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Rotavirus particles were demonstrated by electron microscopy in the feces of
lambs with diarrhea. Rotavirus antigen was synthesized in cell cultures infected
with filtrates of the diarrheic feces, but the virus was not adapted to grow
serially in cell cultures. An antigenic relationship between rotaviruses from
lambs, pigs, and calves was demonstrated by immunofluorescence. Colostrum-
deprived lambs were infected with the lamb rotavirus, and the virus was
passaged in lambs. Viral replication occurred in the villous epithelial cells ofthe
small intestine, and the virus was excreted in the feces up to 78 h postinfection.
Diarrhea was not observed in the experimentally infected lambs.

Viruses resembling reoviruses and orbivi-
ruses have been associated with gastroenteritis
in a variety of animal species (2). The names
duovirus (6) and rotavirus (7) have been pro-
posed for this group of viruses, and rotavirus
will be used in this paper. To date there has
been only one report of a rotavirus in lambs
(13). In this paper we report the detection of
rotavirus particles in the feces of lambs from
Northern Ireland and describe the experimen-
tal infection of colostrum-deprived lambs with
the virus.

MATERIALS AND METHODS

Preparation of specimens for inoculation into
cell cultures. Approximately 20% suspensions of
feces were made in Eagle (BHK) medium (Wellcome
Laboratories) with 15% fetal calf serum and 10%
tryptose phosphate broth, and containing 1,000 U of
penicillin, 1,000 ,ug of streptomycin, 5 ,ug of ampho-
tericin B, and 80 ,ug of tylosin per ml (ETPB). These
suspensions were clarified by centrifugation at 3,000
x g for 30 min, and the resulting supernatants were
filtered through cellulose ester filters (0.45-,um pore
size; Millipore Corp.). The resulting fecal filtrates
were used to infect cell cultures.

Cell cultures. Primary cultures of lamb, pig, and
calf kidney cells were prepared as described previ-
ously (9) and grown in Hanks balanced salt solu-
tion containing 0.5% lactalbumin hydrolysate and
10% serum, with 100 U of penicillin and 100 ,ug of
streptomycin per ml. Lamb kidney cells were grown
in ox serum, whereas lamb serum was used for pig
and calf kidney cells.

Continuous bovine kidney (MDBK), baby ham-
ster kidney (BHK-21), monkey (Vero), and pig kid-
ney cells [PK(15)] were grown in Eagle (BHK) me-
dium with 10% fetal calf serum and 10% tryptose
phosphate broth.

Cell cultures were infected by diluting freshly
trypsinized cells at least 10-fold with fecal filtrates

made up in ETPB. The diluted cells were then
seeded into tubes containing flying cover slips,
which were incubated stationary at 37°C.

Preparation of antisera for immunofluorescence.
Antiserum to calf rotavirus, which was partially
purified from feces, was prepared in a rabbit, as
described elsewhere (11). Antisera to the pig and
lamb rotaviruses were also prepared in rabbits. Fe-
cal filtrates from rotavirus-infected animals were
inoculated intramuscularly, together with Freund
complete adjuvant. After 1 month the rabbits were
inoculated intravenously with fecal filtrates alone
and then were bled out 2 weeks later. Sera were
fractionated and conjugated with fluorescein isothi-
ocyanate as described by Clarke et al. (5).

Immunofluorescence. Cover slips were harvested
from infected cell cultures 24 h postinfection, fixed
in acetone for 10 min, and then stained for 30 min at
room temperature with fluorescein-labeled rotavi-
rus antisera. They were washed in several changes
of phosphate-buffered saline for at least 1 h,
mounted in buffered glycerol, and examined in a
Leitz Ortholux microscope using ultraviolet illumi-
nation.

Frozen sections of intestine were stained over-
night at 4°C; otherwise they were treated as de-
scribed above.

Electron microscopy. Suspensions of feces and
intestinal contents were made in ETPB and clarified
by centrifugation as described above. This material
was mounted on carbon-Formvar grids and stained
with 4% sodium phosphotungstate, pH 7.1.

Pieces of the gastrointestinal tract from experi-
mentally infected lambs were fixed for 2 h at 4°C in
4% glutaraldehyde in sodium cacodylate buffer and
postfixed in 1% osmium tetroxide for 2 h at room
temperature. Dehydration was performed in a
graded series of ethanol, and the tissues were em-
bedded in araldite.

Ultrathin sections were cut on an LKB Ultratome
III, stained with uranyl acetate and lead citrate, and
examined in an AEI EM6B electron microscope.

Virus inocula. Fecal suspensions (20 to 30%) were
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made in ETPB from feces specimens demonstrated
by electron microscopy to contain rotavirus parti-
cles. These suspensions were clarified and filtered as
described above for cell culture inoculation; the re-
sulting filtrates were used to infect colostrum-de-
prived lambs. We were unable to culture bacteria
from these fecal filtrates. Similarly, no viruses other
than rotaviruses were detected in the filtrates by
electron microscopic examination or by inoculation
into secondary cultures of lamb, pig, and calf kidney
cells.

Experimental infection of lambs. Lambs were re-
moved from the dam immediately after birth, so
that they were completely colostrum deprived. They
were housed in isolation units and fed on a mixture
of equal parts of unsweetened condensed milk and
1% dextrose.
Lambs were inoculated orally with 2.5 ml of fecal

filtrate approximately 12 h after birth. Samples of
feces, abomasum, small intestine, and colon were
removed during a postmortem examination. Tissues
were processed for electron microscopy as described
above, and also fixed at - 70°C in 2-methylbutane to
provide frozen section material.

RESULTS
Detection of rotavirus in feces of lambs

with diarrhea. In the course of an investigation
into acute disease in an intensive lamb-rearing
unit, six sick 8-month-old lambs were sent to
the Veterinary Research Laboratories for ex-
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amination, where clostridial enterotoxemia
was diagnosed. Three of these lambs also had
diarrhea, and intestinal contents collected from
them during postmortem examination were
shown by electron microscopic examination to
contain large numbers of rotavirus particles.
The remaining three lambs did not have diar-
rhea, and we were unable to demonstrate the
presence of rotavirus particles in the contents of
their intestines.
The rotavirus particles observed in the intes-

tinal contents of the lambs with diarrhea (Fig.
1) were morphologically identical to those de-
scribed in Scotland by Snodgrass et al. (13) and
to those observed by us in the feces of pigs and
calves with diarrhea (McNulty et al., Vet.
Microbiol., in press). Virus particles with both
single- and double-shelled capsid structure
were seen, but single-shelled particles were
rare.

Double-shelled particles were approximately
74 nm in diameter, whereas single-shelled par-
ticles measured 60 nm.

Cell culture studies. Freshly trypsinized
lamb kidney and PK(15) cells were infected
with filtrates of feces in which rotavirus parti-
cles had been detected by electron microscopy.
Specific intracytoplasmic fluorescence was ob-

100 nm

FIG. 1. Electron micrograph ofdouble-shelled rotavirus particles in the intestinal contents from a diarrheic
lamb.
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served in a small number of cells when the
cover-slip cultures were stained with the lamb
rotavirus conjugate (Fig. 2a). Positive immuno-
fluorescence was also obtained when antisera to
the calf and pig rotaviruses were used (Fib. 2b,
c). It was not possible to distinguish between
the different antisera as regards the pattern of
staining, the intensity of fluorescence, and the
number of cells containing viral antigen. No
fluorescence was observed when cell cultures
were infected with filtrates made from feces in
which we were unable to detect rotaviruses
using electron microscopy. More cells were in-
fected, as judged by immunofluorescence, when
freshly trypsinized cells rather than estab-
lished monolayers were used.
The ability of the lamb virus to infect a vari-

ety of cell cultures was compared with that of
isolates of the pig and calf viruses which were
not adapted to grow serially in cell cultures
(Table 1). The degree of infection was measured
by counting the number of cells showing posi-
tive immunofluorescence in an infected cover-
slip culture. The lamb and calf rotaviruses in-
fected lamb, calf, and pig kidney cells, but were
best able to infect PK(15) cells. Overall, the
number of fluorescing cells in cultures infected
with the pig virus was less than with the lamb
and calf viruses, and little or no pig viral anti-
gen was synthesized in bovine kidney cells.
BHK-21 and Vero cells were relatively resist-
ant to infection with all three virus isolates. To
date, we have been unable to serially passage
the lamb rotavirus in cell cultures more than

twice, and in most instances immunofluores-
cence was lost after the first passage. Prolonged
initial passage periods were used in the success-
ful adaptation of the calf rotavirus to grow in
cell cultures (4, lla, 12). However, with the
lamb virus the number of infected cells was
greatest approximately 24 h postinfection and
no infected cells were detected 7 days postin-
fection.
Experimental infection of lambs. Two colos-

trum-deprived lambs were infected orally with
a bacteria-free fecal filtrate containing lamb
rotavirus. Rotavirus particles identical to those
in Fig. 1 were first detected by electron micros-
copy in the feces of both lambs 24 h postinfec-
tion.
Lamb 1 became dull and disinclined to feed

about 30 h postinfection and was moribund

TABLE 1. Infection of cell cultures with lamb, calf,
and pig rotaviruses

Cell culture Lamb ro- Calf rota- Pig rotavi-
tavirus virus rus

Lamb kidney 70a 15 13
Calf kidney 15 32 2
MDBK 4 110 0
Pig kidney 82 13 13
PK(15) 260 200 30
Vero 4 3 0
BHK-21 0 0 0

a Numbers refer to numbers of cells showing posi-
tive immunofluorescence in an infected monolayer
on a cover slip (22 by 6 mm). Cover slips were
stained with calf rotavirus conjugate.

_~~~~~~~
FIG. 2. Immunofluorescent staining of cell cultures infected with the lamb rotavirus. (a) Infected lamb

kidney cells stained with antiserum to the lamb rotavirus; (b) infected PK(15) cells stained with antiserum to
the calf rotavirus; (c) infected PK(15) cells stained with antiserum to the pig rotavirus.
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when killed 48 h postinfection. Feces from this
lamb were soft from 24 h postinfection, but
were never diarrheic. Many rotavirus particles
were observed in the contents of the small and
large intestines and in feces collected during
postmortem examination.
Lamb 2 remained clinically normal for the

duration of the experiment. Virus was present
in a feces specimen collected 78 h postinfection,
but was not detected in intestinal contents or
feces when the lamb was killed 117 h postinfec-
tion.
A filtrate was prepared from feces taken from

lamb 1 48 h postinfection, and this was used to
infect a third lamb (lamb 3). Rotavirus was
present in feces specimens collected from this
lamb 23, 43, 54, and 69 h postinfection. This
lamb also remained clinically normal and was
killed 69 h postinfection, when virus particles
were detected in contents of the small and large
intestines. Cover-slip cultures of PK(15) cells
were infected with filtrates of feces obtained
from lambs 1, 2, and 3, which contained rotavi-
rus particles. Specific intracytoplasmic fluores-
cence was observed when these cover-slip cul-
tures were stained with the calf rotavirus con-
jugate.

Frozen sections of abomasum, small intes-
tine, and large intestine from lambs 1, 2, and 3
were stained with the calf rotavirus conjugate.
Viral antigen was detected in villous epithelial
cells in the distal third of the small intestines of
lambs 1 and 3 (Fig. 3). No fluorescence was
observed in stained sections of abomasum and
colon from these two lambs nor in any of the
tissues taken from lamb 2.

Ultrathin sections were cut from areas of the
small intestine from lamb 1, which contained
viral antigen, and these were examined in the
electron microscope. Virus particles were ob-
served in villous epithelial cells, located within
distended cisternae of the endoplasmic reticu-
lum (Fig. 4). Matrices of granular or finely
fibillar material were often found near develop-
ing virus particles. This was probably viral pre-
cursor material or viroplasm, as it sometimes
appeared to condense to form virus particles
(Fig. 5). Two types of virus particles were ob-
served. Particles measuring 55 to 60 nm in
diameter and consisting of an electron-dense
nucleoid surrounded by a single, less electron-
dense shell were commonly seen. The second
type of particle was 73 to 80 nm in diameter and
was enclosed within an additional outer elec-
tron-dense shell, which in some instances ap-
peared to be acquired by budding through the
endoplasmic reticulum (Fig. 5). These two par-
ticle types probably correspond to the single
and double-shelled virus particles, respectively,

FIG. 3. Immunofluorescent staining offrozen sec-
tion of ileum of lamb 3, which was infected orally
with lamb rotavirus 69 h previously. Viral antigen is
present in a few villous epithelial cells (arrow).

which were observed in negatively stained
preparations of feces and intestinal contents.

DISCUSSION

This paper reports the detection of rotavirus
particles in the feces of lambs with diarrhea in
Northern Ireland. Negatively stained prepara-
tions of virus particles were morphologically
indistinguishable from those described in
lambs in Scotland (13) and from those we ob-
served in the feces of pigs and calves with diar-
rhea (McNulty et al., in press).
The ability of fluorescein-labeled antisera

prepared against pig and calf rotaviruses to
stain lamb rotavirus antigen shows that the
calf, pig, and lamb rotaviruses share a common
antigen. An antigenic relationship between the
calf and lamb viruses was demonstrated by
Snodgrass et al. (13).
The lamb rotavirus infected and synthesized

viral antigens in lamb, pig, and calf kidney cell
cultures. However, since we were unable to
passage the virus more than twice, it is possible
that this was a defective rather than a produc-
tive infection. A greater number of cells was
infected when freshly trypsinized cells rather
than established monolayers were inoculated
with the lamb rotavirus. This requirement for
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FIG. 4. Electron micrograph of villous epithelial cell from ileum oflamb 1, which was infected orally with
lamb rotavirus 48 h previously. Virus particles (arrows) are present within distended cisternae of the
endoplasmic reticulum. The area within the rectangle is shown at higher magnification in Fig. 5.
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FIG. 5. Detail of rotavirus-infected villous epithelial cell, showing viroplasm (Vp), single-shelled virus
particles (s), and virus particles which are acquiring an additional outer shell by a process of budding
(arrows).
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actively dividing cells has also been noted with
other sheep viruses (10).

Colostrum-deprived lambs were infected
with fecal filtrates from the diarrheic lambs.
Evidence that viral replication occurred in
these lambs was provided by the excretion of
the virus in the feces up to 78 h postinfection,
the demonstration of rotavirus antigen in vil-
lous epithelial cells of the small intestine, and
the observation of developing virus particles in
these cells by electron microscopy. Rotavirus
excreted in the feces of one of these experimen-
tal lambs was successfully passaged in another
colostrum-deprived lamb. The inability to re-
cover virus from lamb 2 when it was killed, 117
h postinfection, was probably due to clearance
of the virus from the gastrointestinal tract.

In colostrum-deprived pigs infected with pig
rotavirus the number of villous epithelial cells
containing viral antigen was greatest 24 to 30 h
postinfection and had markedly decreased 48 h
postinfection, due to desquamation of infected
cells (Pearson and McNulty, in preparation). A
similar loss of infected cells would account for
the comparatively small number of cells con-
taining viral antigen in the small intestines of
experimentally infected lambs killed 48 and
69 h postinfection.
The morphogenesis of the lamb virus in in-

testinal cells of experimentally infected lambs
was similar to that described for in vivo infec-
tions with human (8), calf (14) and mouse rota-
viruses (1, 3). In these studies and in the pres-
ent work, virus particles were located within
cisternae of the endoplasmic reticulum and vi-
roplasm was present in the cytoplasm of in-
fected cells. Double-shelled virus particles were
not described in the study on the calf virus (14).
We did not observe tubular structures in the
nucleus and/or cytoplasm similar to those de-
scribed with the mouse rotavirus (3).
The failure to produce diarrhea in any of the

experimentally infected lambs is puzzling. It is
possible that the virus used in these studies was
not pathogenic, and that the diarrhea observed
in the sick lambs in which the virus was first
detected may not have been due to rotavirus
infection or that the virus lost its pathogenicity
during storage.

ACKNOWLEDGMENT
We wish to thank R. J. Pyper for assistance with the

immunofluorescence photography.

LITERATURE CITED

1. Adams, W. R., and L. Kraft. 1967. Electron-microscopic
study of the intestinal epithelium of mice infected
with the agent of epizootic diarrhea of infant mice
(EDIM virus). Am. J. Pathol. 51:39-60.

2. Anonymous. 1975. Rotaviruses of man and animals.
Lancet i:257-259.

3. Banfield, W. G., G. Kasnic, and J. H. Blackwell. 1968.
Further observations on the virus of epizootic diar-
rhoea of infant mice: an electron microscopic study.
Virology 36:411-421.

4. Bridger, J. C., and G. N. Woode. 1975. Neonatal calf
diarrhoea: identification of a reovirus-like (rotavirus)
agent in feces by immunofluorescence and immune
electron microscopy. Br. Vet. J. 131:528-535.

5. Clarke, J. K., J. B. McFerran, and F. W. Gay. 1972.
Use of allantoic cells for the detection of infectious
bronchitis virus. Arch. Gesamte Virusforsch. 36:62-
70.

6. Davidson, G. P., R. F. Bishop, R. R. W. Townley, I. H.
Holmes, and B. J. Ruck. 1975. Importance of a new
virus in acute sporadic enteritis in children. Lancet
i:242-246.

7. Flewett, T. H., A. S. Bryden, H. Davies, G. N. Woode,
J. C. Bridger, and J. M. Derrick. 1974. Relation be-
tween viruses from acute gastroenteritis of children
and newborn calves. Lancet ii:61-63.

8. Holmes, I. H., B. J. Ruck, R. F. Bishop, and G. P.
Davidson. 1975. Infantile enteritis viruses: morpho-
genesis and morphology. J. Virol. 16:937-943.

9. McFerran, J. B., J. K. Clarke, E. R. Knox, and T. J.
Connor. 1972. A study of the cell lines required to
detect a variety of veterinary viruses in routine diag-
nostic conditions. Br. Vet. J. 128:627-635.

10. McFerran, J. B., R. Nelson, J. M. McCracken, and J.
G. Ross. 1969. Viruses isolated from sheep. Nature
(London) 221:194-195.

11. McNulty, M. S., G. M. Allan, W. L. Curran, and J. B.
McFerran. 1976. Comparison of methods for diagno-
sis of rotavirus infection of calves. Vet. Rec. 98:463-
464.

lla. McNulty, M. S., G. M. Allan, and J. B. McFerran.
1976. Isolation of a cytopathic calf rotavirus. Res.
Vet. Sci. 21:114-115.

12. Mebus, C. A., M. Kono, N. R. Underdahl, and M. J.
Twiehaus. 1971. Cell culture propagation of neonatal
calfdiarrhoea (scours) virus. Can. Vet. J. 12:69-72.

13. Snodgrass, D. R., W. Smith, E. W. Gray, and J. A.
Herring. 1976. A rotavirus in lambs with diarrhoea.
Res. Vet. Sci. 20:113-114.

14. Stair, E. L., C. A. Mebus, M. J. Twiehaus, and N. R.
Underdahl. 1973. Neonatal calf diarrhea. Electron
microscopy of intestines infected with a reovirus-like
agent. Vet. Pathol. 10:155-170.

INqFECT. IMMUN.


