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ABSTRACT Mass mortalities among pilchards Sardinops sagax neopiichardus occurred around Aus-
tralia and New Zealand from March to September 1995. The mortalities spread rapidly both with and
against currents and usually affected fish longer than 11 ¢cm. Examination showed mortalities to be
associated with the presence of replicating herpesvirus in the gill epithelium; herpesviruses were not
observed within equivalent cells of unaftected fish collected ahead of the mortality front. By negative
contrast electron microscopy the virus was demonstrated to possess a 96 nm icosahedral capsid con-
taining 162 capsomers. Many virions were enveloped and possessed surface projections. The nuclei of
infected epithelial cells contained nucleoids, capsids and nucleocapsids which were released from the
nucleus into the surrounding cytoplasm following degeneration of the nuclear membrane. Within the
cytoplasm, the capsids and nucleocapsids acquired a tegument and subsequently were enveloped by
passing into smooth-surfaced vesicles or by budding from the plasma membrane. Release of viruses
from the cells was, 1n the main, associated with lysis of infected gill epithelial cells. The morphology of
the virus and ultrastructure of infected cells suggest that this virus belongs to the family Herpesviridae.
The presence of a replicating herpesvirus within the gill epithelium 1s discussed in context with the
epizootic.
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INTRODUCTION

Mortality in pilchards Sardinops sagax neopilchardus
occurred in southern Australian and New Zealand
coastal waters in 1995 (described in the companion
paper, Whittington et al. 1997). The mortalities com-
menced in March 1995 in South Australia from an area
known as Anxious Bay on the Eyre Peninsula. The
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mortality front then progressed in easterly and west-
erly directions at rates varying from 1.3 to 43 km d°/,
often against prevailing currents (Whittington et al.
1997). By May, the mortalities had reached the south-
western tip of Western Australia and New South Wales
(NSW) waters and by June had progressed as far as
southern Queensland. During June, similar mortalities
had commenced on the north east coast of New
Zealand (Whittington et al. 1997). During June, pil-
chards began dying in Hauraki Gulf, North Island,
New Zealand and by mid-July mortalities had spread
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northwards along the coast to Cape Reinga and a few
days later to Ninety Mile beach. Mortalities ceased
around Australia by August but in New Zealand mor-
talities occurred around the North and South Islands
up to September 1995 (Whittington et al. 1997). It is
estimated that in Western Australian waters at least
109% of the pilchard population died during the epi-
zootic. The proportion was probably greater than 10%
as divers recorded many fish sinking to the sea floor
soon after death (Whittington et al. 1997). Mortalities
in other species of finfish were not recorded.

During the epizootic, dying pilchards were seen
swimming slowly and erratically, lying on their sides
at the surface, leaping out of the water, or surfacing
vertically until the head was out of the water and then
sinking tail first (Whittington et al. 1997). Upon stimu-
lation, many fish within the affected schools would
shudder violently, then die and float to the surface
before sinking to the bottom. Some pilchard schools
appeared affected while others in close proximity
appeared unaffected. The affected schools were com-
prised of fish longer than 11 cm.

There has been only one other report of pilchard
mortalities in Australia. That report (Copas 1982)
describes pilchards, 15 to 25 c¢m long, which were
washed ashore at Hawley Beach, Northwest Tasmania.
The mortalities were restricted to one location and, by
comparison, affected only small numbers of fish. The
clinical signs associated with these mortalities, burst
stomachs and haemorrhage from the gills and anus,
also suggest a different aetiology. In New Zealand,
intermittent pilchard mortalities have been reported
since 1900-1902 {Graham 1974) but the cause of these
mortalities is not known. More recently isolated and
sporadic mortalities were reported from the Bay of
Islands, New Zealand (April 1996), Waiuku Beach,
New Zealand (March 1995), and Wellington Harbour,
New Zealand (December 1993}, but these deaths
involved mixed species of baitfish, discards from fish-
ers and the involvement of the microalga Tetraselmis
(Smith 1995). These pre-June mortalities in New Zea-
land have a different epizootiology and do not appear
to be related to the epizootic which occurred from June
through September 1995 1n which mortalities spread in
a wave-like pattern with and against currents, covered
large geographical distances and affected substan-
tially more pilchards.

Pilchards associated with the current epizootic
showed gill pathology suggestive of a common aetio-
logy (Whittington et al 1997). The pathology was con-
fined to gill lesions and comprised of acute to subacute
inflammation followed by epithelial hypertrophy and
hyperplasia. Histological examination of the affected
pilchards revealed that the disease had a logical pro-
gression and the observed pathology could contribute

to the observed hypoxaemia and hypercapnea. The
patholgy was not consistent with an insult from ichthyo-
toxic algae, siliceous algae, physiochemical factors,
fungi, bacteria, dinoflagellates, amoebae, other proto-
zoa or metazoa. The results were however suggestive
that an infectious agent was involved.

This paper reports the results from extensive elec-
tron microscopical investigations into the identification
of an infectious aetiological agent associated with all
the massive pilchard mortalities around Australia and
New Zealand.

MATERIALS AND METHODS

Specimen collection. Pilchards were collected for lab-
oratory examination from a range of locations around
southern Australia and the North Island of New Zealand;
the collection sites are detailed by Whittington et al.
(1997). Specimens from areas where mortalities had
been observed were sampled from masses of dead and
moribund fish floating on the surface or were netted
from live and apparently healthy schools. Specimens of
healthy pilchards from waters ahead of the mortality
fronts (Table 1) were also collected from around Aus-
tralia and from Wellington Harbour, North Island, New
Zealand. Whole fish and dissected gills were submitted
to the laboratories (refer below) on ice, or frozen or in
10% (v/v) buffered formalin or 2.5% (v/v} glutaralde-
hyde in filtered (0.22 pm) seawater. All samples were
processed for examination by electron microscopy.

Processing of samples for electron microscopy.
Samples were received at the Australian Animal Health
Laboratory (AAHL, Victoria), the Animal Health Labora-
tory (AHL, Western Australia), the Elizabeth Macarthur
Agricultural Institute (EMAI, NSW, Australia) and the
National Institute for Water and Atmospheric Research
laboratory (NIWA, New Zealand). Examination of whole
fish and individual organs revealed that lesions were
present only within the gills of affected fish (Whittington
et al. 1997). These gills were dissected and processed for
the production of ultra-thin sections and/or for negative
contrast electron microscopy (NCEM]).

For ultra-thin sections, both formalin- and 0.1 M caco-
dylate (pH 7.2)- or 0.1 M phosphate (pH 7.2)-buffered
2.5% (v/v) glutaraldehyde-fixed samples (submitted to
AAHL, EMAI, AHL) were washed in buffer (0.1 M
cacodylate or phosphate, pH 7.2), post-fixed in 1%
osmium tetroxide (in buffer), washed in double-
distilled water, dehydrated through a graded alcohol
series (70 to 100%) and embedded in Spurr's resin.
Alternatively, samples (submitted to NIWA) were fixed
in 2.5% (v/v) glutaraldehyde in filtered seawater
(FSW) for 1 h, washed twice in FSW, post-fixed as
above and embedded in Araldite or Epon 812. All sec-
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Table 1. Location and virus status of pilchards submitted for examination

by electron microscopy

tions were double-stained with lead citrate and uranyl
acetate and examined with a Hitachi H600 scanning
transmission electron microscope or a Philips CM12,
CM10 or 420ST transmission electron microscope at
75 0r 80 kV

Samples for NCEM were freeze-thawed (x3), homo-
genised (10% in phosphate-buffered saline, pH 7.2)
and clarified in a bench centrifuge (800 x g, 10 min).
Aliquots of supernatant were then adsorbed to par-
lodion-filmed, carbon-coated, 400 mesh copper grids
and stained with 2% {w/v) phosphotungstic acid
(pH 6.8). Preparations were examined in a Hitachi H600
scanning transmission electron microscope; magnifica-
tions were calibrated against catalase crystals and a
2160 lines mm~! diffracting standard.

Cell culture for virus isolation. Pilchards were sub-
mitted to AAHL, EMAI and AHL diagnostic laborato-
ries where virus isolation was attempted. At AAHL,
samples (refer below) from Western Australia, NSW,
New Zealand and Victoria were processed for virus
isolation; at EMAI the samples were from New South

Wales, and at AHL the samples originated
from Western Australia.
At AAHL, chinook salmon embryo (CHSE-

Location Stage of mortality ~ No. of fish  Presence 214; American Type Culture Collection
event examined: ofarus® (ATCC) CRL 1681), rainbow trout gonad
Geelong, Victoria During 1 1 (RTG-2; ATCC CCL 55). Bluegill fry (BF-2;
lluka, NSW 4 d before 27 0 ATCC CCL 91), Fat Head Minnow (FHM,;
ﬁ“l’:’af QS{/‘V’ %d before 13 ﬁ ATCC CCL 42) and Epithelioma Papulosum
uka, NSV urin i .. L.
luka, NSW 8d aftger 16 0 Cyprini (EPC) (Fijan et al. 1983) cell lines were
Port Stephens, NSW During 10 8 used for virus isolation. Briefly, pooled and
EOS[QI—TI/TT'QQ I\llsq\\/\(/ Buring g g individual tissue samples (gills, liver, kidney
ort Hacking, NSV uring . .
Coffs Harbour, NSW During 4 4 and spleen) Were homogenised using a frozen
Esperance, WA Before " 20°¢ _ve (-20°C), sterile mortar. For each pool (n = 245),
Bremer Bay, WA During 20° +ve the disrupted tissue was suspended in mainte-
- C
giizzi gzy' ::;2 Z g :ﬁg’r’e 38( ::;2 nance medium (Earle’s Minimal Essential Me-
Albany, W/YA' 5 d before 20¢ _ve dium), at a dilution of approximately 1:10 and
Albany, WA During 20° +ve centrifuged (1600 x g for 15 min). A portion of
?lbany, Vt\lIAWA ié 3 iftfef 58; -ve the supernatant was diluted a further 1:10 with
reemantle,V - . . . .
Frgemantl; WA 4d aftirore 20° —Xg maintenance medium and filtered (Sartorius
Freemantle, WA During 40°& 6 +ve, 2 Minisart NML filters; 0.45 mm pore size) into
Eun?lu];% WhA w guring 201? 11 +V91' 9 sterile tubes. Aliquots (200 nl) of each sample
North Beach, WA uring K 5 . .
Dunsborough, WA 7 d before 20¢ —ve were placed on duplicate cell cultures in 24-
Rottnest, WA During 40° ve well culture plates and adsorbed for 1 h at 15°C
Rockingham, WA During 20° +ve in an atmosphere of 5% CO,/95 % air. Follow-
Bay of Islands, NZ During 15 15 : ; : p ;
Wellington Harbour, NZ 70 d before 8 0 ing adsorption, maintenance medium was
Wellington Harbour, NZ During 15 15 added to each well (up to 2.0 ml) and cultures
No. of h _ tive fish incubated at 15°C in an atmosphere of 5%
y . erpesvirus-positive 1is & . 3 . X
"Sample collected before mortality event but specific date not known CO2/95% air. CUHUIHGS were examlned by light
‘Pools of gill tissue from approximately 20 fish were analysed by microscopy for a period of up to 21 d (including
NCEM,; all other numbers represent individual fish analysed by ex- one passage onto fresh cell cultures) for the
amination of ultra-thin sections. Results from NCEM analyses are a -ance of viral cvt thic effect (CPE)
indicated by +ve/-ve. Geographical locations and dates of mortality ppearan ) cytopathic e - ‘
events are given in the companion paper, Whittington et al. (1997) At EMAIL qills (n = 86) were processed
separately whilst liver, kidney and spleen

were pooled. Samples were processed as

described by Whittington & Steiner (1993). Briefly,
the homogenised sample preparation was diluted in
homogenising medium (Whittington & Steiner 1993} to
provide final inocula of 1:10 and 1:100. The inocula
were added to tissue culture tubes (Kimax) containing
BF-2, RTG-2 and FHM cells (all cell lines ATCC as
described above) and incubated at 22°C. Inoculated
BF-2 cells were also incubated at 15°C. All cultures
were incubated in air. At AHL individual samples of
gills, kidney, liver and spleen were analysed as
described above (EMAI) but were inoculated on
RTG-2 cells and incubated at 22°C.

RESULTS

Negative contrast electron microscopy of tissue
homogenates

Examination of clarified homogenates from the gills
of affected fish revealed the presence of a virus-like
particle. The virus was present as naked icosahedral
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capsids approximating 96 + 3 nm in diameter and
as enveloped virions which varied greatly in size
from 120 to 280 nm in diameter {Fig 1). Around the
periphery of most capsids distinct serrations were
obvious (Fig 1A); these corresponded to the side
view of capsomers which numbered 5 along any
straight edge giving a T-number of 16 [T = (n + 1)?
where n = number of hexamers between 2 neigh-
bouring pentamers] and a calculated 162 cap-
somers [10T + 2]. Capsomers had a mean diameter
of 12 + 1 nm and possessed axial holes. The enve-
lope possessed 17 to 19 nm surface projections
which terminated as cylindrical knobs (Fig. 1).
Viruses were not observed from homogenates pre-
pared from unaffected (healthy) fish.

Ultrastructural examination of gills from dead
and moribund pilchards

Gills from healthy, dead and moribund pilchards
were processed for the production of ultra-thin sec-
tions. Examination of these samples revealed an as-
sociation of herpesvirus with the epithelial cells of
the secondary lamellae of dead and moribund pil-
chards (Fig. 2A). An ultrastructural description of the
virus and associated infected cells is detailed below.

The data in Table 1 imply that the virus is associ-
ated with fish from affected schools (containing
dead and moribund fish) within both Australian
and New Zealand waters. Samples submitted
for electron microscopical analyses from affected
schools contained some fish infected with the virus.
In general the prevalence varied from 33 to 100 %
(Table 1); the lower prevalences may be mislead-
ing as the analyses of many fish were limited to the
examination of only one ultra-thin section. Of the
162 unaffected pilchards examined (Table 1} only
5 were observed to contain herpesvirus. These 5
samples were collected 2 d before the mortality
event at lluka and were shown to be associated
with developing gill lesions (Whittington et al.
1997). Collectively the data indicate that herpes-
virus was associated with fish developing gill
lesions and with the mortality events in the coastal
waters of Australia and New Zealand.

Structure of gills from unaffected fish

Pilchards were collected 4 d ahead of the mortality
front at lluka (NSW, Australia}, and 70 d ahead of
mortalities from Wellington Harbour, New Zealand
(Table 1). The quality of ultrastructural fixation was
directly related to the preparation protocol (refer to

Fig. 1. Electron micrograph of negative-stained herpesviruses

within homogenates of pilchard aill epithelium. (A) Naked 1co-

sahedral capsid. (B) Enveloped capsids. (C') Enveloped capsid with

distinct surface projections; arrow: surface projection with a cylin-

drical knob. Samples collected from an affected pilchard, lluka,
NSW, Australia. Bars = 100 nm



Fig. 2. Sardinops sagax neo-
pilchardus. (A) Transmission
electron micrograph of a
herpesvirus-infected gill epi-
thelial cell associated with
the secondary lamellae from
an affected pilchard. Nu:
nucleus; ib: intranuclear in-
clusion body; arrows: virus.
Sample collected from an
atffected pilchard, Welling-
ton Harbour, New Zealand.
Bar = 1 pm. (B) Primary and
secondary gill lamella from
an unaffected pilchard. P:
pillar cell; Cl: chlornde cell;
bl: basal lamina; Ery: ery-
throcyte; Ep: epithelial cell;
bv: blood vessel. Sample col-
lected from an unaffected
fish, Wellington Harbour,
New Zealand. Bar = 10 um
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'Materials and methods'). All samples which were frozen from the underlying basal lamina. Gills which were
exhibited poor ultrastructure but the basic organisation collected directly into formalin and glutaraldehyde ex-
of the gills could be observed. Samples which were hibited better ultrastructural preservation with glutar-
frozen and later fixed in 10 % formalin were difficult to aldehyde-fixed material exhibiting the better fixation.

interpret as the surface epithelial layer often dissociated The ultrastructural detail presented below 1s based, 1n
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the main, from tissues fixed directly with glutaraldehyde
and to a lesser extent 10 % formalin. As samples were
submitted for virus exclusion/confirmation, all samples
were examined irrespective of the mode of fixation.

Primary and secondary lamellae (Fig. 2B) were cov-
ered with a single layer of squamous epithelial cells
possessing a dense ribosome-rich cytoplasm and a
central ovoid nucleus. Adjoining cells were attached
by interdigitations and desmosomes. In the secondary
lamellae, these cells were situated over a basal lamina
(Fig. 2B) which in turn surrounded pillar cells, the cyto-
plasm of which enclosed the vascular spaces contain-
ing circulating blood cells (Fig. 2B). Chloride cells
were observed (Fig. 2B) infrequently between the
epithelium and pillar cell extensions but were more
numerous in the interlamellar troughs.

Fibroblasts with associated fibres and rodlet cells
were observed towards the base of the primary
lamellae. Fine granulocytes with elongated rod-like
granules, and eosinophilic granulocytes with ovoid
granules containing a rod-like core, were also more
frequently observed in the primary lamellae, but were
never numerous (data not shown).

Structure of gills from affected fish

The ultrastructure pathology of gills from affected
pilchards varied including mild to severe hyperplasia
of the secondary lamellae (Fig. 3). However, the sec-

ondary lamellae of all affected pilchards contained
some epithelial cells which appeared hypertrophic and
were infected with herpesviruses; these cells varied in
number within any one gill and between individuals.
Virus-infected cells appeared to be swollen and to
become progressively detached from the adjacent
epithelial cells and the underlying basal lamina.
Detachment of the cells was frequently accompanied
with dissolution or fragmentation of the nuclear and
plasma membranes which in turn was associated with
cell lysis (Fig. 4). Detached chloride cells (Fig. 5) con-
taining prominent dilated tubular systems were also
associated with the disrupted epithelium; occasionally
a virus particle was observed within one of these cells.

Many eosinophilic granulocytes were present within
the primary and secondary lamellae, where they ap-
peared to be either dense and degenerate or lysed,
releasing their characteristic granules. Macrophages,
in addition to detached epithelial cells, were also ob-
served within the interlamellar spaces and contained
necrotic cell debris and numerous viral capsids (Fig. 6}.
Many of these capsids contained toroids at different
stages of development (Fig. 6).

Virus replication

A few viral capsids were observed in the tubular sys-
tem of detached and lysed chloride cells (Fig. 5) and
around the debris of chloride cells. Occasional de-

Fig. 3. Sardinops sagax neo-
pilchardus. Transmission elec-
tron micrograph of hyperplas-
tic gill epithelium of affected
pilchards. The cells adjacent
to the basal lamina (bl} are
representative of the severe
epithelial hyperplasia. P: pillar
cell; bv: blood vessel; thick
arrow: virus. Sample collected
from an affected pilchard,
Geelong, Victoria, Australia.
Bar=1pum
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Fig. 4. Sardinops sagax neopilchardus A herpesvirus-infected qull epithehal cell The nuclear membrane has fragmented/
disrupted (arrows) allowing nucleoplasm (%] to enter the cytoplasmic compartment Nu nucleus; v virus, thick arrows. areas
of cell lysis. Sample collected from an aftected fish, Wellington Harbour, New Zealand Bar = 500 nm

Fig. 5. Sardinops sagax neopilchardus Detached chlonde cell from the gill epithelium containing a single herpesvirus (arrow)
Sample collected from an affected pilchard, Wellington Harbour. New Zealand Bar = 200 nm
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Fig. 6. Sardinops sagax
neopilchardus. Detached
epithelial cells within the
interlamellar spaces ().
(A) Arrows: viruses; Ep:
epithelial cell; bl: basal
lamina. Sample collected
from an affected pil-
chard, Geelong, Victoria,
Austratia. Bar = 1 um.
(B, C) Viruses within a
degenerate macrophage;
arrow: toroid. Bars =
100 nm. Samples col-
lected from affected pil-
chards at (B) [luka (NSW,
Australia), and (C) Brem-
mer Bay (Western Aus-
tralia)
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tached mucous cells containing a single virus particle
were sometimes observed (data not shown) Virus cap-
sids were never observed within the nucler of these
cells indicating that they did not support replication of
the virus.

The nuclei of infected epithelial cells were varable
in shape with dilatation of the nuclear membranes A
large, ovoid-to-round dark granular inclusion was
frequently observed near the centre of the nucleus
(Fig. 2A), and electron-dense bodies, 50 nm 1n diame-
ter, were present in or near the patches of fine granu-
lar material (Figs. 2A & 4). The presence of the dark.
granular inclusion appeared to correlate to the extent
of hyperplasia; e.g. epithelial cells which were fixed
directly into glutaraldehyde (in seawater) and dis-
played little hyperplasia often possessed the intranu-
clear inclusion body whereas epithehal cells 1n areas
of gill exhibiting significant hyperplasia did not. Viral
capsids were seen in close proximity to the 50 nm
dense bodies which appeared to enter the capsids to
form nucleocapsids. In some nuclel, thread-like struc-
tures, possibly from the round dark granular inclusion,
appeared to surround nucleoids (Fig 4). The nuclear
membrane of some epithelial cells appeared frag-
mented or could not be resolved (Fig 4) Within some
of these cells the nucleoplasm appeared to merge with
the cytosol (Fig. 4). Capsids and nucleocapsids were
not observed passing through the nuclear membrane.

Capsids (95 + 3 nm, n = 50) and nucleocapsids were
frequently observed in the cytoplasm. [n many cells

¥ 8

%
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Fig. 7. Herpesviruses associ-
ated with vesicles (arrows)
containing an electron-dense
matrix (thick arrow). Small
arrow: cytoplasmic viruses.
Sample collected from an af-
fected pilchard at Wellington
Harbour, New Zealand. Bar =
500 nm

they were also located around vesicles containing a
very fine electron-dense matnx (Fig 7) Enveloped
virtons (147 + 12 nm, n = 50), with a dense teqgument
similar to that within the above vesicles, were also
observed aggregated within small to large vesicles
containing flocculent matenal (Fig 8) These smooth-
surfaced vesicles appeared to be associated with the
Golgl system. Virus egress occurred by degeneration
of the plasma membrane (cell lysis) and by the bud-
ding of capsids and nucleocapsids through the plasma
membrane (Figs. 4 & 9).

Cell culture

No CPE typical for a herpesvirus was observed 1n
any of the inoculated cell cultures at any of the labora-
tories. Some homogenates were confirmed by NCEM
to contain herpesviruses pnor to inoculation onto BF-2
cell monlayers (EMAI). These cultures did not produce
a CPE during either the first or second passage. Elec-
tron microscopical examination of the supernatants
and cells from the inoculated cultures also did not
reveal the presence of a rephcating virus

DISCUSSION

Replicating viruses were observed within the qll
epithelium of fish collected from schools of dead and
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Fig 8. Enveloped virions within smooth-membraned vesicles. (A) Enveloped herpesviruses associated with the Golgt membrane
system. (B) Enveloped vinons within vesicles, large arrow vesicle contaiming diffuse electron-dense matenal; small arrow sur-
face projections of an enveloped vinon Samples collected from affected pilchards, Rottnest Island, Western Australia Bars = 100 nm

mornbund pilchards. Of the 162 unaffected pilchards
examined (Table 1) only 5 were observed to contain
herpesvirus. Significantly these 5 samples were col-
lected 2 d before the mortality event at lluka and were
shown to be associated with developing gill lesions
(Whittington et al 1997).

Fig. 9 Transmission electron micrograph of a herpesvirus

budding from a gill epithehal cell. Arrow represents surface

projections from an enveloped virion Sample collected from
Nluka, NSW (Australia) Bar = 100 nm

The ultrastructural charactenstics ot the virus include
the presence of a toroidal nucleoid, a tegument sur-
rounding an icosahedral capsid (approximaltely 100 nm
mn diameter) and a surrounding envelope (up to 280 nm
n diameter) containing surface projections. The capsid
possessed 5 capsomers on each edge of the 1cosahedral
capsid, qiving a total of 162 capsomers. Viruses were
observed within both the nucleus and cytoplasm of in-
fected cells. The presence of viruses within the nucleus
infers that the virus has a DNA genome. Fine, granular,
nuclear inclusions were observed in ultrathin sections
and resembled those described within the nuclet of
channel catfish virus (CCV) infected cells (Wolf &
Darlington 1971) The overall low numbers of virus
capsids and nucleocapsids within the nucler of the
infected epithelial cells 1s similar to reports from
herpesvirus-infected nuclei of angelfish (Mellergaard
& Bloch 1988), and CCV disease (Plumb et al 1974)
A common characteristic of mammalan herpesvirus-
infected cells 1s the displacement of chromatin toward
the nuclear membrane (Murphy et al. 1995), this was
not observed within the infected pilchard epithelial
cells nor has 1t been observed in some other herpesvirus
infections of fish {(Hedrick et al. 1990, 1991, Lee & Whut-
field 1992, Shchelkunov et al 1992, Steinhagen et
al. 1992, Jung & Miyazaki 1995)



Hyatt et al.: Epizootic in pilchard. 1. 27

Herpesvirus capsid and nucleocapsid envelopment
Is reported to take place at the nuclear membranes,
where on the outer surface the virus obtains its tegu-
ment and surface proteins before accumulating in the
endoplasmic reticulum and Golgi system where egress
occurs by exocytosis (Murphy et al. 1995). Alterna-
tively, the enveloped virus may enter the cytoplasm by
fusion of the envelope with the nuclear membrane
(Buchanan et al. 1978, Kelly et al. 1983, Yamamoto et
al. 1984, McAllister et al. 1985, Mellergaard & Bloch
1988, Lee & Whitfield 1992). Envelopment of nucleo-
capsids by budding through the nuclear membrane
occurs in cells of some salmonids (Sano 1976, Kimura &
Yoshimizu 1989), walleye (Kelly et al. 1983) and Japan-
ese flounder (Miyazaki et al. 1989). This morphogenic
step was not observed within virus-infected epithelial
cells of the pilchard. The apparent degeneration of the
nuclear membranes may facilitate movement of naked
(non-enveloped) capsids and nucleocapsids into the
cytoplasm. This merging of nucleoplasm and cyto-
plasm has also been reported in CCV disease (Wolf &
Darlington 1971), Herpesvirus scophthalmi infection
of turbot (Buchanan & Madeley 1978), and goldfish
herpesvirus disease (Jung & Miyazaki 1995).

The final stages of virus morphogenesis remain
unclear. The capsids and nucleocapsids acquired tegu-
ments from membrane-bound vesicles containing an
electron-dense matrix similar to that described by
Hedrick et al. (1991); the process(es) whereby this is
achieved are not understood. Following this event the
viruses appeared to either bud into smooth surfaced
vesicles which were presumably components of the
Golgl system or bud directly from the cell via the
plasma membrane. These modes of envelopment have
been reported for a range of fish viruses (Wolf & Dar-
lington 1971, Buchanan & Madeley 1978, Mellergaard
& Bloch 1988, Iida et al. 1989, 1991, Miyazaki et al.
1989, Hedrick et al. 1990, 1991).

The ultrastructural and morphogenic characteristics
of this virus are consistent with those described for
herpesviruses (Murphy et al. 1995, Roizman 1996). As
membership in the family Herpesviridae is based upon
the architecture of the virion [namely, the presence
of an icosahedral core (approximately 100 nm in dia-
meter) which contains 162 capsomers, a torus and the
presence of a tegument and envelope with surface pro-
jections], the virus described in this paper can be
placed in this family. Designation of the virus into a
subfamily and genus awaits further studies of the
genome, proteins and comparative serology. As no
other herpesviruses have been identified from pil-
chards, we have tentatively named this virus 'pilchard
herpesvirus’

Several theories have been considered to explain
the mass mortalities of pilchards around Australia and

New Zealand including changes in water temperature
due to an upwelling of cold water, toxic algal blooms
and infectious disease (O'Neill 1995, Whittington et al.
1997). Recent data analyses indicate that there were no
unusual oceanographic events such as an unusual cold
upwelling off the Eyre Peninsula (Griffin et al. 1997) to
account for the mass pilchard mortalities. The results
of Whittington et al. (1997) showed that the pilchards
suffered a sub-acute insult of the gills; the resultant
lesions were not consistent with those associated with
ichthyotoxic algae, siliceous algae, physiochemical
factors, fungi, bacteria, dinoflagellates, amoeba or with
other protozoa and metazoa. These conclusions are
supported by Griffin et al. (1997), who reported that a
low biomass of phytoplankton blooms was present dur-
ing the large-scale pilchard mortalities on the west
coast of Australia. Whittington et al. (1997) states that
the pathology in affected fish from Australia and New
Zealand could be the consequence of a herpesvirus
pathogen.

Data presented in this paper show a correlation
between overt virus replication within the gill epithe-
lium and schools of pilchards in which large numbers
of dead and moribund fish were observed. Data from
Tluka (NSW, Australia) showed that lesions in the gill
progressively developed from being mild and focal
between 4 and 2 d before the mortality event to being
generalised and severe during the mortalities (Whit-
tington et al. 1997). By 8 d after the mortality event
there were no lesions in the majority of gills examined.
Electron microscopical examination of equivalent
samples failed to detect herpesviruses until 2 d before
and during the mortalities. Herpesviruses were not
observed 8 d after the mortality event. Collectively the
electron microscopical observations described in this
paper and the results of Whittington et al. (1997) show
a correlation between gill pathology, mortality events
and the presence of a herpesvirus.

Epithelial hyperplasia has been reported in both
freshwater and marine fish infected with herpesviruses
{(Bekési et al. 1984, Bradley et al. 1989, Hedrick & Sano
1989, Watson et al. 1995). In addition, there is evidence
that Japanese flounder herpesvirus, epitheliotropic
lake trout herpesvirus, and white sturgeon herpes-
virus-2 may contribute to osmoregulatory failure among
moribund fish (Watson et al. 1995). The observation
of numerous detached and degenerating chloride cells
within moribund pilchards may be indicative that pil-
chards infected with the virus are compromised in
their ability to osmoregulate.

At this time, we have no evidence to suggest the
involvement of another agent(s) with the reported mor-
talities (Griffin et al. 1997, Whittington et al. 1997) and
therefore suggest that pilchard herpesvirus is the pri-
mary candidate responsible for the mass mortalities of
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pilchards in both Australia and New Zealand during
1995. Observations that only pilchards were affected
support this suggestion. The observation that only
adult pilchards were affected leads to the speculation
that a specific physiological event may have been a
contributing factor which in turn may have suppressed
the immune system and thus left the adult pilchards
vulnerable to infection. Whether the herpesvirus is the
aetiological agent will remain unclear until transmis-
sion trials are conducted and Koch's postulates are ful-
filled. Irrespective of the involvement of the virus in
the pilchard mortalities, questions concerning its ori-
gin should be addressed.

The virus may represent a latent (enzootic) herpes-
virus infection, a recent incursion and/or a cross-
species transmission. A common property of all known
herpesviruses is that they can all remain latent within
their natural hosts and, during periods of stress and
under the appropriate stimulus, can replicate within
the host and cause disease (Lee & Whitfield 1992, Roiz-
man 1996, Whitley 1996). If the virus is latent, then it
must be assumed that Australian and New Zealand
pilchards were already infected and the recrudescence
of disease was initiated by an appropriate stimulus. It
could be argued that a single environmental event
in the form of an oceanographic disturbance (e.g. a
change in water temperature due to an upwelling of
cold water, phytoplanktonic blooms, elevated nitrate
levels) may have been responsible for stimulating virus
replication; however, hydrographic conditions were
not uniformly unusual along the 6000 km Australain
coast line where mortalities occurred during 1995
(Griffin et al. 1997). It is therefore unlikely that there
was a single large-scale environmental stressor which
triggered enzootic latent herpesvirus replication and
disease. It should, however, be noted that Griffin et al.
(1997) state that the environmental data collected from
around Australia were not comprehensive and it is
therefore possible that some environmental anomaly
or anomalies did occur but were not recorded/observed.
If changes in environmental conditions were the stim-
ull for virus replication, then the following question
remains: Why have these massive mortalities never
been observed before?

The focal origin of the epizootic and its spread
around continental Australia is consistent with affected
pilchard schools being naive populations, i.e. they had
no previous exposure to the virus and therefore had
not developed any degree of immunity. This inter-
pretation infers that the pilchards were not host to
endogenous/latent herpesvirus and its presence may
be the result of a recent incursion, a cross-species
transmission and or a new/emerging virus. The pos-
sibility of a cross-species transmission would seem
unlikely as herpesviruses are considered host specific

(Lee & Whitfield 1992); however, it should be noted
that some herpesviruses such as cercopithecine her-
pesvirus 1 (B virus) of Old World monkeys can cross
species and be pathogenic for humans. There are
many examples of newly emerging viruses e.g. rabbit
haemorrhagic disease virus (Blancou 1991}, equine
morbillivirus (Murray et al. 1995), Ebola viruses, dol-
phin, porpoise and phocine morbilliviruses and Han-
taan virus (Murphy & Nathanson 1994) to name but a
few. As the magnitude of pilchard mortalities and the
associated pathology have not been described previ-
ously (Whittington et al. 1997), it could be argued that
this is a new/undescribed infectious agent. If this is
true, then questions also arise as to where the virus
came from and what the events were that led to its
ermergerce.

The possibility of the virus being a recent incursion
into Australia and the mechanism by which it may
have been introduced, e.g. importation of bait fish,
migratory birds and ballast water from shipping, are
discussed by Whittington et al. (1997).

The association of adult pilchards (pilchards larger
than 11 cm) with the mortalities adds another degree of
complexity to the disease. Why were only specific size
groups affected? This aspect of the disease could be
explained if specific individuals were susceptible, i.e.
their immune status was compromised by some physi-
ological or environmental factor(s). As environmental
stimuli appear to be unlikely factors contributing to the
mortalities (Griffin et al. 1997), it is possible that some
physiological factor may have countributed to specific
size groups of pilchards being more susceptible to dis-
ease than others. This aspect of the disease will have to
be addressed in any future transmission trials.

To facilitate investigations into the origin and identi-
fication of the pilchard herpesvirus, antigen- and anti-
body-based assays must be developed in addition to
the virus being tested against reference antisera to
known piscine herpesviruses. The genome must also
be studied and specific primers developed for use in
polymerase chain reactions whereby it will be possible
to examine affected and unaffected pilchards for the
presence of herpesvirus-specific DNA. In the absence
of a suitable cell culture system for the isolation of the
virus, these assays would have the potential to detect
the pilchard herpesvirus and determine whether it is
an enzootic virus or a recent introduction into the Aus-
tralian and New Zealand pilchard stocks.
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