
the extensive cytoskeletal system in 
these algae (15) suggests several possibil- 
ities in using B. forbesii for studying the 
functions of microtubules and microfila- 
ments in endocytosis and the develop- 
ment of coated membranes. The size and 
abundance of coated organelles, com- 
bined with their easily inducible and pre- 
dictable occurrence, make this unusual 
alga a model system for isolating and 
characterizing coated membranes. 

RORY M. O'NEIL 
JOHN W. LA CLAIRE 11* 

Department of Botany, 
University of Texas, Austin 78712 
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Adsorption to Fish Sperm of Vertically Transmitted 
Fish Viruses 

Abstract. More than 99 percent of a vertically transmitted j s h  rhabdovirus, 
infectious hematopoietic necrosis virus, was removed from suspension in less than I 
minute by adsorption to the surface membrane of sperm from two genera of 
salmonid jishes. The vertically transmitted, infectious pancreatic necrosis virus 
adsorbed to a lesser degree, but no adsorption occurred with a second j s h  
rhabdovirus that is not vertically transmitted. Such adsorption may be involved in 
vertical transmission of these viruses. 

In a review of vertical transmission of 
viruses, the role of semen in viral trans- 
mission was pointed out as being largely 
neglected by virologists (I). Most studies 
of mammalian viruses in semen have 
dealt only with venereal (horizontal) 
rather than vertical transfer (2). Investi- 
gators have rarely discriminated be- 
tween virus in semen unassociated with 
sperm (3) and viruses within the sperm 
cell (4), but surface adsorption of virus to 
sperm cells has been described only for 
simian virus 40 with sperm from a rabbit, 
an atypical host (5). In oviparous species 
with external fertilization, venereal in- 
fection by viruses in semen is less likely 
to occur than vertical transmission. In 
vertical transmission, virus closely asso- 
ciated with the sperm would be more 
efficiently transferred to the egg than 
unassociated virus. We now report evi- 
dence that a vertically transmitted fish 
rhabdovirus adsorbs rapidly to fish 
sperm, whereas a closely related rhabdo- 
virus not vertically transmitted does not. 

Infectious hematopoietic necrosis 
(IHN) is a common rhabdoviral disease 
of salmonid fishes found on the west 
coast of North America and can be trans- 
mitted both horizontally (from fish to 
fish) and vertically (from generation to 
generation). The disease has occurred in 
fish in other parts of the continent, ap- 
parently associated with the shipment of 
eggs from infected fish (6).  Both the 
history of the disease and the character- 
istics of the virus have been reviewed 
(7). To determine whether IHN virus 
adsorbs to sperm and thus whether it is 
involved in vertical transmission, we ob- 
tained milt from several steelhead (anad- 
romous rainbow) trout (Salmo gairdneri) 
and pooled them (6.8 x lo9 sperm per 
milliliter); the pooled milt was centri- 

fuged, the seminal plasma was decanted 
and saved, and the sperm cells were 
washed twice with diluent (cell culture 
medium without fetal bovine serum). 
The milt was assayed for the presence of 
IHN virus; no virus was found. The 
sperm was then divided into equal por- 
tions and centrifuged, and 1 ml of an 
IHN virus suspension was added to each 
of six sperm pellets and to each of six 
control tubes containing a volume of 
diluent equal to the volume of sperm. 
The mixtures were incubated at 15°C for 
1 hour with continual agitation and then 
centrifuged, and the virus remaining in 
the supernatants was measured by a 
plaque assay (8). The presence of sperm 
reduced the amount of virus remaining in 
the supernatant by 99.6 percent com- 
pared to controls (Table 1). 

To determine whether reduced virus 
counts were due to inactivation by resid- 
ual seminal plasma, we sterilized by fil- 
tration the fluid recovered from the ini- 
tial centrifugation of the milt and added it 
to a suspension of IHN virus at a ratio of 
9 to 1 (by volume). Control tubes re- 
ceived an equal volume of diluent. After 
1 hour the amount of virus remaining in 
the supernatants was measured. Seminal 
plasma did not inactivate the virus (Ta- 
ble 1). For all further work, the seminal 
fluid was not removed from the sperm. 

Cavity fluid is a viscous liquid ex- 
pelled by female fish along with the eggs 
and can contain high concentrations of 
IHN virus. We tested its influence on 
adsorption of virus to sperm by adding 
cavity fluid from virus-free steelhead 
trout to IHN virus at a ratio of 9 to 1 (by 
volume). Sperm was added to one group 
of tubes, and diluent was added to con- 
trol tubes. After incubation, more than 
99 percent of the virus had been removed 



Table 1 .  Adsorption of fish viruses onto sperm (S) or erythrocytes (E) from steelhead trout (ST), 
rainbow trout (RT), and chinook salmon (CS). Virus amounts expressed as arithmetic mean 
plaque-forming units (PFU) per milliliter 2 standard error of the mean. Means were calculated 
from six replicate values except for the rainbow trout erythrocyte experiment which had five 
replicates. 

- -- 

Additions Virus remaining in supernatant (PFU) Virus 
Cells adsorbed Fluids (donor) With S or E Control (percent)* 

IHN virus 
S (ST) 1.6 x Id 2 8.6 3.7 x 10" 2 3.0 x lo3 99.6 

Cavity fluid S (ST) 2.0 x 10' 2 9.0 4.1 x 10" '- 3.7 x lo3 99.5 
Seminal plasma 5.1 x lo4 2 3.5 x lo3 5.0 x lo4 2 2.4 x lo3 0 

S (RT) 6.3 X lo3 2 9.8 x 10' 5.9 X lo4 2 3.6 x lo3 89.3 
E (RT) 1.5 x lo5 2 3.0 x lo4 1.3 x 16 '- 5.8 x lo3 0 
S (CS) 5.4 x 10' 2 4.0 x 10' 1.0 x 16 '- 8.6 x lo3 94.6 

VHS virus 
S (CS) 6.5 x 10" 2 5.3 x lo3 5.5 x 10" + 3.9 x l d  0 

IPN virus 
S (RT) 3.1 x 10" 2 4.5 x lo3 4.1 x 10" 2 4.5 x l d  24.4 

*Calculated from the mean values of virus remaining in the supernatant by (1 - AIB) x 100, where A is the 
amount adsorbed onto S or E and B is the amount in control. 

by the sperm despite the presence of the 
cavity fluid (Table I), indicating that 
cavity fluid does not interfere with virus 
attachment. This observation suggests 
that, during fertilization, sperm from vi- 
rus-free males could adsorb virus origi- 
nating in the female. 

We added erythrocytes from nonanad- 
romous rainbow trout (S. gairdneri) to 

Fig. 1. Adsorption of IHN virus (arrows) to 
the surface of steelhead trout sperm. Equal 
volumes of virus (1 x 10' plaque-forming 
units per milliliter) and sperm (2 x lo9 cells 
per milliliter) were combined and incubated at 
15°C with gentle mixing for 1 hour. The sperm 
cells were removed by centrifugation and 
prepared for electron microscopy (12). Mea- 
surement of the virus before and after the 
presence of sperm indicated a 98.3 percent 
reduction. Scale bar is 100 nm. 

IHN virus to determine whether the re- 
moval from suspension of IHN virus by 
sperm was a membrane phenomenon not 
restricted to sperm. There was no ad- 
sorption of virus by the erythrocytes, 
whereas an 89.3 percent reduction in 
virus was observed in the control con- 
taining rainbow trout sperm (Table 1). 

The rhabdovirus causing viral hemor- 
rhagic septicemia (VHS) in trout is found 
only in Europe but is physically and 
biochemically similar to IHN virus (9). 
Unlike IHN virus, VHS virus is not 
vertically transmitted. Therefore, we 
were able to study the relation of adsorp- 
tion of virus to sperm and the mode of 
viral transmission. No adsorption of 
VHS virus to sperm of chinook salmon 
(Oncorhynchus tshawytscha) was ob- 
served, an indication that the adsorption 
process does not occur with all fish rhab- 
doviruses. Chinook salmon sperm were 
as effective as steelhead trout sperm in 
removing IHN virus, adsorbing 94.6 per- 
cent of the virus (Table 1). This,observa- 
tion suggests that adsorption of virus to 
sperm plays a role in vertical transmis- 
sion of IHN virus and that the decrease 
in virus concentration after exposure to 
sperm cells cannot be solely due to me- 
chanical entrapment of virus particles by 
sperm cells during centrifugation. Chi- 
nook salmon are natural hosts for IHN 
virus, and this result shows that adsorp- 
tion of IHN virus to sperm occurs in 
other genera of the family Salmonidae. 

The virus adsorption appeared to be a 
surface effect in that most of the virions 
were attached to the sperm head mem- 
brane by the flat end of the particle 
without penetration of the sperm cell, as 
revealed by electron microscopy (Fig. 
1). Occasional virions were observed ap- 

parently attached on their sides. Virions 
attached to sperm tails were seen only 
rarel y . 

We tested a third fish virus for adsorp- 
tion to sperm. Infectious pancreatic ne- 
crosis virus, an unclassified, nonenve- 
loped, icosahedral virus with a biseg- 
mented RNA genome (lo), can be verti- 
cally transmitted (11). IPN virus 
adsorbed to rainbow trout sperm at a 
significant but lower proportion (24.4 
percent) compared to IHN virus (Table 
1). The occurrence of adsorption to 
sperm of two vertically transmitted fish 
viruses and the lack of adsorption of a 
virus not vertically transmitted supports 
the hypothesis that sperm plays a role in 
such transmission. 

The kinetics of IHN virus adsorption 
to sperm was studied by combining equal 
amounts of virus and sperm suspensions 
in centrifuge tubes and assaying for virus 
remaining in the supernatant after incu- 
bation for time periods ranging from 1 
minute (the shortest incubation period 
within which the necessary manipula- 
tions could be done) to 2 hours. The 
control groups received diluent instead 
of sperm, and viral assays on controls 
were performed only at time zero and at 
2 hours. Virtually all IHN virus adsorbed 
to sperm in less than 1 minute (Fig. 2). 
The concentration of virus decreased 

Time (minutes) 

Fig. 2. Kinetics of IHN virus adsorption to 
steelhead trout sperm. Equal volumes of 
sperm and IHN virus suspensions were com- 
bined in six replicate tubes and mixed gently 
at 15°C for various times before sperm were 
removed by centrifugation from the experi- 
mental groups (a), and the virus remaining in 
the supernatant was assayed by plaquing (6). 
The control groups (0) received diluent in- 
stead of sperm. The virus concentration used 
was 6.0 x lo4 plaque-forming units per millili- 
ter and the sperm concentration was 
1.4 x 10" cells per milliliter. 
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slightly over the next 2 hours in both 
experimental and control groups. This 
rapid rate of adsorption was in contrast 
to that in the plaque assay, which re- 
quired a minimum 1-hour inoculum ad- 
sorption period for maximum adsorption 
of virus. This difference suggests that the 
two systems may have different receptor 
sites and attachment mechanisms. 

Vertical transmission of virus by at- 
tachment to sperm cells has obvious 
advantages for infection of any host, but 
particularly when the host is a species in 
which fertilization takes place externally 
and in flowing water. Without adsorp- 
tion, virus particles released with ga- 
metes during spawning would be imme- 
diately diluted and flushed away by the 
water. Adsorption of virus to sperm 
could deliver the pathogen directly to the 
ovum, with the sperm acting as a vehicle 
for the entry of the virus into the egg. 
Because of dilution, adsorption of virus 
to sperm must occur very quickly-a 
requirement that our results indicate is 
met. We have also found that adsorption 
occurs efficiently over the range of tem- 
peratures from 1.5" to 18°C-approxi- 
mately the temperature range preferred 
by salmonids for spawning. Our finding 
that IHN virus adsorbs to sperm from 
two genera known to be natural hosts for 
the virus suggests that this mechanism of 
transmission may occur in all host spe- 
cies. 

DAN MULCAHY 
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Energy Scaling in Marsupials and Eutherians 

Abstract. Marsupials have been shown to have basal metabolic rates below those 
of eutherian mammals. Now metabolic rates below thermoneutrality are found to be 
equivalent in both taxa. Two models are proposed to explain the observed metabolic 
patterns: in one, marsupials differ only in having reduced basal metabolic rates; in 
the other, the reduced marsupial basal metabolic rates combined with a reduced 
body temperature and elevated conductance. The metabolic costs of existence below 
thermoneutrality appear to be similar for both taxa. The difference in basal 
metabolic rate may be of energetic significance or merely a phylogenetic coinci- 
dence. 

The minimal resting metabolic rate 
within thermoneutrality (basal metabo- 
lism) of marsupial mammals has been 
shown to be 70 percent of the corre- 
sponding eutherian level at any body 
mass (1, 2). Marsupials also are consid- 
ered to have lower body temperatures 
than eutherians (1, 3). These consider- 
ations led Dawson (3) to construct a 
model with the metabolism of marsupials 
at temperatures below therrnoneutrality 
also being lower than eutherians (Fig. 
1A). Our allometric analyses of mea- 
sured metabolic rates below thermoneu- 
trality indicate that the marsupials do not 
have reduced metabolic levels except 
within therrnoneutrality and that a more 
accurate model is that depicted in Fig. 
1B. Our analysis is consistent with the 
findings that the maximum rate of metab- 
olism in marsupials and eutherians is 
similar in response both to cold (4) and to 
exercise (5) and that the daily energy 

expenditure in natural settings is similar 
in both taxa (6). 

Dawson's model (3) (Fig. 1A) shows 
the well-documented reduction in basal 
metabolism of the marsupials and the 
lower body temperature; the latter is 
shown by x-intercepts: the line relating 
metabolism to air temperature intersects 
zero metabolism at a lower temperature 
in marsupials. The shallower slope of the 
marsupial line below therrnoneutrality 
indicates a lower minimal thermal con- 
ductance than in eutherians (7, 8); how- 
ever, at least some smaller marsupials 
have the same conductance as eutheri- 
ans (I). Figure 1A also indicates that 
marsupial metabolism is reduced below 
that of eutherians at all temperatures 
below therrnoneutrality. This would be 
the case if the generalized marsupial 
followed "Newtonian cooling" [figure 1 
in (9)l with a body temperature below 
that of eutherians and a thermal conduc- 

Fig. 1. Models of the relation $1 \ ,  1 \ ,  

of energy metabolism (H,) to 
ambient air temperature (T,) in 

,: marsupials and eutherians (A) 
from Dawson (3) and (B) pro- 

+ 
\ Eutherians \\ posed herein. The models (7) 

E 
\ show a range of T,'s across 

>. g \ which H, is minimal and does 
w A, not vary (horizontal lines). 

Marsupials 
\ I ,  This T, range is the zone of 
\--. Marsupials _ _  thermoneutrality and the H, 

'i. .., is often referred to as basal 
-20 o 20 40 -20 0 20 40 metabolism. At T,'s below 

Ambient air temperature ( 'C) thermoneutrality, metabolism 
follows the relationship H, 

= h(Tb - T,) (15). For an animal following Newtonian cooling (9), the line relating H, to T, 
below thermoneutrality will project to a T, equal to body temperature (Tb) when metabolism is 
zero. (B) Marsupials are shown to have a lower basal metabolism (dashed horizontal line) than 
eutherians in both I and 11. In I ,  Tb and thermal conductance of marsupials are proposed to be 
similar to eutherians: they would then both follow the solid line below thermoneutrality. 
Alternatively, in 11, marsupials are proposed to have a lower Tb but higher thermal conduc- 
tance: marsupials would fall on the dashed line below thermoneutrality. 
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