worldwide	
  and	
  complex	
  phenomenon	
  affecting	
  the	
  57	
  

Pacific	
   oyster,	
   Crassostrea	
   gigas	
   [2-­‐4].	
   	
   This	
   disease	
   has	
   coincided	
   with	
   the	
   global	
  58	
  

emergence	
  of	
  a	
  new	
  genotype	
  of	
  the	
  Ostreid	
  herpesvirus,	
  termed	
  OsHV-­‐1	
  µvar	
  [2,	
  3,	
  5],	
  59	
  

and	
  the	
  disease	
  has	
  been	
  attributed	
  to	
   the	
  “massive	
  mortalities”	
   that	
  have	
  occurred	
   in	
  60	
  

France	
  and	
  “juvenile	
  oyster	
  mortality	
  (JOM)”	
   in	
  New	
  Zealand.	
   	
  Epidemiological	
  studies	
  61	
  

demonstrated	
  that	
  younger	
  oysters	
  (spat	
  >	
   juveniles	
  >	
  adults)	
  are	
  more	
  susceptible	
   to	
  62	
  

OsHV-­‐1	
  µvar	
   [6-­‐8],	
   and	
   that	
   the	
   onset	
   of	
   disease	
   occurs	
  when	
   seawater	
   temperatures	
  63	
  

exceed	
  17oC	
  [4,	
  7,	
  8].	
  	
  Aquaculture	
  selection	
  programs	
  have	
  shown	
  differential	
  survival	
  64	
  

of	
   C.	
   gigas	
   family	
   lines	
   exposed	
   to	
   OsHV-­‐1	
   µvar	
   [9],	
   establishing	
   that	
   there	
   is	
   a	
  65	
  

unidentified	
  genetic	
  component(s)	
  affecting	
  resistance	
  to	
  the	
  disease.	
  66	
  

It	
  is	
  unknown	
  why	
  younger	
  developmental	
  stages	
  of	
  C.	
  gigas	
  are	
  more	
  susceptible	
  67	
  

to	
   OsHV-­‐1	
   µvar.	
   	
   One	
   possibility	
   is	
   they	
   have	
   an	
   immature	
   immune	
   system	
   [2,	
   10].	
  	
  68	
  

Alternatively,	
   replication	
   of	
   OsHV-­‐1	
   µvar	
   is	
   reliant	
   on	
   host	
   cell	
   replication	
  machinery	
  69	
  

and	
   the	
   higher	
   cell	
   replication	
   rates	
   of	
   immature	
   oysters	
   could	
   favour	
   the	
   virus.	
  	
  70	
  

Seawater	
  temperature	
  above	
  16oC	
  is	
  a	
  risk	
  factor	
  [7,	
  8,	
  11,	
  12],	
  and	
  it	
  is	
  presumed	
  that	
  71	
  

OsHV-­‐1	
   causes	
   asymptomatic	
   (latent)	
   infections	
   below	
   this	
   temperature	
   [10].	
   	
   This	
  72	
  

presumption	
  is	
  based	
  on	
  observations	
  of	
  herpesvirus	
  infection	
  in	
  fish.	
  	
  For	
  example,	
  carp	
  73	
  

exposed	
   to	
  Koi	
   herpesvirus	
   (KHV)	
   at	
   11oC	
   do	
   not	
   succumb	
   to	
   the	
   disease	
   until	
  water	
  74	
  

temperature	
   is	
   elevated	
   to	
  23oC,	
   and	
   these	
   fish	
  do	
  not	
   shed	
   the	
  virus	
  and	
   infect	
  naïve	
  75	
  

fish	
  during	
  co-­‐habitation	
  experiments	
  unless	
   temperatures	
  are	
  above	
  20oC,	
   suggesting	
  76	
  

the	
  virus	
   is	
   in	
  an	
  altered	
  transcriptional	
  state	
  below	
  20oC	
  [13].	
   	
  Seawater	
  temperature	
  77	
  

would	
  not	
  only	
   influence	
   the	
  pathogen,	
  but	
  would	
  also	
   increase	
   the	
  metabolism	
  of	
   the	
  78	
  

host	
  [1,	
  14].	
  	
  A	
  trade-­‐off	
  for	
  increasing	
  the	
  host’s	
  metabolic	
  requirements	
  is	
  less	
  energy	
  79	
  

and	
   resources	
   available	
   for	
   maintaining	
   the	
   host’s	
   immunological	
   status	
   [14].	
   	
   It	
   is	
  80	
  

therefore	
  not	
  surprising	
  that	
  C.	
  gigas	
  also	
  suffer	
  mortalities	
  from	
  other	
  pathogens,	
  such	
  81	
  

as	
  Vibrio	
  bacteria,	
  when	
  the	
  seawater	
  temperature	
  rises	
  above	
  18oC	
  [15].	
  82	
  

	
   Oysters	
   have	
   no	
   acquired	
   immune	
   system,	
   but	
   they	
   have	
   an	
   efficient	
   defence	
  83	
  

mechanism	
  for	
  eliminating	
  invading	
  agents,	
  based	
  on	
  innate	
  immunity.	
   	
  Host-­‐pathogen	
  84	
  



	
   4	
  

interactions	
   between	
   C.	
   gigas	
   and	
   pathogenic	
   bacterial	
   strains	
   belonging	
   to	
   Vibrio	
  85	
  

aestuarianus	
  and	
  V.	
  splendidus	
  are	
  well	
  documented	
  in	
  the	
  literature	
  [reviewed	
  by	
  16].	
  	
  86	
  

In	
   contrast,	
   there	
   is	
   a	
   lack	
   of	
   information	
   about	
   mollusc	
   antiviral	
   immunity	
   in	
   the	
  87	
  

aetiology	
  of	
   “POMS”.	
   	
  Oysters	
   injected	
  with	
  poly	
   I:C	
  are	
   induced	
   into	
  an	
  antiviral	
   state	
  88	
  

preventing	
   subsequent	
   OsHV-­‐1	
   µvar	
   infection	
   [17].	
   	
   Poly	
   I:C	
   is	
   a	
   synthetic	
   dsRNA	
  89	
  

compound	
  that	
  mimics	
  a	
  virus	
  because	
  nearly	
  all	
  viruses	
  produce	
  dsRNA	
  at	
  some	
  point	
  90	
  

during	
   their	
   replication	
   [18].	
   	
   Oysters	
   have	
   therefore	
   been	
   shown	
   to	
   recognise	
   these	
  91	
  

virus-­‐associated	
  molecular	
  patterns	
  [19]	
  and	
  to	
  induce	
  an	
  immune	
  response	
  that	
  either	
  92	
  

inhibits	
   virus	
   entry	
   or	
   replication	
   [17].	
   	
   Previous	
   research	
   has	
   shown	
   that	
   C.	
   gigas	
  93	
  

hemolymph	
  contains	
  a	
  compound(s)	
  that	
   inhibits	
  herpes	
  simplex	
  virus	
  type	
  1	
  (HSV-­‐1)	
  94	
  

replication	
   in	
   Vero	
   cell	
   monolayers	
   [20,	
   21]	
   and	
   that	
   OsHV-­‐1	
   infection	
   up-­‐regulates	
  95	
  

expression	
  of	
   immune	
  genes	
   in	
  hemocytes	
  collected	
   from	
  adult	
  C.	
  gigas	
   [22].	
   	
  To	
  date,	
  96	
  

investigations	
   into	
   the	
   influence	
   of	
   water	
   temperature	
   and	
   host	
   ontogeny	
   on	
   the	
  97	
  

antiviral	
  response	
  of	
  C.	
  gigas	
  have	
  not	
  been	
  undertaken.	
  98	
  

	
   Here,	
  we	
   address	
   the	
   effect	
   of	
   temperature	
   and	
   host	
   ontogeny	
   on	
   the	
   antiviral	
  99	
  

response	
  of	
  C.	
  gigas.	
  	
  Specifically,	
  we	
  hypothesize	
  that	
  (i)	
  the	
  oyster’s	
  antiviral	
  response	
  100	
  

is	
  compromised	
  at	
  elevated	
  water	
  temperatures	
  and	
  (ii)	
  the	
  antiviral	
  response	
  of	
  adults	
  101	
  

and	
   juvenile	
   oysters	
   is	
   comparable.	
   	
   We	
   test	
   these	
   hypotheses	
   using	
   a	
   multifactorial	
  102	
  

experimental	
   design	
   by	
   acclimating	
   juvenile	
   and	
   adult	
   C.	
   gigas	
   to	
   12	
   and	
   22oC	
   and	
  103	
  

measuring	
  their	
  immune	
  response	
  to	
  poly	
  I:C	
  in	
  comparison	
  to	
  sterile	
  seawater	
  controls.	
  	
  104	
  

These	
  temperatures	
  were	
  chosen	
  because	
  OsHV-­‐1	
  causes	
  mortality	
  in	
  France,	
  USA	
  and	
  105	
  

Australia	
  between	
  16-­‐25oC	
  [2,	
  8,	
  11],	
  whereas	
  OsHV-­‐1	
  µvar	
  is	
  unable	
  to	
  be	
  transmitted	
  106	
  

from	
  positive	
  to	
  naïve	
  oysters	
  at	
  temperatures	
  below	
  13oC	
  [12].	
  	
  Our	
  results	
  support	
  the	
  107	
  

hypothesis	
  that	
  the	
  physiology	
  of	
  juvenile	
  oysters	
  contributes	
  to	
  the	
  aetiology	
  of	
  Pacific	
  108	
  

oyster	
  mortality	
  syndrome.	
  109	
  

	
  110	
  

2.0	
  Materials	
  and	
  Methods	
  111	
  

2.1	
  Animals	
  and	
  experimental	
  conditions	
  112	
  

Adult	
   (1.5	
   years)	
   and	
   juvenile	
   (0.8	
   years)	
   Pacific	
   oysters	
   (wet	
  weight:	
   11.45	
  ±	
   0.64	
  &	
  113	
  

6.23	
   ±	
   1.1	
   grams,	
   respectively)	
   were	
   kindly	
   donated	
   by	
   Zippel	
   Enterprises	
   Pty	
   Ltd,	
  114	
  

Smoky	
  Bay,	
  South	
  Australia.	
  	
  Adult	
  and	
  juvenile	
  oysters	
  originated	
  from	
  the	
  same	
  family	
  115	
  

line	
  spawned	
  in	
  January	
  and	
  September	
  of	
  2012,	
  respectively.	
  	
  Oysters	
  were	
  raised	
  using	
  116	
  

standard	
   commercial	
   farming	
   techniques.	
   	
   	
   Oysters	
   were	
   delivered	
   to	
   Flinders	
  117	
  



	
   5	
  

University	
   in	
   June	
   2013	
   by	
   overnight	
   courier	
   and	
   immediately	
   placed	
   in	
   seawater	
  118	
  

recirculation	
   system	
   (salinity	
   35	
   ppt,	
   temperature	
   16oC).	
   	
   Prior	
   to	
   experimentation,	
   a	
  119	
  

notch	
  was	
  filed	
  in	
  the	
  shell	
  adjacent	
  to	
  adductor	
  muscle	
  of	
  each	
  oyster	
  using	
  an	
  electric	
  120	
  

bench	
  grinder.	
  	
  Oysters	
  were	
  then	
  returned	
  to	
  their	
  recirculation	
  system	
  to	
  recover	
  for	
  121	
  

24	
   hours.	
   	
   Next,	
   oysters	
  were	
   transferred	
   to	
   aerated	
   aquariums	
   (40	
   L)	
  maintained	
   at	
  122	
  

either	
   12	
   or	
   22oC	
   and	
   allowed	
   to	
   acclimatize	
   for	
   one	
   week	
   before	
   experimentation.	
  	
  123	
  

Water	
  quality	
  was	
  assessed	
  daily	
  and	
  oysters	
  were	
  not	
  fed	
  during	
  this	
  period.	
  124	
  

	
   At	
   time	
   0	
   hours	
   (prior	
   to	
   injection),	
   juvenile	
   and	
   adult	
   oysters	
   maintained	
   in	
  125	
  

aquaria	
  at	
  either	
  12	
  or	
  22oC	
  were	
   injected	
   in	
   the	
  adductor	
  muscle	
  with	
  either	
  poly	
   I:C	
  126	
  

(Sigma,	
   Cat#	
   P0913,	
   5	
  mg.mL-­‐1	
   in	
   seawater)	
   or	
   sterile	
   seawater	
   (control)	
   using	
   a	
   25-­‐127	
  

gauge	
   needle	
   attached	
   to	
   a	
  multi-­‐dispensing	
   pipette.	
   	
   Juvenile	
   and	
   adult	
   oysters	
  were	
  128	
  

injected	
   with	
   either	
   50	
   or	
   100	
   µl	
   of	
   poly	
   I:C	
   or	
   seawater,	
   respectively.	
   	
   Hemolymph	
  129	
  

samples	
  were	
  taken,	
  using	
  a	
  sterile	
  23-­‐gauge	
  needle	
  attached	
  to	
  a	
  1	
  mL	
  syringe,	
  from	
  the	
  130	
  

adductor	
  muscle	
  of	
  four	
  individual	
  oysters	
  from	
  each	
  group	
  at	
  0,	
  12	
  and	
  26	
  hours	
  post-­‐131	
  

injection.	
  	
  Hemolymph	
  was	
  immediately	
  centrifuged,	
  and	
  hemocyte	
  cell	
  pellets	
  and	
  cell-­‐132	
  

free	
  hemolymph	
  was	
  snap	
  frozen	
  in	
  liquid	
  nitrogen	
  and	
  stored	
  at	
  -­‐80oC.	
  133	
  

	
  134	
  

2.2	
  Total	
  RNA	
  extraction,	
  first-­‐strand	
  synthesis	
  and	
  qPCR.	
  135	
  

Total	
   RNA	
   was	
   extracted	
   from	
   hemocyte	
   pellets	
   using	
   the	
   Isolate	
   II	
   RNA	
   mini	
   kit	
  136	
  

(Bioline)	
  with	
  on-­‐column	
  DNAse	
  treatment	
  following	
  the	
  manufacturer’s	
  protocol.	
   	
  The	
  137	
  

purity	
   and	
   quantity	
   of	
   purified	
   RNA	
   was	
   estimated	
   by	
   spectrophometry	
   (Thermo	
  138	
  

Scientific,	
  ND-­‐1000).	
  	
  First-­‐strand	
  synthesis	
  was	
  performed	
  on	
  150	
  ng	
  of	
  total	
  RNA	
  using	
  139	
  

the	
  Tetro	
  cDNA	
  synthesis	
  kit	
  (Bioline)	
  following	
  the	
  manufacturers	
  protocol.	
  cDNA	
  was	
  140	
  

diluted	
  in	
  ten-­‐volumes	
  of	
  sterile	
  water	
  prior	
  to	
  use.	
  141	
  

Twenty	
   putative	
   antiviral	
   genes	
   were	
   selected	
   for	
   RT-­‐qPCR	
   analysis	
   using	
   the	
  142	
  

gene	
  specific	
  primers	
  listed	
  in	
  Table	
  1.	
  	
  The	
  PCR	
  reaction	
  volume	
  was	
  6	
  µl	
  and	
  contained	
  143	
  

SensiFASTTM	
  SYBR	
  Lo-­‐ROX	
  master	
  mix	
  (Bioline),	
  100	
  nM	
  of	
  each	
  specific	
  primer	
  and	
  1.5	
  144	
  

ng	
  of	
  cDNA	
  in	
  a	
  ViiA7TM	
  thermocycler	
  (Applied	
  Biosystems)	
  using	
  an	
  initial	
  denaturation	
  145	
  

(95oC	
  for	
  2	
  min)	
  followed	
  by	
  40	
  cycles	
  of	
  denaturation	
  (95oC,	
  5	
  sec)	
  and	
  hybridisation-­‐146	
  

elongation	
  step	
  (60oC,	
  30	
  sec).	
  	
  A	
  subsequent	
  melting	
  temperature	
  curve	
  of	
  the	
  amplicon	
  147	
  

was	
  performed.	
  	
  Expression	
  of	
  target	
  genes	
  were	
  normalised	
  with	
  the	
  elongation	
  factor	
  148	
  

1-­‐alpha	
  reference	
  gene	
  [23],	
  which	
  was	
  stable	
  in	
  the	
  current	
  study	
  (p	
  >	
  0.05,	
  CV	
  =	
  2.2	
  %).	
  	
  149	
  



	
   6	
  

The	
  relative	
  expression	
  of	
   target	
  genes	
  was	
  calculated	
  using	
  the	
  ∆Ct	
  method	
  using	
  the	
  150	
  

formula:	
  2Ct(target)–Ct(reference),	
  with	
  the	
  cycle	
  threshold	
  (Ct)	
  set	
  at	
  1.0	
  for	
  all	
  genes.	
  151	
  

	
  152	
  

2.3	
  Antiviral	
  activity	
  of	
  hemolymph	
  against	
  HSV-­‐1	
  	
  153	
  

Antiviral	
   activity	
   of	
   cell-­‐free	
   hemolymph	
   against	
   herpes	
   simplex	
   virus	
   type	
   1	
   (HSV-­‐1)	
  154	
  

was	
  determined	
  by	
  plaque	
  assay,	
  as	
  described	
  [20,	
  24].	
  	
  Briefly,	
  Vero	
  cell	
  monolayers	
  in	
  155	
  

24-­‐well	
  plates	
  were	
  infected	
  in	
  duplicate	
  with	
  50	
  plaque	
  forming	
  units	
  (PFU),	
  in	
  a	
  total	
  156	
  

volume	
   of	
   0.56	
  ml,	
   in	
   the	
   presence	
   of	
   hemolymph	
   (8	
  %	
   v/v).	
   	
   Hemolymph	
  was	
   pre-­‐157	
  

incubated	
  with	
  the	
  cell	
  monolayers	
  for	
  15	
  minutes	
  prior	
  to	
  the	
  addition	
  of	
  HSV-­‐1	
  and	
  the	
  158	
  

hemolymph	
  was	
  included	
  for	
  the	
  duration	
  of	
  the	
  assay.	
  	
  Cells	
  were	
  incubated	
  for	
  2	
  days	
  159	
  

at	
   37oC	
   before	
   monolayers	
   were	
   fixed	
   with	
   37%	
   formaldehyde,	
   stained	
   with	
   2%	
  160	
  

toluidine	
  blue	
  and	
  plaques	
  counted	
  using	
  an	
  inverted	
  light	
  microscope	
  (Olympus	
  CK2).	
  	
  161	
  

Antiviral	
  activity	
  was	
  expressed	
  as	
  percentage	
  reduction	
  in	
  plaque	
  numbers.	
  162	
  

	
  163	
  

2.4	
  Statistical	
  analysis	
  164	
  

To	
  determine	
   statistical	
   differences,	
   univariate	
   data	
  was	
   analysed	
  using	
   the	
   computer	
  165	
  

software	
  package,	
  SPSS	
  v.20	
  and	
  differences	
  were	
  considered	
  significant	
  when	
  p	
  <	
  0.05.	
  	
  166	
  

Four-­‐way	
   analysis	
   of	
   variance	
   (ANOVA)	
   was	
   performed	
   to	
   test	
   differences	
   in	
   gene	
  167	
  

expression	
   and	
   antiviral	
   activity	
   of	
   the	
   hemolymph	
   against	
   HSV-­‐1.	
   	
   The	
   four	
   factors	
  168	
  

analysed	
  were	
  ‘TREATMENT’	
  with	
  the	
  levels	
  ‘poly	
  I:C’	
  and	
  ‘control’,	
   ‘HOST	
  ONTOGENY’	
  169	
  

with	
  levels	
  of	
  ‘adults’	
  and	
  ‘juveniles’,	
   ‘WATER	
  TEMPERATURE’	
  with	
  levels	
  of	
  ‘12oC’	
  and	
  170	
  

‘22oC’	
   and	
   ‘TIME-­‐POINT’	
  with	
   three	
   levels	
   (0,	
   12	
  &	
   26	
   hours).	
   	
   Pairwise	
   comparisons	
  171	
  

were	
  performed	
  using	
  Tukey’s	
  HSD	
   test	
  when	
  significant	
   interactions	
  between	
   factors	
  172	
  

were	
   identified.	
   	
   Normality	
   and	
   homogeneity	
   of	
   equal	
   variances	
   was	
   assessed	
   using	
  173	
  

Levene’s	
   test	
   of	
   equal	
   variances	
   and	
   residual	
   plots.	
   	
   Gene	
   expression	
   data	
   that	
   was	
  174	
  

skewed	
  was	
  log-­‐transformed	
  in	
  order	
  to	
  meet	
  the	
  requirements	
  for	
  ANOVA.	
  175	
  

	
   To	
  test	
  the	
  overall	
  immune	
  gene	
  response,	
  permutational	
  multivariate	
  analysis	
  of	
  176	
  

variance	
   (PERMANOVA)	
   and	
   principle	
   component	
   ordination	
   (PCO)	
   analyses	
   were	
  177	
  

conducted	
  using	
  PRIMER	
  V.6	
  +	
  PERMONANOVA	
  (Plymouth	
  Marine	
  Laboratory,	
  UK)	
  [25].	
  	
  178	
  

Similarity	
  matrices	
  were	
  prepared	
  using	
  Euclidean	
  distance	
  and	
  9999	
  permutations	
  of	
  179	
  

residuals	
   were	
   performed	
   under	
   a	
   full	
   model.	
   	
   Pair-­‐wise	
   tests	
   were	
   performed	
   on	
  180	
  

significant	
   interaction	
   terms	
   (p	
   <	
   0.05).	
   	
   PCO	
   was	
   used	
   to	
   produce	
   scatter	
   plots	
   to	
  181	
  

visually	
   represent	
   the	
  multivariate	
   differences	
   among	
   the	
   significant	
   factors.	
   	
   Vectors	
  182	
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overlaid	
   on	
   the	
   graphs	
  were	
   based	
   on	
   variables	
   (genes)	
  with	
   >0.8	
   correlations	
   to	
   the	
  183	
  

two	
  primary	
  PCO	
  axes.	
  184	
  

	
  185	
  

3.0	
  Results	
  186	
  

3.1	
  Gene	
  expression	
  187	
  

The	
  experimental	
  design	
  allowed	
  us	
  to	
   investigate	
  the	
   influence	
  of	
  water	
  temperature,	
  188	
  

age	
   and	
   the	
   interaction	
   of	
  water	
   temperature	
   and	
   age	
   on	
   the	
   antiviral	
   response	
   of	
  C.	
  189	
  

gigas.	
   	
  We	
  measured	
  the	
  expression	
  kinetics	
  of	
  20	
  putative	
  antiviral	
  genes,	
  which	
  were	
  190	
  

normalised	
  to	
  the	
  expression	
  of	
  elongation	
  factor	
  1-­‐alpha	
  [23].	
  Elongation	
  factor	
  1-­‐alpha	
  191	
  

was	
  found	
  to	
  be	
  stable	
  in	
  the	
  current	
  study	
  (CV	
  =	
  2.2	
  %,	
  p	
  >	
  0.05).	
  	
  Injection	
  of	
  seawater	
  192	
  

(control)	
  into	
  the	
  adductor	
  muscle	
  of	
  C.	
  gigas	
  did	
  not	
  alter	
  the	
  mRNA	
  levels	
  of	
  any	
  of	
  the	
  193	
  

target	
   genes	
   investigated.	
   Poly	
   I:C	
   did	
   increase	
   the	
   hemocyte	
   mRNA	
   levels	
   of	
   TLR,	
  194	
  

MyD88,	
  IκB-­‐1,	
  Rel,	
  MDA5,	
  STING,	
  IRF,	
  SOC,	
  PKR,	
  viperin	
  and	
  Mpeg1	
  (Figure	
  1,	
  p	
  <	
  0.01).	
  	
  195	
  

Temperature	
  and	
  age	
  were	
  both	
  found	
  to	
  influence	
  the	
  response	
  of	
  these	
  genes	
  to	
  poly	
  196	
  

I:C	
   injection.	
   At	
   22oC,	
   hemocytes	
   from	
   juvenile	
   oysters	
   had	
   increased	
  mRNA	
   levels	
   of	
  197	
  

TLR,	
  MyD88,	
  Rel,	
  MDA5,	
   IRF,	
   SOC,	
  PKR,	
   viperin	
   and	
  Mpeg1	
  at	
  12	
  hours	
  post-­‐injection	
  198	
  

(Figure	
  1,	
  p	
  <	
  0.05).	
  	
  In	
  contrast,	
  the	
  response	
  of	
  adult	
  oysters	
  at	
  22oC	
  was	
  delayed,	
  with	
  199	
  

increased	
  mRNA	
   levels	
   of	
  TLR,	
   IRF,	
  MDA5,	
   STING,	
   viperin	
   and	
  Mpeg1	
  occurring	
   at	
   26	
  200	
  

hours	
  post-­‐injection	
  (Figure	
  1,	
  p	
  <	
  0.05).	
  	
  In	
  adults,	
  no	
  up-­‐regulation	
  of	
  individual	
  target	
  201	
  

genes	
  was	
  observed	
  at	
  12	
  hours	
  post-­‐injection	
  (p	
  >	
  0.05).	
  	
  At	
  12oC,	
  the	
  antiviral	
  response	
  202	
  

of	
  juvenile	
  oysters	
  was	
  inhibited	
  with	
  no	
  significant	
  change	
  in	
  mRNA	
  levels	
  at	
  12	
  or	
  26	
  203	
  

hours	
   post-­‐injection	
   (Figure	
   1,	
   p	
   >	
   0.05).	
   	
   Temperature	
   also	
   delayed	
   the	
   antiviral	
  204	
  

response	
  of	
  adult	
  oysters	
  at	
  12oC	
  with	
  only	
  IRF	
  and	
  SOC	
  being	
  up-­‐regulated	
  at	
  26	
  hours	
  205	
  

post-­‐injection	
  (Figure	
  1,	
  p	
  <	
  0.05).	
  206	
  

Poly	
   I:C,	
   temperature,	
   age	
   and	
   their	
   respective	
   interactions	
   had	
   no	
   significant	
  207	
  

effect	
  on	
  mRNA	
  levels	
  of	
  IκB-­‐2,	
  IK	
  cytokine,	
  cytokine	
  receptors	
  1	
  and	
  2,	
  IL-­‐17D,	
  IL-­‐17D	
  208	
  

receptor,	
  NOS,	
  and	
  multi-­‐copper	
  oxidase	
  (Figure	
  1,	
  p	
  >	
  0.05).	
   	
  Temperature	
   influenced	
  209	
  

mRNA	
  levels	
  of	
  MPO	
  (p	
  <	
  0.01),	
  with	
  a	
  0.54-­‐fold	
  decrease	
   in	
   the	
  expression	
  of	
  MPO	
  at	
  210	
  

22oC	
  compared	
  to	
  12oC.	
  	
  211	
  

Multivariate	
  PERMANOVA	
  revealed	
  no	
  significant	
  four-­‐way	
  interactions	
  between	
  212	
  

treatment,	
   ontogeny,	
   temperature	
   and	
   time	
   (pseudo	
   F	
   =	
   0.243,	
  p	
  =	
   0.845).	
   	
   However,	
  213	
  

there	
   were	
   significant	
   three-­‐way	
   interactions	
   between	
   injection	
   x	
   ontogeny	
   x	
  214	
  

temperature	
  (pseudo	
  F	
  =	
  3.346,	
  p	
  =	
  0.044),	
  as	
  well	
  as	
  between	
  treatment	
  x	
  temperature	
  215	
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x	
   time	
   (pseudo	
   F	
   =	
   5.286,	
   p	
   =	
   0.01).	
   	
   Pairwise	
   tests	
   confirmed	
   the	
   finding	
   above	
   by	
  216	
  

revealing	
  that	
  the	
  effects	
  of	
  poly	
  I:C	
  injection	
  were	
  significant	
  at	
  both	
  temperatures	
  for	
  217	
  

adult	
  oysters	
  (p	
  <	
  0.005),	
  whereas	
   juvenile	
  only	
  showed	
  a	
  significant	
  response	
  to	
  poly	
  218	
  

I:C	
  injection	
  at	
  22oC	
  (p	
  <	
  0.0001),	
  but	
  not	
  at	
  12oC	
  (p	
  =	
  0.061).	
  219	
  

PCO	
   was	
   able	
   to	
   account	
   for	
   87.4%	
   of	
   the	
   variation	
   in	
   the	
   data	
   on	
   two	
   axes	
  220	
  

(Figure	
  2).	
   	
  The	
   injection	
  controls	
  were	
   found	
   to	
  group	
   tightly	
   towards	
   the	
  right	
  hand	
  221	
  

side	
  of	
   the	
  plot,	
  whereas	
  the	
  poly	
  I:C	
   injected	
  oysters	
  showed	
  much	
  greater	
  variability	
  222	
  

(Figure	
  2A).	
  	
  The	
  difference	
  between	
  controls	
  and	
  poly	
  I:C	
  was	
  driven	
  by	
  a	
  large	
  number	
  223	
  

of	
  genes,	
  including	
  SOC1,	
  IRF,	
  Viperin,	
  TLR,	
  Rel,	
  PKR,	
  MDA5	
  and	
  Mpeg1	
  (Figure	
  2).	
  	
  The	
  224	
  

effects	
   of	
   temperature	
   appear	
  more	
   visible	
   along	
   the	
   second	
  PCO	
  Y	
   axis,	
  with	
   oysters	
  225	
  

exposed	
  to	
  12oC	
  separating	
  out	
  higher	
  on	
  the	
  plot	
  compared	
  to	
  those	
  at	
  22oC	
  (Figure	
  2A	
  226	
  

&	
   2B).	
   	
   The	
   temperature	
   effect	
   is	
   largely	
   driven	
   by	
   difference	
   in	
   Cytk-­‐R2,	
   which	
   is	
  227	
  

negatively	
   correlated	
   to	
   IκB-­‐1	
   expression	
   levels	
   (Figure	
   2A).	
   	
   Adults	
   and	
   juveniles	
  228	
  

showed	
  a	
  similar	
  spread	
  in	
  the	
  data	
  points,	
  with	
  the	
  effects	
  of	
  temperature	
  (Figure	
  2B)	
  229	
  

and	
   injection	
   treatment	
   apparent	
   at	
   both	
   developmental	
   stages.	
   	
   The	
   interaction	
  230	
  

between	
  time	
  and	
  treatment	
  can	
  be	
  seen	
  along	
  PCO1	
  in	
  Figure	
  2C,	
  with	
  the	
  data	
  taken	
  at	
  231	
  

time	
   0	
   hours	
   clustering	
  with	
   all	
   the	
   controls	
   towards	
   the	
   right	
   of	
   the	
   plot,	
   and	
  much	
  232	
  

more	
  variation	
  in	
  the	
  poly	
  I:C	
  injected	
  oysters	
  after	
  12	
  and	
  26	
  hours	
  (Figure	
  2C).	
  233	
  

	
  234	
  

3.2	
  Humoral	
  factors	
  235	
  

The	
   hemolymph	
   of	
   C.	
   gigas	
   exhibited	
   anti-­‐HSV-­‐1	
   activity.	
   	
   Addition	
   of	
   cell-­‐free	
  236	
  

hemolymph	
  to	
  Vero	
  cell	
  monolayers	
  (8	
  %	
  v/v)	
  reduced	
  the	
  number	
  of	
  HSV-­‐1	
  plaques	
  by	
  237	
  

62.2	
  %.	
  	
  Treatment,	
  age,	
  temperature	
  and	
  their	
  interactions	
  did	
  not	
  alter	
  the	
  anti-­‐HSV-­‐1	
  238	
  

activity	
  of	
  the	
  hemolymph	
  (p	
  >	
  0.05,	
  data	
  not	
  presented).	
  	
  	
  239	
  

	
  240	
  

4.0	
  Discussion	
  241	
  

Herpesviruses	
  pose	
  a	
  large	
  threat	
  to	
  worldwide	
  production	
  of	
  Pacific	
  oysters.	
  	
  Field	
  and	
  242	
  

laboratory	
   studies	
   have	
   revealed	
   younger	
   developmental	
   stages	
   of	
   C.	
   gigas	
   are	
   more	
  243	
  

sensitive	
   to	
   infection	
   by	
   OsHV-­‐1	
   µvar	
   [2,	
   7,	
   8],	
   and	
   mortality	
   coincides	
   with	
   water	
  244	
  

temperatures	
  between	
  17	
  to	
  24oC	
  [7,	
  8].	
  	
  It	
  has	
  often	
  been	
  suggested	
  that	
  the	
  increased	
  245	
  

mortality	
   of	
   younger	
  C.	
   gigas	
   reflects	
   an	
   immature	
   immune	
   system	
   [2,	
   10,	
   26].	
   	
   High	
  246	
  

water	
  temperatures	
  and	
  associated	
  low	
  dissolved	
  oxygen	
  may	
  further	
  compromise	
  their	
  247	
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immune	
  system.	
  	
  Our	
  study	
  showed	
  that	
  juvenile	
  oysters	
  at	
  22oC	
  respond	
  vigorously	
  to	
  a	
  248	
  

virus-­‐associated	
  molecular	
  pattern.	
  249	
  

	
   To	
  date,	
   two	
  studies	
  have	
   investigated	
  the	
  antiviral	
  response	
  of	
  C.	
  gigas	
  against	
  250	
  

OsHV-­‐1	
  and	
  both	
  these	
  studies	
  have	
  demonstrated	
  that	
  the	
  immune	
  system	
  of	
  C.	
  gigas	
  is	
  251	
  

not	
   ignorant	
   of	
   virus	
   infection	
   with	
   increased	
   expression	
   of	
   genes	
   involved	
   in	
   virus	
  252	
  

recognition,	
   signalling	
   and	
   immunity	
   [17,	
   22].	
   	
   	
   Oysters	
   can	
   recognise	
   different	
   virus-­‐253	
  

associated	
   molecular	
   patterns	
   and	
   can	
   respond	
   in	
   a	
   specific	
   manner	
   at	
   the	
  254	
  

transcriptional	
  level	
  [19].	
  	
  Numerous	
  studies	
  have	
  demonstrated	
  that	
  the	
  hemolymph	
  of	
  255	
  

C.	
  gigas	
  contains	
  a	
  compound(s)	
  with	
  broad-­‐spectrum	
  antiviral	
  activity	
  [20,	
  21,	
  27,	
  28].	
  	
  256	
  

These	
   compounds	
  are	
  yet	
   to	
  be	
   identified,	
  but	
  display	
  virucidal	
   activity	
  against	
  HSV-­‐1	
  257	
  

and	
  also	
  inhibit	
  HSV-­‐1	
  replication	
  [28].	
  	
  In	
  the	
  current	
  study,	
  we	
  measured	
  cellular	
  and	
  258	
  

humoral	
  responses	
  to	
  a	
  virus-­‐associated	
  molecular	
  pattern.	
  	
  We	
  chose	
  poly	
  I:C	
  because	
  259	
  

previous	
   research	
   has	
   demonstrated	
   it	
   induces	
   the	
   same	
   antiviral	
   gene	
   expression	
  260	
  

profiles	
  as	
  experimental	
  infection	
  with	
  OsHV-­‐1	
  µvar	
  [17].	
  	
  In	
  the	
  current	
  study,	
  poly	
  I:C	
  261	
  

appears	
   to	
   induce	
   a	
   cellular	
   response	
   targeted	
   at	
   preventing	
   virus	
   transcription	
   and	
  262	
  

replication	
  as	
  opposed	
   to	
   inducing	
   the	
  production	
  and/or	
  release	
  of	
  humoral	
  antiviral	
  263	
  

(anti-­‐HSV-­‐1)	
   compounds.	
   	
   This	
   observation	
   is	
   consistent	
   with	
   a	
   previous	
   study	
  264	
  

measuring	
   the	
   antiviral	
   activity	
   of	
   the	
   hemolymph	
   of	
   hybrid	
   abalone,	
  Haliotis	
   rubra	
  x	
  265	
  

laevigata	
   infected	
  with	
  abalone	
  herpesvirus	
   (AbHV-­‐1)	
   [29].	
   	
  Seasonal	
  variations	
   in	
   the	
  266	
  

anti-­‐HSV-­‐1	
  activity	
  of	
  the	
  hemolymph	
  have	
  been	
  reported	
  for	
  C.	
  gigas	
  and	
  H.	
  rubra	
  with	
  267	
  

both	
  species	
  displaying	
  higher	
  anti-­‐HSV-­‐1	
  activity	
  during	
  summer	
  [20,	
  30].	
  	
  In	
  contrast,	
  268	
  

we	
  observed	
  that	
  temperature	
  and	
  oyster	
  age	
  had	
  no	
  effect	
  on	
  anti-­‐HSV-­‐1	
  activity	
  of	
  the	
  269	
  

hemolymph	
  of	
  C.	
  gigas,	
  suggesting	
  the	
  antiviral	
  compounds	
  are	
  constitutively	
  expressed.	
  270	
  

	
   Double-­‐stranded	
   RNA,	
   either	
   viral	
   or	
   synthetic,	
   is	
   an	
   efficient	
   inducer	
   of	
  271	
  

interferon	
  signalling	
  pathways	
   in	
  vertebrates	
   [18].	
  The	
  antiviral	
  action	
  of	
   interferon	
   is	
  272	
  

mediated	
  by	
  a	
  two-­‐step	
  pathway,	
  which	
  has	
  been	
  characterised	
  in	
  detail	
  and	
  reviewed	
  273	
  

comprehensively	
   [18,	
  31].	
   	
  Typically,	
   transcription	
  of	
   the	
   interferon	
  gene	
  occurs	
  when	
  274	
  

virus-­‐infected	
  cells	
  recognise	
  dsRNA	
  produced	
  during	
  virus	
  replication	
  [18].	
  Vertebrate	
  275	
  

cells	
   recognise	
   dsRNA	
   using	
   an	
   evolutionarily	
   conserved	
   set	
   of	
   pattern	
   recognition	
  276	
  

receptors,	
   including	
  toll-­‐like	
  receptor	
  3	
  (TLR3)	
  and	
  members	
  of	
  retinoic	
  acid	
  inducible	
  277	
  

gene	
  I	
  (RIG-­‐1)	
  family	
  [18].	
  	
  Upon	
  recognition	
  of	
  dsRNA,	
  these	
  receptors	
  initiate	
  complex	
  278	
  

signalling	
   pathways	
   resulting	
   in	
   IRF-­‐3	
   (interferon	
   regulatory	
   factor	
   3)	
   and	
   NF-­‐κB	
  279	
  

assembling	
   on	
   the	
   promoter	
   region	
   of	
   the	
   interferon	
   gene	
   [18].	
   	
   Interferon	
   is	
   then	
  280	
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secreted	
  by	
  virus-­‐infected	
  cells	
  [31].	
   	
  Interferon	
  exerts	
  an	
  antiviral	
  effect	
  by	
  binding	
  to	
  281	
  

interferon	
  receptors	
  on	
  neighbouring	
  cells	
  and	
  triggers	
  signal	
  transduction	
  through	
  the	
  282	
  

JAK	
   (Janus	
   activated	
   kinase)-­‐STAT	
   (signal	
   transducer	
   and	
   activation	
   of	
   transcription)	
  283	
  

pathway	
   resulting	
   in	
   up-­‐regulation	
   of	
   several	
   hundred	
   interferon-­‐stimulated	
   genes	
  284	
  

(ISGs),	
   including	
  protein	
  kinase	
  R	
  (PKR),	
  2’5’-­‐oligoadenylate	
  synthetase	
  (OAS),	
  Mx	
  and	
  285	
  

viperin	
  [18,	
  31].	
  	
  286	
  

	
   No	
  invertebrate	
  has	
  been	
  shown	
  to	
  have	
  an	
  obvious	
  homolog	
  of	
  interferon	
  [32].	
  	
  287	
  

However,	
  an	
  equivalent	
  pathway	
   is	
   likely	
  present	
   in	
   the	
  oyster	
  (Figure	
  3)	
   [17].	
   	
   In	
   the	
  288	
  

current	
  study,	
  poly	
  I:C	
  induced	
  expression	
  of	
  putative	
  dsRNA	
  recognition	
  receptors	
  (TLR	
  289	
  

&	
  MDA5),	
   downstream	
   signalling	
  molecules	
   (MyD88,	
   IκB-­‐1,	
   Rel,	
   STING,	
   IRF	
  &	
   SOC-­‐1)	
  290	
  

and	
  several	
   interferon-­‐stimulated	
  genes	
   (PKR	
  &	
  viperin)	
   (Figure	
  1),	
  which	
  suggests	
  at	
  291	
  

least	
  two	
  dsRNA-­‐signalling	
  pathways	
  (TLR-­‐dependent	
  &	
  MDA5-­‐dependent)	
  are	
  present	
  292	
  

in	
  the	
  oyster	
  (see	
  Figure	
  3).	
  	
  PCO	
  revealed	
  positive	
  correlatons	
  in	
  the	
  expression	
  of	
  most	
  293	
  

of	
   these	
   receptor	
   and	
   signalling	
   genes	
   in	
   response	
   to	
   poly	
   I:C	
   injection	
   (Figure	
   2),	
  294	
  

suggesting	
   that	
   these	
   two	
   pathway	
   are	
   initiated	
   simultaneously.	
   	
   The	
   purpose	
   of	
   the	
  295	
  

vertebrate	
  interferon	
  pathway	
  is	
  to	
  induce	
  ISGs	
  that	
  limit	
  synthesis	
  of	
  viral	
  proteins	
  and	
  296	
  

induce	
   programmed	
   cell	
   death	
   (autophagy	
   and	
   apoptosis)	
   of	
   virus-­‐infected	
   cells	
   [18,	
  297	
  

33].	
  	
  Data	
  in	
  Genbank	
  suggests	
  the	
  oyster	
  possesses	
  several	
  classic	
  ISGs,	
  including	
  PKR,	
  298	
  

OAS,	
  Mx,	
   ADAR	
   and	
   viperin.	
   	
   PKR	
  has	
   been	
   studied	
   intensively	
   and	
   in	
   response	
   to	
   its	
  299	
  

cofactor,	
  dsRNA,	
  it	
  undergoes	
  activation	
  to	
  inhibit	
  viral	
  and	
  cellular	
  protein	
  synthesis	
  by	
  300	
  

phosphorylating	
  eukaryotic	
  initiation	
  factor	
  2	
  (eIF2)	
  [18].	
  	
  PKR	
  is	
  also	
  required	
  for	
  viral	
  301	
  

induced	
  autophagy	
  and	
  apoptosis	
  [34].	
   	
  Viperin’s	
  mode	
  of	
  action	
  is	
  unclear,	
  but	
   it	
  may	
  302	
  

impair	
  virus	
  budding	
  [33].	
  303	
  

Relatively	
   few	
   studies	
   have	
   investigated	
   the	
   influence	
   of	
   temperature	
   or	
   host	
  304	
  

ontogeny	
  on	
   the	
   immunological	
   response	
  of	
  C.	
  gigas	
   [35-­‐38].	
   	
   In	
  vivo	
   and	
  vitro	
   studies	
  305	
  

suggest	
  C.	
  gigas	
   is	
  immunocompromised	
  at	
  elevated	
  seawater	
  temperature	
  [35,	
  36].	
   	
  C.	
  306	
  

gigas	
   at	
   21oC	
   have	
   reduced	
   numbers	
   of	
   hemocytes.mL-­‐1	
   and	
   decreased	
   phagocytosis	
  307	
  

activity	
   in	
   the	
  hemolymph	
   compared	
   to	
  oysters	
   at	
  12oC	
   [36].	
   	
  Our	
   results	
  provide	
   the	
  308	
  

first	
  evidence	
  that	
  temperature	
  and	
  host	
  ontogeny	
  influence	
  the	
  antiviral	
  response	
  of	
  C.	
  309	
  

gigas	
  (Figure	
  1).	
  	
  Complex	
  interactions	
  appear	
  to	
  occur	
  with	
  temperature	
  over	
  time,	
  and	
  310	
  

whilst	
  some	
  genes	
  such	
  as	
  Cytk-­‐R2	
  appear	
  to	
  suppressed	
  at	
  22oC,	
  others	
  such	
  as	
  Cytk-­‐R1	
  311	
  

and	
  IκB-­‐1	
  were	
  elevated	
  in	
  response	
  to	
  the	
  higher	
  temperature	
  (Figure	
  1	
  &	
  2).	
  	
  Similarly,	
  312	
  

trade-­‐offs	
  between	
  antibacterial	
  and	
  antiviral	
  immune	
  responses	
  have	
  been	
  reported	
  for	
  313	
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abalone	
   under	
   temperature	
   stress	
   [30].	
   	
   However,	
   in	
   contrast	
   to	
   previous	
   studies	
  314	
  

investigating	
   the	
   immunological	
   response	
   to	
  bacteria	
   infections	
   [35,	
  36],	
  12oC	
  delayed	
  315	
  

the	
  antiviral	
  response	
  of	
  adults	
  and	
  inhibited	
  the	
  response	
  of	
  juveniles.	
  	
  At	
  22oC,	
  juvenile	
  316	
  

oysters	
  responded	
  vigorously	
  to	
  poly	
  I:C	
  injection	
  (Figure	
  1).	
  	
  Experimental	
  trials	
  show	
  317	
  

mortality	
  of	
   juvenile	
  C.	
  gigas	
  peaks	
  within	
  three	
  days	
  after	
   infection	
  with	
  OsHV-­‐1	
  µvar	
  318	
  

[26,	
   39]	
   and	
   peak	
   mortality	
   of	
   adults	
   occurs	
   after	
   juveniles	
   (authors	
   personal	
  319	
  

observations).	
  We	
  speculate	
  whether	
  the	
  vigorous	
  response	
  of	
  juvenile	
  oysters	
  results	
  in	
  320	
  

a	
  “cytokine	
  storm”	
  leading	
  to	
  tissue	
  dysfunction	
  and	
  death	
  of	
  the	
  oyster.	
   	
  The	
  antiviral	
  321	
  

response	
   observed	
   would	
   prevent	
   transcription	
   and	
   translation	
   of	
   host	
   and	
   virus	
  322	
  

proteins	
   (program	
  cell	
  death)	
  and	
  may	
  explain	
   the	
  multifocal	
  and	
  extensive	
  ulcerative	
  323	
  

lesions	
  observed	
  in	
  epithelium	
  tissue	
  of	
  C.	
  gigas	
  infected	
  with	
  OsHV-­‐1	
  µvar	
  [2].	
  324	
  

The	
  antiviral	
   response	
  of	
  C.	
  gigas	
   against	
  poly	
   I:C	
  may	
  show	
  differences	
   	
   to	
   the	
  325	
  

response	
  against	
  OsHV-­‐1	
  µvar.	
  	
  All	
  viruses	
  have	
  evolved	
  mechanisms	
  to	
  circumvent	
  and	
  326	
  

modulate	
  the	
  host	
  immune	
  response	
  [18].	
  	
  In	
  the	
  present	
  study,	
  a	
  high	
  proportion	
  of	
  the	
  327	
  

inducible	
   genes	
   (TLR,	
   IRF,	
   Rel,	
   PKR	
   &	
   Mpeg1)	
   are	
   also	
   up-­‐regulated	
   in	
   C.	
   gigas	
   in	
  328	
  

response	
   to	
   experimental	
   OsHV-­‐1	
   infection	
   [17,	
   22].	
   	
   We	
   were	
   surprised	
   that	
   IK	
  329	
  

cytokine,	
  myeloperoxidase	
  (MPO)	
  and	
  the	
  multi-­‐copper	
  oxidase	
  were	
  not	
  induced	
  in	
  this	
  330	
  

study	
   (Figure	
   1).	
   	
   Experimental	
   herpesvirus	
   infections	
   in	
   the	
   scallop,	
   Chlamys	
   farreri	
  331	
  

with	
   acute	
   viral	
   necrobiotic	
   virus	
   (AVNV)	
   have	
   found	
   increased	
   plasma	
   enzyme	
  332	
  

activities	
   for	
   MPO	
   and	
   phenoloxidase	
   [40]	
   and	
   increased	
   hemocyte	
   mRNA	
   transcript	
  333	
  

levels	
  for	
  a	
  multicopper	
  oxidase	
  (phenoloxidase)	
  [41].	
  	
  Likewise,	
  C.	
  gigas	
  up-­‐regulates	
  a	
  334	
  

multicopper	
  oxidase	
  and	
  IK	
  cytokine	
  in	
  response	
  to	
  OsHV-­‐1	
  [22].	
  	
  The	
  failure	
  of	
  poly	
  I:C	
  335	
  

to	
   induce	
   the	
   expression	
   of	
   MPO	
   and	
   multicopper	
   oxidase	
   (Figure	
   1)	
   suggests	
   these	
  336	
  

genes	
   are	
   induced	
   by	
   other	
   virus-­‐associated	
   molecular	
   patterns,	
   damage-­‐associated	
  337	
  

molecular	
   patterns	
   (DAMPs)	
   or	
   microbial	
   components	
   associated	
   with	
   herpesvirus	
  338	
  

infection	
   (i.e.	
   Vibrio	
   sp.).	
   	
   Previous	
   studies	
   have	
   demonstrated	
   IK	
   cytokine	
   is	
   up-­‐339	
  

regulated	
  in	
  the	
  Sydney	
  rock	
  oyster,	
  Saccostrea	
  glomerata	
  in	
  response	
  to	
  poly	
  I:C	
  [19].	
  340	
  

	
  341	
  

Conclusion	
  342	
  

Presence	
   of	
   OsHV-­‐1	
   µvar	
   is	
   insufficient	
   on	
   its	
   own	
   to	
   cause	
   significant	
   mortality	
   of	
  343	
  

juvenile	
  C.	
   gigas	
   [4].	
   	
   Host	
   ontogeny	
   and	
  water	
   temperature	
   are	
   causal	
   factors	
   in	
   the	
  344	
  

aetiology	
  of	
  Pacific	
  oyster	
  mortality	
  syndrome.	
   	
  Our	
  results	
  demonstrate	
  C.	
  gigas	
  relies	
  345	
  

on	
   a	
   cellular	
   response	
   to	
   prevent	
   virus	
   replication	
   and	
   this	
   antiviral	
   response	
   is	
  346	
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influenced	
   both	
   by	
   seawater	
   temperature	
   and	
   host	
   ontogeny.	
   	
   Whether	
   the	
   vigorous	
  347	
  

antiviral	
   response	
  of	
   juvenile	
  oysters	
  at	
  22oC	
  results	
   in	
  an	
   immune	
  mediated	
  disorder	
  348	
  

leading	
   to	
   higher	
  mortality	
   is	
   worthy	
   of	
   further	
   investigation.	
   	
   Future	
   studies	
   should	
  349	
  

focus	
  on	
  comparing	
  the	
  antiviral	
  response	
  of	
  adult	
  and	
  juvenile	
  C.	
  gigas	
  against	
  OsHV-­‐1	
  350	
  

µvar.	
  351	
  

	
  352	
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Table	
   1:	
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   pairs	
   used	
   in	
   RT	
   qPCR	
   expression	
   analysis.	
   	
   The	
   Genbank	
   accession	
  492	
  

number	
  and	
  gene	
  function	
  is	
  provided	
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  each	
  gene.	
  	
  Previously	
  published	
  primer	
  pairs	
  493	
  

are	
  referenced.	
  494	
  

	
  495	
  

Figure	
  Legends	
  496	
  

Figure	
   1:	
   Expression	
   heat	
   map	
   (A)	
   illustrating	
   the	
   average	
   relative	
   expression	
   levels	
  497	
  

(2∆CT)	
  for	
  all	
  target	
  genes	
  according	
  to	
  treatment,	
  host	
  ontogeny,	
  water	
  temperature	
  and	
  498	
  

time.	
  	
  For	
  each	
  gene,	
  the	
  largest	
  expression	
  values	
  are	
  displayed	
  in	
  red	
  and	
  the	
  smallest	
  499	
  

values	
  in	
  black.	
  	
  Relative	
  expression	
  for	
  TLR	
  (B),	
  MDA-­‐5	
  (C),	
  STING	
  (D),	
  IRF	
  (E),	
  PKR	
  (F)	
  500	
  

and	
   Viperin	
   (G)	
   are	
   presented	
   in	
   individual	
   graphs.	
   	
   Gene	
   expression	
   is	
   presented	
  501	
  

relative	
  to	
  the	
  EFU	
  house-­‐keeping	
  gene	
  (2∆CT,	
  mean	
  ±	
  SE).	
   	
  Differences	
  in	
  relative	
  gene	
  502	
  

expression	
   was	
   determined	
   using	
   four-­‐way	
   analysis	
   of	
   variance	
   (ANOVA).	
   	
   Asterisks	
  503	
  

denote	
   significant	
   differences	
   between	
   poly	
   I:C	
   and	
   control	
   group	
   (p	
   <	
   0.05,	
   Tukey’s	
  504	
  

HSD).	
  505	
  

	
  506	
  

Figure	
  2:	
  Principle	
  component	
  ordination	
  (PCO)	
  for	
  the	
  multivariate	
  gene	
  expression	
  in	
  507	
  

response	
   to	
   (A)	
   temperature	
   (12	
   and	
   22oC	
   labels)	
   and	
   injection	
  with	
   sterile	
   seawater	
  508	
  

(black	
   filled	
   upwards	
   triangles)	
   or	
   poly	
   I:C	
   (grey	
   filled	
   downward	
   triangles);	
   (B)	
  509	
  

temperature	
   and	
   ontogeny	
   (juveniles	
   =	
   black	
   filled	
   downward	
   triangles	
   and	
   adults	
   =	
  510	
  

grey	
   filled	
  upward	
  triangles);	
  and	
  (C)	
   time	
  (0,	
  12	
  &	
  26	
  hour	
   labels)	
  and	
   injection	
  with	
  511	
  

sterile	
   seawater	
   (black	
   filled	
   upwards	
   triangles)	
   or	
   poly	
   I:C	
   (grey	
   filled	
   downward	
  512	
  

triangles).	
  	
  Vector	
  overlays	
  indicate	
  genes	
  with	
  correlation	
  coefficients	
  >	
  0.8.	
  513	
  

	
  514	
  

Figure	
  3:	
  Conceptual	
  diagram	
  of	
  the	
  inducible	
  antiviral	
  response	
  of	
  Crassotrea	
  gigas.	
  	
  We	
  515	
  

hypothesize	
   C.	
   gigas	
   recognises	
   dsRNA	
   using	
   evolutionarily	
   conserved	
   dsRNA	
  516	
  

recognition	
  receptors	
  (TLR	
  &	
  MDA5).	
  	
  Upon	
  recognistion,	
  these	
  receptors	
  instigate	
  TLR-­‐517	
  

dependent	
   and	
   MDA5-­‐dependent	
   signalling	
   resulting	
   in	
   the	
   transcription	
   factors,	
   Rel	
  518	
  

and	
   IRF,	
   to	
   trans-­‐locate	
   to	
   the	
   cell	
   nucleus	
   resulting	
   in	
   the	
   induction	
  of	
   cytokines	
   and	
  519	
  

antimicrobial	
   peptides.	
   	
   Cytokines	
   are	
   secreted	
   from	
   viral	
   infected	
   cells.	
   	
   Cytokines	
  520	
  

signal	
  through	
  the	
  Jak-­‐STAT	
  pathway	
  resulting	
  in	
  the	
  induction	
  of	
  interferon	
  stimulated	
  521	
  

genes	
  (ISGs),	
  such	
  as	
  protein	
  kinase	
  R	
  (PKR)	
  and	
  viperin.	
  	
  	
  522	
  



 










