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ABSTRACT: Thin section electron microscopy of tissues from farmed Atlantic salmon Salmo salar L. 
with clinical infectious salmon anaemia revealed virus budding from endothelial cells. The typical 
enveloped virus particle showed a regularly arranged filamentous nucleocapsid and a matrix protein- 
like structure. Virus was budding from the plasma membrane, mainly at the lumina1 side, and also from 
certain intracellular membranes. Morphology and morphogenesis resembled orthomyxoviruses. In 
addition to the typical spherical particles (&ameter 100 nm), defective particles, filamentous particles, 
tubular membrane projections and cytoplasmic nucleocapsid inclusions were observed. Lysis of virus 
producing cells was infrequently found and was associated with excessive formation of vlral structures. 
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INTRODUCTION 

Infectious salmon anaemia is a viral disease of 
farmed Atlantic salmon Salmo salar L. The disease 
has only been observed m fish from Norway (Thorud & 
Djupvik 1988, Thorud 1991, Nylund & Jacobsen 1995, 
Nylund et al. 1995a, c). Virus particles, mainly budding 
from endothelial cells and occasionally observed in 
vacuoles of leucocytes, have been described in the 
tissues of experimentally infected Atlantic salmon 
(Hovland et al. 1994, Nylund et al. 1995b). Particles of 
similar morphology have also been reported from 
studies of a cell culture supporting the growth of the 
infectious salmon anaemia virus (ISAV) (Dannevig et 
al. 1995) and ISAV-infected head kidney macrophage 
cultures (Sommer & Mennen 1996). 

The confinement of ISAV to Norway may be due to 
the lack of extensive examination and the difficulty in 
detecting this agent, and may not reflect the true 
distribution of this pathogen. A detailed description of 
ISAV morphology may facilitate recognition of similar 
viruses encountered elsewhere. Also, information 
about the morphology and morphogenesis of ISAV 

may contribute to an understanding of the pathogene- 
sis and suggest a taxonomic relationship. In this study, 
transmission electron microscopy (TEM) of thin sec- 
tions from tissues was used to describe the ISAV and 
the replication of virus in target cells. 

MATERIALS AND METHODS 

Moribund farmed Atlantic salmon from naturally oc- 
curring outbreaks of infectious salmon anaemia were 
sampled for TEM. Each group consisted of 5 salmon 
weighing 2 to 5 kg. The first group was sampled in 
1986 (farm A) and the second group in 1994 (farm B). 
Tissues from farm A were placed in 3% glutaralde- 
hyde in cacodylate buffer and stored in this fixative at 
4°C for 8 yr. Specimens from farm B were fixed in 4 % 
formaldehyde and 1 % glutaraldehyde in phosphate 
buffer with 2.6% sucrose (modified after McDowell 
& Trump 1976). The tissues (stomach, intestine, liver, 
heart, gills, kidney and spleen) were post-fixed in 1 % 
osmium tetroxide for 90 min, block-stained in 2 %  
uranyl acetate, dehydrated in ethanol and embedded 
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in epon-araldite. The ultrathin sections (50 to 80 nm) 
were stained with uranyl acetate and lead citrate 
(Reynolds 1963). 

The following description of the ISAV is based on 
examination of 109 thin sections from 2 farms (65 from 
farm A and 44 from farm B) where virus particles were 
observed associated with endothelial cells. Farm A was 
included in this study because it was involved in the 
first known epidemic of infectious salmon anaemia. 
The same material was also used in a pathological 
study of this disease (Koren unpubl.). 

Electron micrographs used for measuring virion 
diameter and substructures were carefully selected to 
ensure the highest resolution. Moreover, these mea- 
surements were taken on 20 particles with a distinct 
membrane only, since the membrane will only be dis- 
tinct in viruses that have been sectioned through the 
centre or close to the centre. 

RESULTS 

Virion 

The ISAV particles from the 2 farms were morpho- 
logically similar. However, virions from farm A (pro- 
longed storage in fixative) generally stained more 
densely and were slightly smaller (Table 1). The most 
prevalent ISAV particles were spherical and relatively 
uniform with a diameter of approximately 100 nm. The 
envelope was a distinct unit membrane where the 
inner electron-dense lamina appeared to be continu- 
ous with an electron-dense inner lining (Fig. lb).  This 
area tended to separate into 2 zones at high magni- 
fications (not shown). The inner lining was also clearly 
visible in certain aberrant particles (Fig. 2c), but was 
absent in others (Fig. lb).  A layer of moderately elec- 

Table 1. ISAV measurements 

ISAV measurement (nm) Mean Min Max n 

Particle diameter (farm A") 94 86 106 10 
Particle diameter (farm Bd)  106 99 115 10 
Particle diameter (farm A and B) 100 86 115 20 

Surface (spike) layer 7 5.9 8.3 13 
Envelope outer lamlna (dense) 2.6 1.8 3.5 20 
Envelope middle lamina (lucent ) 2.1 0.8 5.5 20 
Envelope inner lamina and lining 6.2 3.9 7.8 20 

Dot diameter 9.8 6 13 114 
Dot interdistance (outer circle) 16.5 12 26 49 
Dot interdistance (inner circle) 15.5 12 23 21 

aDifferent fixatives and storage times were used for speci- 
mens from farm A and B 

tron-dense matenal, about 7 nm thick, was frequently 
found on the surface of the vinons (Figs l b  & 2c) This 
was sometimes continuous with a ragged halo (50 nm) 
observed on part~cles in the lumen of vessels (Fig 1) 
The lnterlor of the virus particles contained electron- 
dense structures that appeared to be regularly ar- 
ranged In most sections these structures were visible 
as several dots (10 nm in diameter) and m others more 
like curved strands In some sect~ons the dots were 
arranged in 2 concentnc circles. The outer circle, close 
to the membrane inner lming, consisted of 12 to 14 dots 
and the inner circle of about 6 dots (Fig 1). The dis- 
tance between the centres of adjacent dots in these 
circles was about 15 to 17 nm (Table 1). Budding 
particles tended to be slightly oblong and the core 
structures formed strdnds rdther thdn d~stinct dots 
(Fig. 2a, b). 

Aberrant particles and membrane structures 

Several types of aberrant or defective virus particles 
were frequently observed. These were most abundant 
when large complexes of virus particles and mem- 
brane structures were encountered. Rod-shaped fila- 
mentous forms (300 to 600 nm long) were rare, but 
several of these particles were occasionally associated 
with the same cell (Fig. 3a, b, e). The diameters of 
these filamentous forms (60 to 70 nm) were only about 
70% of the regular particles and some rod-shaped 
particles had curved ends (Fig. 3a, b). Electron-dense 
spots (15 to 20 nm) were often present in the core at 
both ends of the particle. Wave-shaped filamentous 
forms with an apparently empty interior were also 
observed (Fig. 3c, d). Their 3-dimensional structure 
seemed to be helical. 

A particle type with diameter about 170 nm (Fig. 2c) 
had a core consisting of a reticulum of filamentous 
structures. The envelope consisted of 2 halves (hemi- 
spheres) with a dense inner lining connected by a 
narrow region without lining. Another particle type 
(about 100 nm) with a condensed polygonal electron- 
dense core and no membrane inner lining was fre- 
quently observed (Fig. lb). In a few instances it seemed 
that the core was made up of a cluster of tightly packed 
10 nm dots. 

Tubular membrane structures, often accompanying 
budding of typical virions (Figs. 1, 4a, c, 5 & 6), were 
sometimes the only structures observed (Fig. 6a). 
Typically they displayed a ragged surface, no mem- 
brane inner lining and were apparently empty in- 
side. Occasionally such structures were continuous 
with straight tubules having a dense lining (Fig. 3e). 
The diameters of the pleomorph tubular membrane 
structures were mainly in the range of 50 to 200 nm. 
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Fig 1 ISAV structures In Salmo salar. (a, b) A halo of amorphous substance (arrowheads) surrounds the virlons and membrane 
tubules at the lumina1 side of endothelial cells (EC], but not the virions at the abluminal side. [b) Note typical ISAV tr~lamihar 
envelope with thicker inner lamina and regularly arranged dots in the core, except the particle with a condensed core (arrow). 

(a, b) Anterior intestine. Scale bars = 200 nrn 

Intracellular structures lucent interiors frequently occurred in the nuclei 
of endothelial cells in regions of virion formation 

Cytoplasmic inclusions, up to 2.5 pm wide (Fig. 7), (Fig. 4d, e). These tubular-like structures were associ- 
were present in endothelial cells, which also exhibited ated with heterochromatin. 
large amounts of other viral structures. The inclusions 
consisted of longitudinal and transverse-sectioned, 
moderately electron-dense strands about 10 nm wide Morphogenesis and formation of complexes 
and up to 150 nm long. The spacing between strands 
appeared relatively uniform with a periodicity of 20 to ISAV was found budding from the plasma membrane 
25 nm for parallel strands. If vesicles were located and apparently also from internal membranes of endo- 
inside these inclusions, the surrounding strands tended thelial cells. Assembly of the virions appeared to take 
to be radially oriented (Fig. 2b). place at the site of budding. Occasionally we observed 

Densely stained structures surrounded by ribosomes areas of the plasma membrane with a densely stained 
were sometimes observed m connection with the endo- inner layer (Fig. 6a). These areas probably represented 
plasmic reticulum of virus-producing cells (Fig. 7b). early stages of the budding process that did not mature 
Densely stained strands (diameter 60 to 70 nm) with into virions because of some defect. Later stages of the 
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Fig. 2. ISAV structures in Salmo salar. (a) Virions in the state of budding (Arrowheads) tend to have a rectangular shape 
with rounded corners rather than the circular shape of free virions. Stomach. (b) A slightly oblong particle budding. Cytoplasmic 
inclusion consists of strands and dots, some parallel strands are oriented radially around small vesicles (V). Anterior intestine. 
(c) A large particle (170 nm diameter) consisting of 2 halves with surface layer and inner lining. Note the reticular arrangement 
of filaments in the core and that the inner lining is lacking at the joining regions (arrows). Heart. Scale bars: (a) = 200 nm, 

(b, C) = 100 nm 

budding process were frequently seen as particles con- 
nected to the plasma membrane through a short stalk 
only (Fig. 2a, b). The number of virus particles and 
amount of virus-associated structures formed per endo- 
thelial cell (in the plane of section) varied from a few 
particles only to large complexes of membrane struc- 
tures and particles, often 'bush1-shaped (Fig. 4a-c). 

When small numbers of virions (1 to 4) were encoun- 
tered, they were usually located singly at the plasma 
membrane surface. Most frequently, groups of 5 to 20 
virions were encountered, usually concentrated in a 
minor area at the lumina1 side with only a few single 
particles present at the abluminal side (Figs. l a  & 4b). 
Tubular membrane protrusions and some ridge-like 
cytoplasmic processes were generally intermingled 

with virions. Virions budding from the ridge-like 
extensions were observed. In a few cells spherical 
virions and fine granular material were found inside 
multivesicular bodies (Fig. 7a). Except for the densely 
stained structures in the nucleus (Fig. 4d, e),  alter- 
ations in cellular morphology were generally not ob- 
served. Occasionally, lysed cells continuous with viral 
structures were observed in the lumen of vessels and 
the heart (Fig. 6b). 

High numbers of virions (>20) were infrequent and 
generally found in large complexes composed of tubu- 
lar or reticular membrane structures, virus particles 
(many aberrant) and a fine granular moderately 
electron-dense substance. Such structures occasion- 
ally extended into the lumen of vessels (Fig. 4c) or vir- 
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Rg. 3. Filamentous ISAV structures in Salmo salar. (a, b) Straight fllamentous parhcles. The envelope 1s sometimes termlnated In 
a curl-11ke structure. (a) Anterior intestine. (bj Heart. (c, d) Helical filamentous particles (arrows). (c) Anterior intestine. (d) Heart. 
(e) Vacuolized endothelial cell with virus associated tubular structures adjacent t a  the vacuoles and to the basal lamrna (short 
arrows). These appears to be transition between structures w t h  and without dense inner lining (arrows) Note dilatation of 

nuclear envelope. Glomeruli. Scale bars: (a-c) = 200 nm; (d, e) = 500 nrn 
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Fig. 5. (a) ISAV structures in Salmo salar. A large complex of densely packed virions and virus associated structures. The nuclear 
envelope is dilated and the cell is disintegrated. Heart. (b) A large (16 pm) complex composed of virus-associated structures, 
mainly membrane tubules, but no typical virions. The cell appears to be lysed and debris are present in capillary lumen. Heart. 

Scale bars: (a) = 1 pm; (b) = 2 pm 

tually replaced the cytoplasm of some endothelial cells 
(Figs. 3e & 5a), especially pillar cells (endothelial cells 
of gill lamellae) and glomerular endothelium. Dilata- 
tion of the nuclear envelope, cytoplasmic vacuolisation 
and inclusions were regularly present in these cells. 
Extremely large complexes of virus-associated struc- 
tures (up to 16 pm), with or without typical virions 
(Fig. 5), were encountered in a few instances only 
and associated with disintegrated cells. The identity of 
these cells could not be determined. 

DISCUSSION 

Hovland et al. (1994) found the ISAV to be spherical 
particles with a diameter of approximately 100 nm, 

whereas Dannevig et al. (1995) stated that particle 
diameters were 100 to 120 nm in thin sections and 
varied from 130 to 140 nm in negatively stained 
preparations. Dannevig et al. (1995) also described 
negatively stained particles with diameters as small 
as 45 nm and pleomorph filamentous particles up to 
700 nm long. A minor difference between negative 
staining and thin sections is to be expected, because 
the negative staining technique generally causes some 
collapse of enveloped virus particles, resulting in an 
increased particle diameter. In the present study we 
have described a number of forms of virus particles 
and virus-associated membrane structures that explain 
why ISAV in some respects may give the impression of 
having a high degree of pleomorphism, although the 
regular particles of 100 nm are relatively uniform. 
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Fig. 6. ISAV structures in Salmo salar. (a) Normally sized complex of tubular membrane structures and a single virion (arrow- 
head). Note modified regions of plasma membrane protrusions (arrows) resembling budding. Anterior intestine. (b) A lysed 
cell in the lumen of the ventricle. Tubular membrane structures and a few virions are located between the nucleus and wide 

membranes holding some remnants of cytoplasm. Heart. Scale bars: (a) = 500 nm; (b) = 2 pm 

This typical and most frequently encountered particle 
(100 nm) is likely to be the functional one. 

The structure of the nucleocapsid-like strands in the 
cytoplasmic inclusions corresponded well to the struc- 
ture of strands in the core of the virions and these 
strands resemble those previously described (Sommer 
& Mennen 1996). The lack of particles observed in the 
early stage of budding and assembly suggests that 
these steps occur very rapidly. The slightly elongated 
shape of the particles in the frequently observed late 
stage of budding may indicate that the nucleocapsid 
arrangement has a single axis of symmetry. Hence, 
the fraction of particles having a typical concentric 
arrangement of dots may represent transverse sections 
perpendicular to the axis. The observed close contact 
between the envelope inner lining and the dots repre- 

senting the nucleocapsid may indicate the binding of 
the nucleocapsid to the lining. This is to be expected 
if the lining represents a matrix protein. If the inner 
lining is not present when particles are formed, the 
nucleocapsid arrangement will be altered. This could 
possibly explain particles with condensed cores 
(Fig. lb) .  Furthermore, large particles, apparently 
consisting of 2 halves that both had an inner lining, 
displayed structures in the core that may represent a 
stretched nucleocapsid arrangement (i.e. a defective 
double particle). The thickness of the supposed matrix 
protein layer, calculated to be about 3.5 nm (slightly 
less than the total inner lamina and lining, 6.2 nm, 
minus inner lamina thickness substituted by outer 
lamina measurement, 2.6 nm, Table l), corresponds to 
influenza virus (Nermut 1972). 
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A marked feature of intense ISAV replication is the 
excessive proliferation of tubular membrane struc- 
tures. If spikes are present, these structures may be 
identified as viral particles in negatively stained 
preparations. This may correspond to some of the large 
highly pleomorph particles observed by Dannevig et 
al. (1995) from unpurified medium of infected cell 
cultures. In the present study complexes of these 
membrane structures were found both as extensions 
from the plasma membrane and as membrane-bound 
intracellular complexes. 

A few observations Indicated that intracellular 
complexes may arise by budding into multivesicular 
bodies. These bodies may be identical to the multi- 
vesicular bodies normally found in endothelial cells 
clnd nldny other cell types (Ghddidlly 1988). Vesicles 
derived from the plasma membrane are likely to fuse 
with this type of endo-lysosomal structure. Alterna- 
tively, the structure may be virus-induced. Invagina- 
tions of the plasma membrane and vacuolisation are 
likely to be the mechanism of formation of some 
intracellular complexes, especially those observed in 
some structurally important endothelial cells (gills 
and glomeruli). Budding into Golgi vesicles, typical 
of bunyaviruses (Murphy et al. 1973), was not 
observed. 

All virus modified membrane structures, with or 
without inner lining, appeared to curve, suggesting 
this was an intrinsic spatial property. This is exempli- 
fied by the formation of membrane tubules (50 to 
200 nm), the bulging envelope of budding virions, the 
fixed diameter of filamentous particles as well as their 
helical structure or curl-like termination. 

The densely stained tubular structures occurring in 
nuclei (heterochromatin associated), cytoplasm (ribo- 
some associated) and in some vacuoles (Fig. 7c) pre- 
dominantly exhibited the same morphology. Although 
a viral nature cannot currently be proved for any of 
these structures, they are presumably virus-induced 
and their tubular structure may indicate a matrix pro- 
tein. Influenza virus matrix protein occurs as dense 
structures in nucleus and cytoplasm (Patterson et al. 
1988); however, non-structural proteins are reported 
from these sites also (Compans & Dimmock 1969, 
Compans & Chopp~n 1973, Oxford & Schild 1990). 

The halo surrounding virions as well as virus- 
modified membrane tubules in the vessel lumen, and 
the fine granular substance observed filling the space 
m complexes, seem to be identical. The substance 
appears to have attachment properties and may 
represent a surplus of surface protein or nucleoprotein. 
It may also consist of a product normally formed by 
endothelial cells, e.g. the basal lamina, from which it 
could not be readily distinguished morphologically. 
When this substance is not attached to a particle sur- 

face or trapped in complexes, it may be released into 
the circulation. 

Previous studies have suggested a classification of 
ISAV based on morphology (Nylund et al. 1995b, 
Sommer & Mennen 1996). Morphology of virus par- 
ticles and mode of budding can be highly indicative of 
taxonomic relation if these characters correspond well 
to a type virus. ISAV has the structure of an enveloped 
RNA virus and closely resembles orthomyxoviruses in 
size and most structural aspects (Morgan & Rose 1968, 
Bachi et al. 1969, Compans & Dirnmock 1969, Nermut 
1972, Schulze 1972, Compans & Choppin 1973, Oxford 
& Schild 1990). An important exception is the nucleo- 
capsid arrangement. The conspicuous dot pattern 
revealed in the electron micrographs does not agree 
with previous studies of influenza virus. This suggests 
that the ISAV nucleocapsid arrangement possibly dif- 
fers from that of influenza virus. The use of penetrating 
negative stains may help to clarify this, although the 
nucelocapsid arrangement of influenza virus is not 
completely understood either (Murphy & Webster 
1990). 

The present study confirms previous descriptions of 
ISAV morphology (Hovland et al. 1994, Dannevig et al. 
1995, Nylund et al. 1995b) and extends the morpho- 
logical characterisation to a set of viral structures. This 
will allow identification of ISAV replication in ultra- 
structural studies when no typical virions but other 
viral structures are encountered. The results of this 
study suggest that the conspicuous morphology of the 
cross-sectioned envelope, described in detail for the 
first time in this paper, may be the most useful struc- 
tural feature for a rapid tentative identification of ISAV 
in thin sections. 
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