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Introduction

The present system for the classification of viruses is based on their
chemical and physical properties (25, 30). Information available on the
transmissible gastroenteritis (TGE) virus of pigs with regard to these
characteristics is fragmentary especially with respect to morphology.

With the exception of one report (47) ultrafiltration studies (8, 9,
43, 27) as well as direct measuring of virus particles (42, 35) have indicated
that TGE virus is of medium size and measures between 80 and 100 my.
in diameter.

Ristic et al. (42) reported that particles purified from the intestines
of pigs infected with TGE virus had an envelope and cubical symmetry
which resembled the members of the herpesvirus group. Okaniwa et al.
(35) observed in electron micrographs of thin sections of infected cell
cultures particles which had an electron dense nucleoid and a limiting
membrane with an average diameter of 95 my. These particles were found
in the cytoplasm and its related membranous system (35).

The sensitivity of this virus to ether (17, 8, 42, 39, 5, 43, 27, 46) in-
dicates the presence of essential lipids.

1 This investigation was supported in part by funds provided by the
Research Committee of the Graduate School and Fromm Laboratories, Graf-
ton, Wisconsin.
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Experiments with DNA inhibitors suggested that the nucleic acid
of TGE virus is of the RNA type (5, 43).

The latter finding is not compatible with the characteristics of a
herpesvirus. The fact that no evidence has been presented so far which
would indicate that TGE virus replicates in the cell nucleus also does
not support its classification as a member of the herpesvirus group. A
re-examination of the morphologic characteristics and nucleic acid type
of TGE virus appeared therefore to be indicated.

This paper describes the electron microscopic observations of thin
sections of fetal pig thyroid cells harvested at various intervals after
infection with TGE virus and on partially purified material from infected
cultures prepared for electron microscopy by the negative contrast
technique. Information is also presented on the nature of the nucleic
acid.

Materials and Methods

1. Viruses
TGE Virus. The Purdue strain, passaged 144 times in fetal pig kidney
(FPK) cell cultures was used as inoculum in the experiments reported here.
The isolation and purification of this virus strain has been described (46).

Vesicular Stomatitis (VS) Virus. The New Jersey serotype of the virus
was used. This virus was isolated in 1961 by Dr. M. L. Kuns from cattle
during an outbreak of VS in Jones County, Georgia, and has been passaged
6 times in mouse brains and once in FPK cell culture.

Pseudorabies (PR) Virus. The Aujeszky strain of pseudorabies virus was
originally obtained from the American Type Culture Collection and has since
been passaged 5 times in mouse brains and once in FPK cell culture.

2. Cell Cultures

FPX cells were grown in 32 oz. prescription bottles. Fetal (FPT) and
adult (APT) pig thyroid cells were grown in plastic dishes as deseribed pre-
viously (46).

3. Concentration and Partial Purification of TGE Virus

From Infected FPK Cell Oultures. Four liters of cell culture fluid were
harvested 42 hours after infection with 10%-® plague forming units (p.f.u.)
per monolayer and clarified by low speed centrifugation (1000 g at 4°C) for
1 hour. The virus was concentrated by partition in an aqueous dextranl-
methyleellulose (D-M) and dextran®-polyethylene glycol (D-PEG) system
as described for the concentration of adeno and influenza viruses (1). A
precipitate was removed from the bottom phase of the D-M system by low
speed centrifugation for 1 hour and discarded. The turbid interphase of
the D-PEG system was added to an equal volume of Eagle’s basal medium
without NaHCO,. This mixture, the pH of which was 6.5, was then homo-
genized for 2 minutes with a Sorvall Omni-Mixer? at speed setting 10 while

t Dextran 2000, Pharmacia Uppsala, Sweden, was substituted for the
D 68 dextran fraction.
2 Ivan Sorvall, Inc., Norwalk, Connecticut.
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submersed in ice water. The sediment obtained after low speed centrifugation
for 3 hours was suspended in 3 ml of Hanks’ balanced salt solution (HBSS)
and sonicated (46). Then 2.5 ml of this preparation were placed on top of a
linear density gradient (10—709, [w/v] sucrose in 0.85%, saline) in a 1x 3 in.
nitrocellulose tube. The tube was filled to capacity with 4 ml of distilled water.
The gradient was centrifuged in the SW 25.1 rotor of the Spinco model L
ultracentrifuge at 63,000 g for 8 hours. Fractions of 1.0 ml each were collected
from the top with an ISCO! model D density gradient fractionator and
titrated. Fractions 18 and 19 (the 4 fractions containing the distilled water
not counted) were pooled, dialyzed at 4°C against 1000 volumes of phos-
phate buffered saline (PBS), pH 7.4, and concentrated by pervaporation.
Densities of the fractions were determined by weighing 50 % volumes in a
micropipette.

From Infected FPT Cell Cultures. FPT cell cultures in 60X 15 mm plastic
dishes were inoculated with 10¢ p.f.u. of virus and after 2 hours af adsorption
2 ml of maintenance medium (46) were added. Twenty-seven hours after
infection 36 ml of cell culture fluid were harvested and clarified by low speed
centrifugation for 1 hour. The supernatant fluid with a titer of 1076 p.f.u./ml
was then centrifuged at 80,000 g for 1 hour in the No. 40 rotor of the Spinco
ultracentrifuge. The resulting pellets were suspended in 12ml of PBS and
subjected to another cycle of low and high speed centrifugation. The final
pellet was suspended in 0.5 ml of PBS or of 19 ammonium acetate.

4. Ether Treatment

Egqual volumes of the virus concentrate obtained from FPT cell cultures
and of absolute ethyl ether (Mallinckrodt) were mixed and shaken in 1 dram
vials at room temperature for periods of 15 minutes to 3 hours. Subsequently
the ether was allowed to evaporate.

5. Growth Curve in FPT Cell Cultures

FPT cell monolayers in 35x 10 mm dishes were washed with HBSS and
exposed to an input multiplicity of 10-1-¢ p.f.u. of TGE virus. After 2 hours
of adsorption at 37°C the monolayers were washed twice with warm (37°C)
HBSS and 2 ml of maintenance medium (46) were added. Incubation was con-
tinued at 37°C. For the assay of total virus, cells and medium of one eulture
dish were subjected to sonication (46) followed by low speed centrifugation
for 1 hour. For the assay of spontaneously released virus the medium from a
second culture dish was centrifuged without prior sonication. Titers of the
supernatant fluids were determined by plaque assay in APT cells (46).

6. Determination of Nucleic Acid Type

Serial tenfold dilutions of TGE, VS, and PR viruses were prepared in
HBSS with lactalbumin hydrolysate (0.5%) — yeast extract (0.19,) and a
plaque test performed as described for TGE virus (46) with the following
modifications: Mycostatin was omitted from the agar medium. Groups of
3 culture dishes per virus dilution were overlayed either with regular agar
medium or agar medium containing 0.2 uM of 5-iododeoxyuridine® (IUDR)
or 0.2 uM of TUDR plus 1.0 uM of thymidine? per ml, respectively. Plagues
were counted 48 hours after inoculation.

1 Instrumentation Specialities Company, Lincoln, Nebraska.
2 (California Corporation for Biochemical Research, Los Angeles, California.
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7. Negative Staining of Partially Purified TGE Virus

One drop of virus suspension in PBS was placed on carbonized Formvar-
coated grids. The specimens were blotted dry and washed with 19, ammonium
acetate to remove residual salts. One drop of 29, phosphotungstic acid adjusted
to pH 7.0 with normal potassium hydroxide (potassium phosphotungstate —
PTK) was then placed on the grids and the excess fluid was blotted dry.
Virus suspensions in 19, ammonium acetate were mixed with equal parts
of PTK and then mounted onto the grids. Some specimens were fixed with
formaldehyde or treated with ethyl ether prior to staining with PTK. The
grids were examined with a Hitachi HU-11B type electron microscope at an
instrumental magnification of 40,000 or 60,000 using double condenser
illumination.

8. Thin-sectioning Techniques for Cultured Cells

FPT cell cultures, infected as described for the growth curve experiment
were harvested 4, 6, 10, 14, 21 and 33 hours after inoculation. The cultured
cells were detached from the plastic dish with a “rubber policeman” and

Table 1. Concentration of TGE Virus by Partition in Aqueous
Dextran-Methylcellulose and Dextran-Polyethylene Glycol

Infectivit Infeetivigy o
Preparation Volume (g, tou.|(% of orig| tration
ml) nal total factor
infectivity)
1. FPK cell culture fluid, clarified 4000 6.9 100 1
2. D-M system, bottom phase 440 7.6 50 5
3. D-PEG system, interphase 15 8.2 8 20
4. Interphase of 3, homogenized; se-
diment after low speed centrifuga-
tion 7.5 9.4 63 316

centrifuged at a low speed for 5 minutes to form a pellet. The cell pellets were
fixed in buffered 19, osmium tetroxide solution, dehydrated with graded
aleohols, and embedded in a plastic mixture according to Mollenhauer (31).
Thin sections were cut with glass knives using a Porter-Blum wultramicro-
tome and double stained with uranyl acetate (45) and lead citrate (41).
Uninoculated eultures were similarly harvested and processed, and used as
controls for possible nonspecific cellular changes.

Results
Concentration and Partial Purification
The virus was effectively concentrated from FPK cell cultures by
partition in the D-M and D-PEG systems as demonstrated by the data
presented in Table 1. A concentration of at least 2.5 log,, was obtained
and 639, of the infectious virus present in the original preparation was
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recovered. The lower infectivity yields in steps 2 and 3 of the procedure
(Table 1) are probably caused by aggregation of the virus particles. The
sedimentation of the infectious virus by low speed centrifugation of
the interphase obtained in step 3 was unexpected and probably was
due to adsorption of the virus to an impurity. Separation from this
impurity was, however, possible by sonication followed by equilibrium
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Fig. 1. Sedimentation of TGE virus by equilibrium zonal centrifugation in a sucrose gradient.
@ infectivity; © density.

zonal centrifugation (7). Three heavy bands, not associated with infec-
tivity, formed in the upper third of the liquid column. The peak infec-
tivity was recovered at a level just below a broad slightly opalescent
zone in the bottom third of the column at a density of 1.1925 (Fig 1).

Differential centrifugation of the virus propagated in FPT cells resulted
in a 10 fold concentration (titer of final suspension:1086 p.f.u./ml).
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Growth Curve in FPT Cell Cultures

New infectious virus was first demonstrable between 3 and 4 hours
after infection (Fig. 2). Spontaneously released virus appeared approxi-
mately 1 hour later and continued to be released at approximately the
same rate that new virus was formed. One growth cycle was apparently
completed within 6 hours. A cytopathic effect visible by light micro-

PFU/mI
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Hours after virus addition

Fig. 2. Growth curve of TGE virus in ¥FPT cell cultures. @ total virus; O spontaneously
released virus.

scopy was first noted 7 hours after infection, and all cells were either
destroyed or had signs of degeneration by 24 hours after infection.

Effect of DNA Inhibitor
The number (Table 2) and size of plaques were not reduced when
TGE virus was propagated in the presence of IUDR, an inhibitor of
DNA viruses (18). The same was true for VS virus, known to be a RNA
virus, while plaque production by the DNA containing PR virus was
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suppressed in the presence of the inhibitor. The inhibitory effect was
completely reversed in the presence of a 5 fold concentration of thy-
midine. The results of this experiment suggest, as have previous ex-
periments by other workers (5, 43) that the nucleic acid of TGE virus
is RNA.

The Structure of TGE Virus as Observed by the Negative Staining Technique

Numerous particles thought to be virions were seen, either singly
or in clusters, in preparations partially purified and concentrated from
both kinds of infected cell cultures. They were variable in size and shape
but were predominantly spherical in outline and with an over-all diameter
of 75—120 my.. Most of them were intact, and neither an outer membrane
nor an internal structure could be demonstrated (Fig. 3). In some spon-
taneously disrupted particles, however, as a result of some penetration
of phosphotungstate to the interior, an outer membrane approximately

Table 2. Titers! of TGE, VS, and PR Viruses in the Absence
and Presence of IUDR

Concentration of nucleoside/ml
Virus
0.2 uM IUDR
0.2uM TUDR 1.0 w3 thymidine
TGE 6.5 6.7 6.7
VS 6.1 6.2 6.2
PR 6.3 <0 6.1

1 log,, p.f.u./ml

10 my. in thickness was observed, and a concentric arrangement of the
interior was suggested. Prefization with formaldehyde tended to pre-
serve the spheroidal form of virus particles and allowed phosphotungstate
penetration, revealing a well-defined outer membrane and some aspects
of internal structure. Some particles had parallel or concentric filaments
which were found to consist of a series of spherical units with a diameter
of approximately 2.5 mp (Fig. 4). Ether treatment resulted in partial
or complete disruption of virus particles, and the particles tended to
aggregate. In partially disrupted particles, the outer membranes were
broken at one or more points, and the contents of some particles were
released. The particles became more irregular in shape and larger in size,
and the parallel or concentric arrangement of the beaded filaments was
visible within them (Figs. 5 and 6). On treatment with ether for 3 hoars,
most particles were completely disintegrated, the internal structure was
hardly recognizable, and only fragments of the outer membrane remained.



Fig. 3. Virus was purified by phase partition and density gradient centrifugation and stained
. Some spontaneously disrupted particles are penetrated by PTK and show an
outer membrane. X 200,000.

14 it n -
Fig. 4. Virus was purified by phase partition and density gradient centrifugation, fixed with
formaldehyde, and stained with PTK. All particles are penetrated by PTK and show a distinct
outer membrane; internal beaded filaments run parallel or concentrically. % 320,000.
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The Morphology and Development of TGE Virus Observed vn Thin Sections

Well defined particles, presumed to be those of TGE virus, were
found in occasional cells prepared 4 hours after infection. The particles
were observed individually within cisterns and tubuli of the granular
and agranular endoplasmic reticulum, and in vacuoles bordered by
double membranes. The origin of the vacuoles was obscure (Fig. 7).

Fig. 5. Virus was purified by differential Fig. 6. Virus was purified by differential

centrifugation, treated with ether for 45 min- centrifugation, treated with ether for 60 min-

utes, and stained with PTK. Particles are utes, and stained with PTK. A concentric

partially disrupted and contents of some arrangement of filaments can be seen.
particles are released. x200,000. x 320,000.

Thereafter, the number of involved cells and virus particles per cell
increased progressively with the lapse of time. In specimens harvested
6 hours or more after infection, the particles were found in both the
cytoplasm and extracellular space (Figs. 9 and 10). They were circular
or ellipsoidal in profile, varied in size, ranging from 50X 63 to 76 X 87 my..
Since the axes of lesser diameter corresponded to the direction of the
knife marks on the sections, the apparent flattening of the particles might
be interpreted as an artifact caused by knife compression.



Fig. 7. Part of the cytoplasm of a cell 4 hours after inoculation. Several particles are seen
within the cavities of endoplasmic reticulum and vacuoles. Mitochondria are swollen and
their cristae are disintegrated. x 21,000.

A LA AT R e o K s e
Fig. 8. A portion of a. cell 10 hours after infection. Four particles are contained within the

perinuclear cisterna of the nucleus which occupies the lower right corner of the picture.
Several particles are also seen within cytoplasmic vacuoles. x20,000.
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The particle was composed of a dense central nucleoid, viroplasm
and limiting membrane. The nucleoid was roughly circular in outline
with a maximum diameter between 40—60 mp. Most of them had a
central region of diminished opacity, and some had the appearance of
a doughnut, but others were uniformly dense (Figs. 10 and 11). The
limiting membrane, approximately 8 mp thick, had a unit membrane
structure, consisting of two dark lines each about 3 my thick and separated
by an intermediate electron-lucent line of about 2.5 mu in thickness

Fig. 9. A portion of a cell 33 hours after infection. The cell membrane with irregular-shaped
microvilli is seen across the right portion of the micrograph and the cytoplasm containing
numerous particles is left. Some cytoplasmic particles are in apposition with the vacuolar
membranes. Many extracellular particles can be seen between the microvilli. x 20,000.

(Fig. 11). The viroplasm was a less electron-dense zone about 5my
in thickness, separating the nucleoid and the limiting membrane (Fig. 11).
The majority of the particles were lodged, either singly or in a cluster,
within the above-mentioned vacuoles or canaliculi and not infrequently
in the perinuclear cisterna (Fig. 8). A few particles, especially those in
cells at advanced stages of infection, were scattered in the cytoplasmic
matrix, and their presence there may be due to disruption of the vacuoles.
In the lumina of the vacuoles, some particles were observed to lie free,
but some others were intimately associated with the inner surface of
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the membrane bordering the vacuoles. The limiting membrane of the
particles often appeared to be continuous with the vacuolar membrane
(Fig. 10). Sometimes vacuoles were filled with the particles and amorphous
material of moderate density.

Extracellular particles were identical in size and morphology with
those seen in the cytoplasm. Some of them were free between microvilli
and some were closely attached to the external surface of the cell mem-
brane (IFigs. 9 and 10).

Fig. 10. Part of a cell 10 hours after inoculation. Numerous extracellular particles, some of

which are intimately attached to the external surface of the cell membrane, are in the upper

border of the picture. Several intracytoplasmic particles are also seen within vacuoles. The

cytoplasmic organelles are disintegrated. At a higher magnification (see insert) the limiting

membrane of a eytoplasmic particle appears to be continuous with the vacuolar membrane.
x 45,000. Insert, x 100,000,

Various cytopathic changes were observed in the infected cells. Cyto-
plasmic alterations were characterized by vacuolization and condensation
of the cytoplasm, swelling and disintegration of mitochondria, dilatation
and fragmentation of endoplasmic reticulum, and rupture of the cell
membrane. Within the nucleus there were disturbance of the chromatin
pattern, displacement or loss of the nucleolus, and rupture of the nuclear
envelope. In spite of such nuclear changes, no virus particles could be
identified within the nucleus.
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Discussion

The particles which we have observed and described are believed
to be TGE virus. This belief is supported by the following:

1. the particles seen in partially purified material and in thin sections
have been found only in preparations made from cell cultures infected
with TGE virus;

2. the concentration of the particles seen in the purified material
could be correlated with the infectivity titers. In thin sections, the number

Fig. 11. A portion of the cytoplasm of a cell 10 hours after inoculation. Four particles within

the dilated cisternae of granular reticulum are shown at a greater magnification. Insert

gshows two extracellular particles. The limiting membrane with a unit membrane structure,
viroplasm and nucleoid are clearly visible. x 160,000.

of particles appeared to increase as the time of incubation increased. The
increase in the number of particles could be correlated with the rise in
infective titer in both the cellular and fluid phases of the cultures;

3. the particles demonstrated by both methods, negative staining
and thin sectioning, were similar in shape and size. The size was in agree-
ment with that reported by others (8, 9, 42, 43, 27, 35);

4. the morphology of the particles and possible mode of replication
were similar to those of some other animal viruses.

Archiv f. Virusforschung, Bd. 23, H. 1—-2 ) 5
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Ristic et al. (42), based on the structural and biochemical properties
of virus particles, indicated that TGE virus had similarities to both
herpesviruses and myxoviruses. The present results obtained by examining
negatively stained particles suggest that TGE virus bears some resemblance
to the myxoviruses in that it is nearlyin the samerange of size as influenza
virus and shows a considerable variation in size and shape (22). However,
neither surface projections nor internal helical structure characteristic
of myxoviruses could be recognized. Virus particles fixed with formal-
dehyde or disrupted with ether had a definite outer membrane and internal
beaded filaments which ran parallel or concentrically. However, such
treatments of TGE virus did not result in the visualization of helix and
the formation of rosette-like structure. Our findings appear similar to
those described for some oncogenic (15, 26, 6, 38, 23, 13), infectious
bronchitis (4), and visna viruses (44). In these viruses, the symmetry
of the internal structure bas not been definitely established as being of
the helical type.

From the data obtained by observing thin sections of infected cul-
tured cells, TGE virus particles seem to differentiate at the inner surface
of the membrane of endoplasmic reticulum, perinuclear cisterna and
cytoplasmic vacuole of unknown origin. After maturation, it is presumed
that virus particles detach from the membranes and then migrate by
way of the cytoplasmic canalicular system to the surface of the cell,
from where they are released. Similar observations of virus development
have been made in cells infected with viruses of western equine ence-
phalomyelitis (33), Venezuelan equine encephalitis (34), Japanese ence-
phalitis (37), yellow fever (2, 29), and Rift Valley fever (28), and in various
types of neoplastic cells (3, 24, 32, 12, 40, 10, 19, 16, 20, 21, 36, 11, 14).
There is a possibility that virus particles may also mature at the surface
of cells, because of their intimate attachment to the external cell surface.
It should be emphasized, however, that extracellular particles are identical
in size and morphology with intracytoplasmic particles. A budding
process, as described in various types of neoplastic cells, could not be
clearly demonstrated in stages of virus differentiation. This might be
explained by assuming that the budding process of TGE virus occurs
quickly.

Okaniwa et al. (35) suggested the presence of precursor particles
in the cytoplasm of cells infected with TGE virus. We could not de-
monstrate such particles in the host cell.

Thus TGE virus bears, with regard to nucleic acid type, morphology,
and possible mode of development, some similarities to some of the
myxoviruses and some oncogenic viruses. However, further information
is necessary to definitely classify this virus.
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Summary

The morphology and development of transmissible gastroenteritis
(TGE) virus of pigs have been studied with the electron microscope. By
the negative contrast technique characteristic particles were found in
preparations concentrated and partially purified either from infected
fetal pig kidney cell cultures by phase partition in dextran-methylcellulose
and dextran-polyethylene glycol followed by equilibrium zonal centri-
fugation or from infected fetal pig thyroid (FPT) cell cultures by dif-
ferential centrifugation. Most of the particles had a spherical shape and
were between 75 and 120 my in diameter. In some particles disrupted
spontaneously, fixed with formaldehyde or split with ether, an outer
membrane and internal beaded filaments were demonstrated.

In thin sections of cultured FPT cells infected with the virus, a small
number of intracytoplasmic virus particles could be detected 4 hours
after infection. The particles increased in number, both intra- and extra-
cellularly, with the lapse of time, concomitant with the increase in amount
of infective virus in cultures. The virus particle consisted of a dense
nucleoid 40—60 my. in diameter separated by a zone of lesser density
from a limiting membrane 56 —81 my. in diameter. On the basis of morpho-
logical observations, it was suggested that the virus particle matures
at the inner surface of the membrane which lines the cisternae of endo-
plasmic reticulum, perinuclear cisterna, and cytoplasmic vacuoles of
unknown origin. Multiplication of TGE virus was not inhibited by 5-
iododeoxyuridine suggesting that its nucleic acid is RNA. Similarity
between TGE virus and some of the myxoviruses, as well as some onco-
genic viruses was discussed.
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