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ABSTRACT: Characteristics of the In vitro propagation of the white sturgeon iridovirus (WSIV) were 
examined in 6 sturgeon cell lines. One new cell line originating from gonadal tissues (WSGO) produced 
up to 12-fold more WSIV 1-22 TCID,, (50% tissue culture infective dose) cell-L] than that of a previously 
established reference spleen cell line (WSS-2). Infected WSGO cell cultures were examined using 
phase microscopy, viral infectivity assay and transmission electron microscopy (TEM). At 15OC, both 
mature virions and infectious virus were first detected after 7 d post-infection. Caps~ds acquired 
envelopes in the cytoplasm and virions remained pnmanly cell-associated during the 35 d replication 
cycle. Cellular changes including hyper-refractility and cytoplasmic swelling with dense cytoplasmic 
inclusions correlated to extenslve proliferation of cytoplasmic vesicles and viral assembly sites. These 
cytological characteristics corresponded to changes in target cells of WSIV-infected juvenile white stur- 
geon following bath challenge. Microscopic changes in stained tissue sections of the host epithelium 
were detected 4 d post-challenge, approximately 8 d prior to the onset of clinical signs. Hypertrophied 
Malpighian cells surrounded by a prominent pericellular cisternum characterized epithelia1 lesions in 
the skin. Similar changes to epithehal cells of the barbels, olfactory organs and esophagus were also 
observed. Destruction of the sensory epithelium is suggested as a cause for cessation of feeding which 
occurs early in the Infection of white sturgeon juveniles with WSIV. 
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INTRODUCTION 

Catastrophic losses associated with pathogenic irido- 
viruses in both marine and freshwater cultured fishes 
pose a major threat to the economic viability of aqua- 
cultural operations worldwide (Ogawa et al. 1990, 
Hyatt et al. 1991, Hedrick et al. 1992a, Nakajima et 
al. 1995). Viral diseases of white sturgeon Acipenser 
transmontanus have recently been recognized as sig- 
nificant obstacles to the emerging sturgeon aqua- 
culture industry in northern California and Idaho, USA 
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(Hetrick & Hedrick 1993, LaPatra et al. 1994). The 
white sturgeon iridovirus (WSIV) is associated with a 
chronic debilitating wasting syndrome which results in 
severely impaired growth and reduced survival of fry 
and fingerlings (Conte et al. 1988, Hedrick et al. 1990, 
PSMFC 1992). The eventual control of commercially 
devastating fish pathogens like WSIV will require 
sensitive pathogen detection methods in addition to 
rigorous fish health management strategies based on 
a thorough knowledge of the virus and the disease 
process (Carey & Pritchard 1995). 

In vitro studies of WSIV have provided a preliminary 
understanding of viral pathogenesis related to temper- 
ature and host cell range (Hedrick et al. 1992b). How- 
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ever, the relatively narrow temperature range, slow 
replication rate and low amounts of virus produced in 
established cc11 lines have hampered further investiga- 
tions (Hedrick et al. 1991). Improving in vitro propaga- 
tion of WSIV using newly developed cell lines was one 
goal of our laboratory research. 

The in vitro characteristics of certain viruses may be 
correlated with their pathogenic effects on the host. An 
emerging group of iridoviruses related to the amphib- 
ian virus FV-3 in the Ranavirus genus of the family 
Iridoviridae (Aubertin 1992) have been associated with 
acute and lethal infections in several fish species 
(Hedrick et  al. 1992a, Hengstberger et  al. 1993). Sev- 
eral of these agents cause rapidly lytic infections in cell 
cultures originating from a wide range of hosts includ- 
ing, fish, amphibian and mammals. Lymphocystivirus, 
a second genus in the family Iridoviridae, contains the 
fish lymphocystis disease viruses, or FLDV, which are 
generally refractory to long-term propagation in cell 
cultures (Walker & Hill 1980). Infections with FLDV are 
commonly associated with a chronic and recurrent dis- 
ease that debilitates but rarely kills its marine or fresh- 
water fish host (Anders 1989). While certain properties 
of WSIV resemble most closely those of FLDV, the dis- 
ease associated with the sturgeon virus is more serious 
and lethal, as found with the systemic iridoviruses. The 
present study was therefore undertaken to examine in 
more detail both in vitro and in vivo properties of 
experimentally induced infections with WSIV as they 
compare to what is currently known of other members 
of the Iridoviridae found in fish. 

METHODS 

Sturgeon cell lines. To establish primary sturgeon 
cell cultures, tissues from the olfactory organ, brain, 
swim bladder, liver, meningeal myeloid organ or cra- 
nial hematopoietic/granulopoietic organ (Fange 1986) 
and gonad were aseptically removed from a yearling 
sturgeon. Tissues were minced in separate petri dishes 
containing Earle's Minimum Essential Medium and 
10% fetal calf serum buffered with N-2-hydroxyethyl- 
piperazine-N-2-ethanesulfonic acid (MEM-10-HEPES) 
supplemented with antibiotics (200 IU ml-' penicillin 
and 200 pg ml-' streptomycin) prior to transfer to a 
12-well tissue culture plate. The plates were incubated 
at 15°C until adherent cells were observed (1 to 4 wk),  
after which time resldual tissue debris was rinsed away 
and fresh medium was added (Hednck et al. 1991). 
Confluent cell layers were trypsinized and passaged to 
larger flasks (25 cm2). Initially, primary tissue cultures 
contained several morphologically distinct cell popula- 
tions but they became more homogeneous after 5 to 10 
passages. After the 20th serial passage, cell cultures 

that showed approximately 95 % or greater cell homo- 
geneity and were stable to subculture were considered 
established lines. After 40 passages, cells from selected 
cultures were serially diluted for the production of 
cloned cell lines. For long-term storage, aliq.uots of the 
cell lines were suspended in 10 % dimethylsulfoxide in 
MEM-10 and frozen at -120°C. The cell lines obtained 
from our studies were designated WSGO, WSHO, 
WSLV, WSSB and WSNV for gonad, meningeal mye- 
loid organ, liver, swim bladder and brain, respectively. 
The previously established WSS-2 line also used in this 
study was derived from white sturgeon spleen tissues 
(Hedrick et al. 1991) and was propagated under similar 
conditions to newly established cell lines. 

Comparative WSIV replication in sturgeon cell lines. 
Flve estabiisned celi iirles were coiilpared for optimal 
WSIV replication. The reference WSS-2 line and 
duplicate 25 cm2 flasks of the new cell lines from 
gonad (WSGO), brain (WSNV), swimbladder (WSSB), 
meningeal myeloid organ (WSHO) and liver (WSLV) 
were inoculated at a multiplicity of infection (MOI) 
= 0.1 TCID50 (50 % tissue culture infective dose) cell-', 
the minimum dose necessary to initiate progressive 
infections (authors' unpubl. results). The mean number 
of cells in each flask at the time of inoculation ranged 
from 1060 (WSS-2 or WSGO) to 106" (WSSB). Cell 
counts were conducted on separate replicate flasks by 
trypsinizing and resuspen.ding the cell layer prior to 
cell counts in a hemacytometer. The concentration of 
the 1.0 m1 inoculum was adjusted so that all cell lines 
rece~ved the same MOI. The amount of virus in com- 
bined supernatants and homogenized cell extracts (see 
below) was calculated and converted from TCIDso ml-' 
to TCIDS0 cell-' (Reed & Muench 1938). Net virus con- 
centrations at the end of the 4 wk period following 
inoculation were calculated by subtracting the inocu- 
lum dose from the final virus concentration measured. 

Virus production assays. The WSGO cell line was 
selected for further study of the viral multiplication 
cycle. WSIV production at  15"C, the optimum temper- 
ature for in vifro WSIV replication (Hedrick et al. 
1992b), was then measured by Infectivity assay at 
selected time intervals up to 42 d,  after which signifi- 
cant viral replication ceased. Two duplicate 25 cm2 
flasks, each with 90% confluent cell lines, were pre- 
pared for each of 5 sampling intervals at t (time) = 2,  7, 
14, 21 and 42 d post-infection (PI). Separate sets of 
6-well plates were similarly prepared solely for phase 
and electron microscopic (TEM) examinations at 2, 7, 
14 and 21 d PI. To calculate the TCID,, cell-', cell 
counts were obtained from 2 uninfected replicate 
flasks of WSGO cells as described previously. Cell 
monol.ayers either in 25 cm2 flasks or in 6-well plates 
were inoculated at the same time ( t  = 0) at a MO1 = 0.1. 
The medium was removed after 1 h,  the monolayers 
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were rinsed once with MEM with no fetal bovine 
serum (MEM-0) prior to addition of fresh MEM with 
2% fetal bovine serum buffered with HEPES (MEM- 
2-H). Concentrations of WSIV were then measured in 
randomly sampled duplicate flasks at the prescribed 
sampling intervals. 

At each sampling period the supernatants were de- 
canted from duplicate 25 cm2 flasks; the cells were 
then rinsed 3 times with 1 m1 MEM-0 and the rinses 
were added to the supernatant fraction. Suspended 
cells were removed from the supernatant by centrifu- 
gation at 500 X g, the supernatant was removed, the 
cells were resuspended in 50 p1 of MEM-0, then added 
back to the flask containing the monolayer. Attached 
cells were scraped from the substrate, resuspended in 
1 m1 MEM-0, removed from the flask and disrupted by 
10 strokes in a t~ght-fitting Ten Broek homogenizer. 
Ser~al 10-fold dilutions of supernatant and cell homo- 
genates in MEM-2-H were used to inoculate WSS-2 
cells in 96-well plates as previously described (Hedrick 
et al. 1992b). Final virus concentrations were calcu- 
lated on the basis of TCIDSO ml-l and converted to 
TCID,, cell-', based on the initial cell counts. 

Phase and electron microscopy. Cells propagated in 
the 6-well dishes (as mentioned above) were examined 
dally for evidence of cytopathic effects (CPE) using an 
inverted phase contrast microscope. Additional repli- 
cate wells were fixed for TEM by rinsing the mono- 
layer 2 times with MEM-0 and then adding 2.5% 
glutaraldehyde in 0.06 M cacodylate buffer (pH 7.4) for 
4 h at 4°C. The cells fixed as a monolayer were rinsed 
twice in buffer and then post-fixed in 1 % aqueous 
OsO,, dehydrated through a graded ethanol series, 
infiltrated and embedded in epoxy resin. Thin sections 
(60 to 90 nm) were stained with 2 % uranyl acetate and 
lead citrate prior to examination with a Phillips EM 400 
electron microscope at 80 kV. 

Experimental infections. Experimental WSIV infec- 
tions were initiated by immersing fish in an aqueous 
suspension of the freshly harvested virus. Virus was 
prepared by inoculating ten 150 cm2 flasks of WSS-2 
monolayers at a MO1 = 0.1. After a 4 wk incubation 
period at 15OC, CPE was complete and the infected 
cells and fluid contents were harvested. Cells were 
pelleted by centrifugation at 1000 X g for 10 min and 
disrupted with a Ten Broek homogenizer. The cell 
extract was then mixed with the supernatant and used 
for challenges of juvenile white sturgeon. The virus 
stock was diluted 1:20 in water to a total volume of 
3.9 1 and divided equally between three 5 l containers. 
The diluted challenge bath contained approximately 
500 TCID5, ml-' based on back-titration of the undi- 
luted virus inoculum. Three similar control containers 
were prepared with MEM-2 diluted 1:20 in ambient 
well water. 

Approximately 300 healthy white sturgeon fry aver- 
aging 0.6 g in weight and 6.0 cm in length were graded 
from a stock population and maintained in a 300 1 
aquarium. Fish were fasted for 24 h prior to challenge 
to reduce wastes during virus exposures. Fish were 
then removed from the large aquarium and distributed 
randomly to six 5 l aerated containers prepared with 
the challenge or control baths at 17OC. Virus exposure 
continued for 45 min after which fish in each container 
were transferred to separate 20 1 aquaria receiving 
fresh aerated well water at a flow rate of 0.5 1 min-l at  
16 to 18OC. Routine feeding of a trout fry diet (Clear 
Springs Foods, Inc., Buhl, Idaho, USA) fed at a rate of 
5 %  body weight d-' was resumed the day after the 
challenge. 

Fish sampling. One week prior to challenge, 25 fish 
(0.5 g) were randomly netted from the stock aquarium 
to obtain samples for baseline histology and confirma- 
tion of virus-free status. Following the challenge, live 
fish were randomly sampled for either viral infectivity 
assay (5 fish daily) or histological examination (4 fish 
daily) for up to 25 d,  at which time the experiment was 
terminated. 

Virus titrations. Fish collected daily for virus t~ t ra -  
tions were euthanized by a brief immers~on In 500 pg 
ml-' tricaine methanesulfonate. Whole blood was col- 
lected in heparinized microcapillary tubes following 
caudal amputation and transferred to a clean plastic 
vial. Gills were aseptically removed from each fish and 
then a median abdominal incision was made to expose 
and remove visceral organs including liver, spleen, 
esophagus and kidney. Due to the small size of the fish 
it was necessary to pool homologous tissues from all 
5 fish on each sampling day. Dissection instruments 
were flame sterilized between each set of organs. 
Pooled tissues or blood were diluted in MEM-2 with 
antibiotics at an  approximate weight:volume ratio of 
1:2. Tissues were extracted by several strokes in a 
loose-fitting Ten Broek homogenizer. Following over- 
night incubation at 4OC, samples were centrifuged for 
10 min at  1000 X g to remove debris. Gills, esophagus 
and blood were diluted 1:25 and spleen, kidney and 
liver samples were diluted 1:75 to avoid cytotoxic 
effects. Duplicate 24-well tissue culture plates contain- 
ing WSS-2 cells were inoculated with 0.2 m1 of the 
diluted tissue extracts in each well and incubated at 
25°C for 1 h. Each well was then overlaid with 0.5 m1 
MEM-2-H and the plates incubated at 15OC. Plates 
were examined once a week for CPE over a period of 
8 wk. Two negative control (0.2 m1 MEM-2-H) wells 
of WSS-2 cells were included on each plate. 

Microscopic examinations. Four fish were arbitrarily 
collected and euthanized on each sample day. After 
making an incision to expose internal organs, the fish 
were immediately placed in Bouin's fixative (Humason 
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1979). Carcasses were fixed at  25°C for 12 to 24 h prior 
to storage in 70% ethanol. Fixed whole fish were 
embeddcd in paraffin, sectioned and s t a ~ n ~ r l  with 
hematoxylin and eosin using standard protocols for 
histology (Humason 1979). 

RESULTS 

Sensitivity of sturgeon cell lines to WSIV 

Differences in morphology and growth rates were 
apparent within a few days after adherent cell popula- 
tions were established from the primary tissue cul- 
tures. WSGO cells were similar in size and growth to 
WSS-2 cells and formed a uniform monolayer whereas 
WSSB cells were smaller in size, grew more slowly and 
formed irregular monolayers. There was a wide range 
of WSIV production between the newly derived stur- 
geon cell lines (Table 1) including an approximately 
300-fold difference in virus concentration between the 
highest (WSGO) and the lowest (WSSB) virus produc- 
ers. In addition, the WSGO line produced approxi- 
mately 12-fold more virus per cell compared to the 
reference WSS-2 line. 

Cytopathic effects 

The microscopic appearance of uninfected WSGO 
cell cultures (Fig. 1A) closely resembled that of WSS-2 
(data not shown). The minimum MO1 to obtain a pro- 
gressive infection was 0.1, which resulted in the 
formation of approximately 1 pseudosyncytium (focal 
area of infected cells) per 300 cells in the absence of 
cytoplasmic inclusion bodies. Major cytopathological 
changes observed by phase microscopy that occurred 
during the l-step WSIV multiplication cycle were di- 

Table 1. Acipenser transmontanus. Net cumulative produc- 
tion of white sturgeon iridovirus (WSIV) in the reference 
WSS-2 and 5 newly derived sturgeon cell lines. TCIDSO: 50 % 
culture infective dose; SP: spleen; GO: gonad; HO: cranial 
hematopoietic organ; LV: liver; BR: brain; SB- swim bladder 
'Significantly higher than reference cell line (Tukey's HSD 

&-test, a = 0.05). ND: not done 

Organ Cell Passage 
line no. 

Net virus titer (TCIDS0 cell-') 
Tnal l Trial 2 Trial 3 Mean 

SP WSS-2 70 

GO WSGO 24 
H 0  WSHO 2 2 
LV WSLV 22 
BR WSNV 20 
SB WSSB 22 

visible into 3 sequential, partially overlapping phases. 
(1) Early phase (0 to 7 d): the first observed features 
included slightly enlarged, widely dispersed individ- 
ual cells which contrasted with the uniform rnonolayer 
of uninfected cells (Fig. 1B). The center of the infected 
cell was accentuated by hyperchromatic, granular or 
vacuolated regions surrounding a highly refractile 
apical ridge. (2) Intermediate phase (8 to 14 d): infected 
cells continued to enlarge and coalesce into multi- 
cellular aggregates (Fig. 1C). Cell shapes ranged from 
rectangular to triangular, polygonal, columnar and/or 
ellipsoidal, the nuclei contained dense inclusions and 
were fragmented, lobulated, hypertrophied and/or 
pyknotic. A striking feature of infected cells was the 
elongated, hyperchromatic, branched and/or attenu- 
ated pseudopoas. (3) Late plidse ji5 to 21 dj. the s:age 
when most of the virus was produced was charac- 
terized by the formation of pseudosyncytia composed 
of focal multicellular clusters of enlarged cells. The 
pseudosyncytium differs from the true syncytium 
because a true polykaryocyte is not formed (Fig. ID). 
WSIV infections may require 4 to 6 wk to produce 
pseudosyncytia and at a MO1 < 0.1 the infection may 
not progress to the remaining monolayer. 

A rapid initial increase in the number and size of 
intracytoplasmic vesicles observed by TEM (Fig. 2A) 
was correlated with enhanced refractility revealed by 
phase microscopy. The presence of dense granules, 
degenerative membranes and lysed mitochondria in 
the vicinity of the vesicles was suggestive of their 
lysosomal function. Microscopic changes that in- 
cluded hypertrophy, increased refractility and highly 
deformed pseudopods by phase contrast microscopy 
roughly coincided with the appearance of virions in 
the cytoplasm as observed by TEM between 7 and 
14 d PI (Fig. 2B). By 14 d PI, enveloped virions aver- 
aging 302 + 11.2 nm in diameter (n = 30) appeared in 
the cytoplasm while unencapsidated cores (nucleoids) 
and unenveloped capsids were rarely observed. 
Aggregates of viral capsids in various stages of devel- 
opment were observed in close association with a 
spherical body resembling an enlarged trans Golgi- 
apparatus (Fig. 2C). There were amorphous virus-like 
particles, with or without envelopes, as well as empty 
or incomplete capsids with or without cores, distrib- 
uted around the periphery of this putative viral 
assembly site (AS). Outer virion envelopes were com- 
posed of 2 closely apposed unit membranes closely 
resembling the membranous lamina of the AS. 
Although enveloped virions were abundant in the 
cytoplasm, no direct evidence of envelopment, either 
in the AS or plasma membrane, were observed. The 
plasma membranes of infected cells remained intact 
up to 21 d PI and budding and cell lysis were not 
observed. 
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Cross-sections of virions revealed 5 distinct regions 
of high density (Fig. 2D). The bar-shaped nucleoid was 
surrounded by a granular or bead-like membrane that 
morphologically resembled nearby vesicular mem- 
branes but was dissimilar to the capsid envelope. 
Nucleoids (n = 30) ranged In size from 90 to 150 nm 
and contained a spool-like filamentous strand which 
varied in density from semi-transparent (120 X 150 nm) 
to opaque (90 X 150 nm) 

WSIV production assays 

The presence of cell associated (intracellular) WSIV 
was first detected by infectivity assay at  7 d PI after 
which production rapidly increased (Fig. 3). By the end 
of the study at 42 d PI virus production was approxi- 
mately 6-fold higher in WSGO cells as compared to 
WSS-2 cells. Infectious virus remained principally cell 
associated throughout the study and was not detected 
in the culture supernatant until 20 d PI in WSGO cells 
and 14 d PI in the WSS-2 cells. The proportion of total 
virus produced that was released to the extracellular 
medium was 8 % by WSGO cells compared to 8 % by 
the WSS-2 cells. 

Experimental infections of juvenile white sturgeon 

The WSIV challenge dose of 500 TCIDSO ml-I 
(1O4."CID5, g-' of fish) was sufficient to initiate infec- 
tions in the majority of white sturgeon juveniles. The 
behavior and appearance of fish exposed to WSIV was 
similar to that of control fish up until 10 to 14 d post- 
challenge (PC), when lethargy, erratic swimming and 
inappetence were fil-st noted. Control fish fed actively 
at the surface, in the water column and on the tank 
bottom throughout the study. In contrast to controls, 
affected fish were often darker in color, slow to 
respond or indifferent to food and displayed varying 
degrees of emaciation. By 3 wk PC 10 to 20% of 
challenged fish were show~ng severe emaciation and 

Fig. 1. Acipenser transmontanus. Phase photomicrographs 
depicting salient features of cytopathic effects during early to 
intermediate stages of infection induced by the white stur- 
geon iridovirus (WSIV) during a l-step multiplication cycle 
in the WSGO cell line. (A) Uninfected control. (B) 7 d post- 
infection (PI). Cytoplasmic swelling and hyper-refractility of 
individual infected cells (arrows). (C) 14 d PI. Enlargement 
and partial fusion of adjacent infected cells (arrows) form 
aggregates which will later coalesce into a pseudosyncytium 
[box]. (D) 21 d PI. Cells within the pseudosyncytium (large 
arrows) show dense, attenuated, tubular and/or branched 

pseudopodia (arrowheads). Scale bar = 200 pm 
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TT. I :  

Fig 2 Ac~penser transmontanus Transmission electron micrographs of WSGO cells dunng  a viral production assay of white 
sturgeon ~ndovirus  (WSIV) s h o w ~ n g  ultrastructural details of viral morphogenesis (A) 7 d P1 Nucleus (N) and adjacent cytoplasm 
showlny extensive prol~feratlon and enlargement of vesicles (v) resembling lysosomes [note membrane fragments (arrowheads) 
and degenerat~ve m~tochondna (m)l Scale bar = 1 pm (B) 14 d PI Icosahedral vlnons contaming a bar-shaped core (nucleoid) 
were  flrst observed in the highly ves~cularized cytoplasm m ~ d w a y  between the nucleus and the plasmalemma. Scale bar = 1 pm. 
(C) 14 d PI A putative vlral assembly site (AS)  consisted of concentncally arranged double unit membranes in the near vicinity of 
vlrus particles in varlous stages of development Scale bar = 2.5 pm ID) 14 d PI. Four poss~bly sequent~al  morphogenic stages of 
WSIV (a) nascent nucleoprotein core, partially enclosed by a double envelope (opposite vertices), associated with a polyribo- 
some-hke structure (arrowheads). (b) electron-lucent f~lamentous core enclosed by a double-enveloped capsid; (c) condensed, 
bar-shaped core; (d) mature vlnon, showlng 4 concentnc dense layers surrounding the nucleoid (1); (2) granular nucleoid 

envelope, (3)  hexagonal capsid shell and ( 4 )  inner and outer lamina of the capsld envelope. Scale bar = 300 nm 



Watson et  al. White sturgeon ~ r i d o v ~ r u s  179 

Fig 3.  Aclpenser transmontanus. Mult~pli-  
cation of the w h ~ t e  sturgeon ~ r l d o v ~ r u s  
(WSIV) in WSS-2 or WSGO cells compar- 
ing replication rates, cumulative virus 
product~on and ~ntracellular (cell) or extra- 
cellular (sup) virus distnbution. TCID,,: 

50 'X culture infective dose 

0 10 20 30 40 50 

Time (d) 

lethargy, 30 to 60% were moderately emaciated but 
active and 20 to 40% appeared normal from both 
behavioral and clinical aspects. Although WSIV infec- 
tions were rarely characterized by external lesions, 
necropsy examinations revealed 50 to 75 % of severely 
emaciated fish displayed variable swelling and pallor 
of the gills, flared or swollen nasal apertures, atrophied 
and/or hyperchromatic (dark brown) livers and empty 
intestinal tracts, including the spiral valve. Wet mount 
examination of scrapings from the skin and gills of 
challenged fish revealed occasional bacterial (Flavo- 
bacterium spp.)  and/or fungal (Saprolegnia spp.) in- 
fections which were mostly confined to the caudal 
peduncle and caudal fin. 

The temporal presence of microscopic lesions corre- 
sponded with the isolation of infectious virus from 
these tissues (Table 2).  Involvement of the olfactory 
organ (rosette) was observed in many fish and this 
preceded the presence of lesions in previously known 
target tissues in the gill and skin. The olfactory rosette 
is an  opaque lobulated structure found in the concave 
aspect of the nasal aperture. The 6 finger-like lamellae 
with sensory epithelium radiate like spokes from a 
central proximal hub and are connected at the distal 
ends to the epithelia1 lining of the rim of the nasal 

0 10 20 30 40 50 

Time (d) 

pit (Fig. 4A). Following WSIV infection the olfactory 
lamellae became thickened and dysplastic (Fig. 4B). 
The lamellar mucosa is comprised of pseudostratified 
columnar epithelium rarely more than 3 cells in thick- 
ness (Fig. 4C).  Apical cells are  ciliated and the brush 
border is contiguous over the entire lamellar surface. 
Goblet (mucus) cells may be found congregated at  the 
tips and crypts of the lamellae. The lamellar mucosa 
was a target of early WSIV infection as infected cells in 
the epithelium showed typical signs including nuclear 
and cytoplasmic enlargement, amphophilic staining 
properties and the loss of apical cdia (Fig. 4D). 

Microscopic changes typical of WSIV infection were 
also observed in the epithelium of the barbels, eso- 
phagus, gills and skin (Fig. 5A to D). Skin lesions were 
mostly confined to the cranial region, although fin 
lesions were occasionally observed. Lesions were also 
observed in the oropharygeal cavity including the hard 
palate, tongue, lips and opercular flap (Fig. 5B). 
Infected cells in all tissues were variably enlarged, up  
to 3x  normal (75 pm) and focal hyperplasia was occa- 
sionally observed in cells in the near vicinity. A promi- 
nent feature common to all infected tissues was the 
translucent pericellular cisternum, measuring from 10 
to 20 pm in width (compared to 1 pm between normal 

Table 2 Aclpenser trans~nontanus.  Results of microscopic examinations of hematoxylin/eosin stained tissue sections froin 
juvenlle white sturgeon following bath challenge with white sturgeon iridovirus (WSIV). Clinical signs of WSIV infection were  
observed beginning at  -12 d post challenge. 00: olfactory organ; G: gill; Sk: skin; E: esophagus; K.  kidney; L: liver; Sp: spleen. 

+: posltive (1 or more fish); 0: negative; ND.  not done 

Tissue Time post-challenge (d )  
1 3 4 5 6 7 8 10 12 14 18 20 25 

-- 

00 0 0 + + ND + N D  N D  ND ND + N D  + 
G 0 0 0 + 0 + + + ND + ND + + 
S k 0 0 0 + ND ND + ND + ND + ND + 
E 0 0 0 0 + + 0 + ND + ND + + 
K 0 0 ND 0 0 0 ND 0 ND 0 ND 0 0 
L 0 0 0 0 0 0 N D  ND 0 0 0 0 0 

SP 0 0 ND 0 0 0 N D  0 ND 0 ND 0 0 
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Fig. 4 .  Acipenser transmon- 
tanus. Light micrographs of 
hematoxylin/eosin stained 
sec:ions of the olfactcr;f m- 
sette from white sturgeon 
juveniles bath-challenged 
with white sturgeon irido- 
virus (WSIV). (A) Control 
fish 18 d post-challenge 
(PC), showing pseudostrati- 
fied columnar epithelium of 
the olfactory lamellae (L). 
Width of interlamellar space 
(Is) is approximately the 
same as the lamellae. Scale 
bar = 100 pm. (B) WSIV- 
challenged fry 18 d PC, 
showing thickening of the 
m~lcosa and subsequent 
closure of interlamellar 
spaces (arrows). Lamellae 
are swollen and truncated 
and the epithelium is hyper- 
plastic, dysplastic and fo- 
cally necrotic. Scale bar = 
l00 ).m. (C) Control fish (5 d 
PC) showlng the normal 
appearance of the brush 
border (bb) lining of the 
lamellar crypt. Scale bar = 
20 p m  (D) Infected fish (5 d 
PC) demonstrating prom- 
inent features of early 
lesions, including swollen 
and hyperchromatic cyto- 
plasm of an infected cell 
surrounded by a translucent 
pericellular cisternum (pc). 
The lamellar brush border 
(arrowheads) is severely 
disrupted and dysplastic. 
m: mucus cell. Scale bar = 

20 pm 

cells) surrounding the infected cells (Figs. 4D & SC) .  Typical WSIV-infected cells were first detected in the 
Adjacent epithelial cells were frequently attenuated olfactory organ at 4 d PC, followed by their presence in 
and partially applied to cells exhibiting pathogno- the gills at 5 d PC (Fig. 5 C )  and the most severe and ex- 
monic changes. As the infection progressed, there was tensive gill lesions occurred between 10 and 14 d PC. 
increased epithelia1 hyperplasia and dysplasia associ- Branchial lesions characterized by diffuse regions of 
ated with the infected cells. epithelia1 hyperplasia and/or dysplasia coincided with 
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Fig. 5. Acipenser transmon- 
tanus. Light micrographs of 
white sturgeon iridovirus 
(WSIV) lesions (arrows) in 
(A)  barbels (6 d post- 
challenge, PC), (B) eso- 
phagus (10 d PC), (C) gill 
(5 d PC), and (D) skin (8 d 
PC). Note extensive hyper- 
plasia and dysplasia of the 
esophageal and integu- 
mentary epithelium ( B ,  D) 
and resultant thickening 
compared to normal epi- 
thelium (D, ne).  The major- 
ity of infected cells exhibit 
varying degrees of separa- 
tion from the adjoining 
tissues due to a translucent 
pericellular cisternum (A, 
B, C). Scale bar = 250 pm 

the onset of clinical signs at approximately 12 d PC. Mid- 
to late stages of infection in the gills were marked by the 
coalescence of necrotic foci that often contained scat- 
tered or clustered infected cells. Non-specific focal 
hyperplasia of the skin and gills of control fish was 
occasionally seen throughout the study period but was 
not associated with pathognomonic changes. Infectious 
WSIV was first confirmed in gill tissues beginning at 5 d 
PC although virus concentrations were evidently low 
since the CPE often required up to 8 wk to develop. 

The integument, including the barbels (Fig. 5A), 
rostrum, lips and fins (Fig. 5D) exhibited histopatho- 
logical evidence of infection, but bacterial and fun- 
gal contamination often precluded virus isolation. 
Histopathological signs of infection in the esophagus 
and oropharynx were initially observed at 6 d PC 
and the lesions were similar to those observed in 
the olfactory and branchial tissues. Infectious WSIV 
was isolated from pooled esophageal samples by 
8 d PC. 
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The livers of the majority of control fish were light 
pink and the hepatocyte cytoplasm appeared foamy 
due to the prpssnce of numerous vacuoles. Livers and 
other internal viscera of challenged fish were exten- 
sively examined but no consistent or specific histo- 
pathological signs of WSIV infection were detected. 
The livers of challenged fish appeared for the most 
part to be smaller and darker than control livers. 
Microscopic examination revealed these changes to be 
associated with fewer and smaller cytoplasmic vac- 
uoles within generally smaller hepatocytes. Additional 
PAS stains indicated that intracytoplasmic glycogen 
vacuoles in the livers of challenged fish were aggre- 
gated and condensed compared to controls. Infectious 
WSIV was first isolated from livers after approximately 
2 wk PC, whereas virus was lsoiated from kidney 
tissues beginning at about 7 d PC and was sporadically 
detected in spleen samples at 7 and 25 d PC. Virus was 
not detected in any blood samples or tissues of the 
control fish. 

DISCUSSION 

In vitro and in vivo experiments demonstrated that 
WSIV has certain properties that are similar but others 
that differentiate it from both the systemic iridovlruses 
(Ranavirus) and lymphocystis (FLDV) agents from fish. 
While WSIV resembles these other fish viruses in the 
family Iridovirus with respect to virion shape, virion 
size, target cell and lethality, when considered collec- 
tively, they differentiate WSIV from both the systemic 
iridoviruses and FLDV. 

The replication of WSIV was improved using a newly 
developed line (WSGO) from gonad tissues. A bath 
challenge of white sturgeon fry with virus from cell 
cultures demonstrated that WSIV targets cells in the 
gills, skin and chemosensory epthelium. Involvement 
of the chemosensory tissues is suggested as the cause 
for cessation of feeding that precedes a progressively 
lethal wasting syndrome observed in episodes among 
farm-reared white sturgeon. 

In the current study we developed 5 new cell lines 
bringing the total number of lines from white sturgeon 
to 8 (Hedrick et al. 1992b). Among these cell lines 
the newly established WSGO line shows the best 
ability to replicate WSIV. However, the amount of 
WSIV produced by any of these lines is substantially 
(100- to 1000-fold) below that observed with a second 
virus, WSHV-2, from white sturgeon (Watson et al. 
1995) and that observed with the systemic iridoviruses 
from several fish species (Langdon et al. 1986, 1989, 
Ogawa et al. 1990, Nakajima et al. 1995). The more 
rapidly lytic CPE of the systemic iridoviruses contrast 
to WSIV, which induces a slower cellular change 

including enlargement, pseudosyncytium formation 
and detachment from adjacent cells and the substrate. 
This cellular hypertrophy however, is far less than that 
observed with FLDV, which, by unknown mechanisms, 
arrests cell division but not cell growth (Wolf 1988). 

Cellular changes in WSIV-infected WSGO cells cor- 
related to phases of viral multiplication beginning with 
early viral-directed protein synthesis to final virion 
maturation. Early CPE, characterized by vacuolation 
and refractile borders, are indicative of early viral 
synthesis, which is followed by the observation of 
numerous virus assembly sites. Large fully mature 
virions with dense nucleoids begin appearing after 7 d 
at 15°C. The ultrastructure of the mature virion of 
WSIV resembles that of other iridoviruses with respect 
to size shape of the niideoid, a coiled :i!amcntous 
strand containing viral DNA (Devauchelle et al. 1985). 
The density and dimensions of the nucleoid of WSIV 
suggest a step-wise maturation process similar to that 
associated with carp gill necrosis virus, an iridovirus 
once thought to be associated with gill disease in 
cyprind fish (Shchelkunov & Shchelkunova 1984). 
Rased on observations of FV-3, the viral DNA strand 
forms a concatemer as it exits the cell nucleus, fol- 
lowed by insertion into the capsid by a process of 
'headfull-packaging' (Murti et al. 1985). We observed 
partially formed empty capsids that later appeared to 
have been filled with a dense material, presumably the 
nucleoid (Fig. 2C, D), suggesting similar mechanisms 
may occur with WSIV. The internal envelope associ- 
ated with the WSIV and FV3 may differ from the 
second envelope surrounding the capsid with respect 
to content of structural proteins (Devauchelle et al. 
1985, Murti et al. 1985). The possession of an internal 
membrane and a capsid envelope has also been iden- 
tified in several other iridoviruses including epizootic 
hematopoietic necrosis virus (EHNV) (Hyatt et al. 
1991) and FLDV (Fliigel 1985). The virion of WSIV fur- 
ther resembles FLDV by possessing a double capsid 
envelope (Anders 1989). The origins of the internal 
membrane and external envelopes of FLDV and WSIV 
are not known but, because neither virus has ever 
been observed to acquire an external envelope by 
budding through the plasma membrane, it is probable 
that capsid envelopment occurs in the cytoplasm. This 
hypothesis was in part supported by our observation of 
cytoplasmic bodies, presumably viral ASS, comprised 
of stacked unit membranes closely resembling the 
capsid envelope (Fig. 2C). 

Both WSIV and FLDV share slower replication rates, 
lower viral production, limited extracellular release 
and extended survival of the host cell (Walker & Hill 
1980, Anders 1989) when compared to the systemic or 
FV-3-like iridoviruses. The systemic iridoviruses cause 
fatal infections characterized by endothelial and hema- 
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topoietic necrosis in several cultured and 1 wild fish 
species (Eaton et al. 1991, Nakajima et al. 1995). These 
agents possess morphological, biochemical and sero- 
logical characteristics in common with the amphibian 
iridovirus FV-3 (Eaton et al. 1991, Hedrick et al. 1992a, 
Hengstberger et al. 1993) but not with either WSIV or 
FDLV. These systemic agents, including EHNV, sheat- 
fish iridovirus and red sea bream lridovirus (RSIV), 
proliferate rapidly over a broad range of temperatures 
and cell lines (Berry et al. 1983, Langdon et al. 1986, 
Ogawa et al. 1990, Nakajima et al. 1995). Rapid cell 
death and budding from plasma membranes allows 
viral transmission from infected cells and infected 
hosts (Hengstberger et al. 1993). In contrast, WSIV 
produces only about 106 TCID,, ml-' over a 6 to 8 wk 
incubation period at 15OC, nearly all of which stays cell 
associated. 

Comparisons of in vitro and in vivo infections of 
WSIV aid in understanding important aspects of the 
complex relationship between this parasite and its 
host. Both WSIV and FLDV induce chronic or slow 
developing or recurrent diseases in their hosts. These 
characteristics of WSIV cause it to be especially diffi- 
cult in hatcheries where stress factors typical of high 
density fish culture may induce recrudescence among 
viral carriers, which in turn precipitates recurrent epi- 
zootics (LaPatra et al. 1994). In contrast to the systemic 
iridoviruses which are efficiently released from in- 
fected cells, WSIV may spread via cell-to-cell contact 
as shown by pseudosyncytium formation in vitro. 
Water-borne transmission of WSIV between juvenile 
sturgeon has been demonstrated (Hedrick et al. 1990, 
1992b) and this may occur by passive sloughing of 
virus-laden epithelia1 cells into the water column. Sur- 
faces of the fish that become abraded by contact with 
the aquarium or other fish could become portals of 
entry for virus from the water. Tissues of the skin, gills, 
nares, barbels, and esophagus constantly exposed to 
water would then provide initiation sites for new 
infections as well as sites best used for diagnostic 
procedures to detect WSIV (Watson 1996). 

The key target cells of WSIV are associated with 
tissues involved in osmoregulation and respiration 
(skin and gills). Changes to cells in these tissues would 
result directly in their loss of function (Schliwa 1975). 
Secondarily, loss of the microvillar ridges and therefore 
the protective mucus layer (Karnaky 1992) may predis- 
pose these tissues to subsequent colonization by other 
pathogens. 

Impairment of the sensory epithelium of the barbels 
and olfactory organs would alter touch, taste and smell 
(Hara 1993), senses important in white sturgeon to 
identify congeners, avoid predators and recognize food 
(Pyatkina 1976, Buddington & Christopherson 1985). 
Microscopic lesions induced in these tissues by WSIV 

could lead directly to changes in feeding behavior, 
with resulting deterioration of condition and growth as 
observed in white sturgeon. In wild white sturgeon, 
WSIV lesions could potentially interfere with non- 
gustatory olfactory functions that control navigation 
and homing (Hasler & Scholz 1983). 
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