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Development of the herpes-type virus of the frog kidney tumor was investigated by
electron microscopy and high-resolution autoradiography in eyechamber transplants
of tumor maintained at 7.5 C for up to 27 weeks. Virus particles were first detected at
10 weeks in nuclei containing aggregates of dense granular material. The initial incor-
poration of a pulse of 3H-thymidine into these aggregates indicated that they con-

tained newly synthesized viral deoxyribonucleic acid. Capsids enclosing double-
shelled cores were labeled with 3H-thymidine before capsids with dense cores,

and intermediate core forms were observed, suggesting that the double-shelled core

transforms into the dense core. Particles with dense cores were observed while being
enveloped by budding through the inner membrane of the nuclear envelope, and sub-
sequently while being unenveloped in passing through the outer membrane into the
cytoplasm. Virus particles within the cytoplasm acquired fibrillar coats and budded
into vesicles, from which they were released, in enveloped form, at the cell surface.
Tubular forms and particles considerably smaller than virus particles were regularly
encountered in infected nuclei, and the relationship of these forms to virus replica-
tion is discussed.

The herpes-type virus which replicates in the
Lucke renal adenocarcinoma of the frog, Rana
pipiens, during host hibernation apparently re-
mains cell-associated (23), as do similar viruses of
the human Burkitt lymphoma (10) and avian
Marek's disease (1, 9). Prolonged maintenance
of the frog kidney tumor at low temperature
suppresses cellular deoxyribonucleic acid (DNA)
synthesis and stimulates virus production (23),
enabling the sequence of virus development in the
natural host cell to be determined by monitoring
viral DNA synthesis directly with 3H-thymidine.
Tumor transplants in frog anterior eyechambers
are well-suited for such an analysis, since virus
replication was found to be relatively synchronous
in isolated transplants and is apparently more con-
trolled than in in situ tumors, persisting longer
and resulting in less cell lysis. Previous studies of
virus maturation (12, 19, 42) have been limited to
examination of primary tumors ravaged by un-
controlled infection. It was felt that an investiga-
tion of herpes-type virus development in frog
tumor cells, under controlled but essentially
natural conditions, should precede in vitro studies
on the nature of cell-virus interactions in this tu-
mor.

1 Present address: Division of Immunology, Sloan-Kettering
Institute for Cancer Research, New York, N.Y. 10021.

2 Chapman H. Hyams III Laboratory of Tumor Cell Biology.

MATERIALS AND METHODS
Animal and tumor source. Adult R. pipiens were sup-

plied by J. M. Hazen & Co., Alburg, Vt. Two frogs
maintained at 22 to 25 C for several months developed
kidney tumors spontaneously; these tumors were
selected for transplantation because of their rapid
growth, as determined by palpation, and because
virus has not been observed in tumors developing at
this temperature (23).
Tumor transplantation. Tumor-bearing frogs and

hosts for transplants were anesthetized with 0.5%
MS-222 (tricaine methanesulphonate; Sandoz Pharma-
ceuticals, Hanover, N.J.). Healthy peripheral tumor
tissue was removed into amphibian Ringer's solution
at 4 C, and 1- to 2-mm3 pieces were implanted into an-
terior eyechambers of adult frogs; adjacent pieces
were prepared for electron microscopy. Host animals
were maintained at 7.5 i- 0.5 C without feeding.

Electron microscopy. Tissue was fixed in 4% glu-
taraldehyde in 0.1 M sodium cacodylate buffer, post-
fixed in 1% cacodylate-buffered OS04, and embedded
in Epon. Thin sections were cut with glass knives on a
Porter-Blum MT-2 microtome, stained with uranyl
acetate and lead citrate, and examined with an RCA
EMU-3F or Siemens Elmiskop IA electron micro-
scope.

Virus preparations. Transplants supporting ad-
vanced virus infection were frozen and thawed several
times and homogenized in distilled water with a
Dounce glass homogenizer. Crude homogenates were
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applied to carbon-coated grids, negatively stained with
2% phosphotungstic acid (pH 6.5), and examined
with a Siemens electron microscope at 80 kv.

Pulse-labeling. Transplants were removed from
eyechambers and labeled with 5 ,uc of thymidine-
methyl-3H (Schwarz BioResearch, Orangeburg, N.Y.;
specific activity, 3.0 c/mmole) per ml in Ringer's
solution at 7.5 C for 1 hr; portions of each transplant
were fixed for electron microscopy immediately, and
the remainder was washed in 0.1% unlabeled thymi-
dine at 7.5 C for 3 hr. Transplant tissue to be fixed 4 hr
after labeling was retained in Ringer's solution, and
other pieces were retransplanted to new eyechambers
and maintained at 7.5 C until preparation for electron
microscopy 8, 24, 48, and 72 hr after labeling.

Autoradiography. Electron microscope autoradiog-
raphy was performed according to Salpeter and Bach-
mann (31), with certain modifications (J.-P. Revel and
E. Hay, personial communication). Thin sections
mounted on celloidin-coated glass slides were stained
with uranyl acetate and lead citrate, carbon-coated,
and covered with a monolayer of diluted Ilford L4
emulsion from which much of the gelatin was removed
by centrifugation. Slides were exposed for 8 to 12
weeks at 4 C, developed in Microdol-X at 18 C for
3 min, and fixed in Kodak acid fixer for 1 min. The
celloidin films were floated onto water, and grids were
applied to the sections, removed, and examined with-
out further staining.

Enumeration of virus particles. The total number of
each form of virus particle present in infected trans-
plant cell nuclei was estimated by a modification of
the method of Sechaud et al. (32). The number of
particles in a section through a nucleus was related to
the total number of particles in that nucleus by deter-
mining the proportion of the total nuclear volume
represented by the section and the mean number of
successive sections in which a single particle appears.
Section thickness and the number of sections per par-
ticle were determined from serial sections through
several virus-infected nuclei. From estimates of sec-
tion and nuclear volumes and direct particle counts,
the approximate number of particles per nucleus was
calculated.

RESULTS
Primary sequence of virus development. Eighty-

five transplants from two frog kidney tumors were
maintained at low temperature for as long as 27
weeks and were prepared for electron microscopy
at weekly intervals. Neither virus particles nor
cellular changes typically associated with virus
replication were observed in 20 transplants ex-
amined during the first 9 weeks. Five transplants
prepared at 10 weeks each contained some cells
with herpes-type virus particles, as did all 60
transplants studied subsequently. The degree of
infection, which increased progressively with in-
creasing time at low temperature, was comparable
in all transplants prepared at any one time, indi-
cating that virus production is probably initiated
in all transplants at about 10 weeks and proceeds

with relative synchrony. Lysis of infected cells was
rarely observed during the following 17 weeks,
suggesting that many cells continued to support
virus replication throughout this period.

Virus-infected tumor transplant cells were char-
acterized by a swollen nucleus, in which the
chromatin is condensed against the nuclear en-
velope (marginated), the nucleolus is peripherally
displaced, and the nuclear matrix consists of finely
granular material of low electron density (Fig. 1).
Numerous virus particles and small dense granu-
lar aggregates were dispersed throughout the
nuclear matrix. In the cytoplasm, the Golgi com-
plex was more extensive than in uninfected cells
and was generally represented by numerous large
vesicles; glycogen was usually present in infected
cells in greater amounts than in uninfected cells.
There were no apparent differences between mito-
chondria of infected and uninfected cells.

Incorporation of 3H-thymidine by tumor trans-
plant cells in a pattern indicative of cellular DNA
synthesis decreased gradually after transplanta-
tion, reaching a level too low to be detected by
autoradiography within 3 weeks. Detectable in-
corporation was resumed 10 weeks after trans-
plantation and was confined to nuclei containing
virus particles. In cells beginning virus production,
a 1-hr pulse of 3H-thymidine was incorporated
initially into large nuclear "complexes" of aggre-
gates consisting of dense irregular 20- to 40-nm
granules (Fig. 2). During the first week of virus
replication, the number of dense granular aggre-
gates increased, and they became dispersed
throughout the nuclear matrix as separate foci,
75 to 150 nm in size, rather than remaining con-
solidated in complexes (Fig. 1). There was no sig-
nificant change in the number and distribution of
dense aggregates thereafter. At all stages of infec-
tion, a 1-hr pulse of 3H-thymidine was initially
detected in dense granular aggregates. After 4 hr,
the nuclear matrix was labeled more than the
dense aggregates (Fig. 3; Table 1). It has not been
ascertained whether the initial production of dense
granular material precedes virus particle forma-
tion.
The first virus particles produced in tumor

transplant cells were confined to the nucleus:
empty capsids, 100 nm in diameter and 12.5 nm in
thickness, and similar capsids enclosing double-
shelled cores (Fig. 2, 4, and 5). The outer shell
of this core, 67 nm in diameter and 12.5 nm in
thickness, in section resembles the surrounding
capsid, whereas the inner shell, 42.5 nm in diame-
ter and about 1.5 nm in thickness, stains densely
with uranyl acetate. In negatively stained prepara-
tions, the capsid consists of hollow capsometers 10
nm in diameter, arranged in an icosahedral pat-
tern. The outer shell of the double-shelled core
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FIG. 1. Virus-infected and uninfected (top) tumor transplant cells. The infected nucleus contains numerous virus

particles and dense granular aggregates. Nu, nucleolus; Ch, chromatin; GV, Golgi vesicles; gl, glycogen (20 weeks

after transplantation). X 11,000.
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FIG. 2. Autoradiograph of a transplant cell in an early stage of infection. Silver grains are concentrated over
"complexes" of dense granular material, immediately after a 1-hr pulse of 3H-thymidine. Arrows indicate virus
particles. Nu, nucleolus; Ch, chromatin (12 weeks). X 18,000.
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FROG HERPES-TYPE VIRUS DEVELOPMENT

TABLE 1. Autoradiographic grain distribution in
infected transplant cell nuclei after a 1-hr pulse

of SH-thymidinea

Grain distribution (%)

after Total Virus particle types
pulser grain Dense__

label count granu- Nuclearlar ag- matrix Double-
gregates shelled Dense Nuclear

core cr a

hr

0 143 91 6 1
4 225 18 72 6 1
8 291 2 68 8 17 4

24 384 1 62 11 15 8
48 360 3 72 7 12 5
72 326 2 63 9 16 9

a Chased with unlabeled thymidine. Transplants
were labeled similarly 12, 20, and 27 weeks after
transplantation, and grain counts were compiled
from all three series. A virus particle was con-
sidered labeled if it was at least partially covered
by a silver grain in regions of grain concentration
over aggregates of a single particle type.

appears to consist of subunits, whereas the inner
shell is impermeable to the stain. Both particle
types were initially observed in the nuclear matrix
and were not associated with dense granular ag-
gregates, marginated chromatin, or nucleoli. No
preliminary stages of assembly or forms intermedi-
ate between these two types of particle have been
observed. Subsequently, a third type of particle
was formed: a 100-nm capsid enclosing a dense
core, or nucleoid, typically about 50 nm in di-
ameter and centrally located within the capsid
(Fig. 4 and 5). The core of this particle has an
electron density comparable to that of the dense
granular aggregates, but there was no indication
of a direct relationship between virus particles
and aggregates. A densely staining demarcation of
the inner surface of the capsid was distinctive of
this type of particle and may account for the ap-
parent failure of negative stain to penetrate the
capsid.

Eight hours after a pulse of 3H-thymidine, the
nuclear matrix was strongly labeled, with negligi-
ble label in the dense aggregates (Table 1). In-
corporation of label into virus particles cannot be
determined accurately when particles are dis-
persed throughout the nucleus but can be esti-
mated when silver grains are concentrated over
aggregates of a single type of particle. The only
virus particles in which significant label could be
so detected after 4 hr were capsids enclosing dou-
ble-shelled cores (Fig. 6). By 8 hr, particles with
dense cores were also labeled (Fig. 7). Both of
these virus forms, as well as the nuclear matrix,

remained labeled for at least 72 hr, although par-
ticles with double-shelled cores were never
strongly labeled (Table 1). Most of the label in
infected transplants homogenized with 3% sodium
dodecyl sulfate 24 hr after a pulse of 3H-thymi-
dine was detected in ethyl alcohol-insoluble ma-
terial, presumably DNA.

Estimation of the total number of each form of
virus particle in infected nuclei at various inter-
vals after the initiation of virus production (Fig.
9) indicates that empty capsids increased almost
60-fold during 17 weeks of virus production, the
most marked increase occurring within the first
4 to 6 weeks. During the same 17-week period,
particles with double-shelled cores and dense
cores increased only about eightfold. These three
particle forms were never observed outside intact
nuclei. Alteration of empty capsids was not ob-
served; however, particles with double-shelled
cores may be transformed into particles with
dense cores, since particles enclosing cores with
both shell and dense components were frequently
encountered (Fig. 8).

Virus particles with dense cores were often
close to the inner membrane of the nuclear en-
velope (Fig. 7). Particles of this type were ob-
served budding into the space separating the
inner and outer membranes of the nuclear en-
velope, becoming tightly enveloped by a thickened
portion of the inner membrane in the process
(Fig. 10). A consistent 10-nm space between cap-
sid surface and investing membrane may result
from incorporation of additional material. These
particles appeared to be extruded from the nuclear
envelope (or continuous cisternae of endoplasmic
reticulum) by fusion of the membrane surround-
ing the particle with the outer membrane of the
nuclear envelope, with the consequent release of
the particle into the cytoplasm (Fig. 11). That
these particles were not entering the nuclear en-
velope from the cytoplasm is evident from the
lack of surface coat material, which is always
present on cytoplasmic particles (Fig. 18 and 19)
but absent from nuclear particles. Numerous
virus particles may be retained within the nuclear
envelope before release into the cytoplasm. In
advanced infection (6 weeks or more), regions of
the inner membrane of the nuclear envelope were
often greatly distended into the nuclear matrix,
forming prominent sacs filled with virus parti-
cles, all with dense cores (Fig. 12). These sacs
remained continuous with the space separating
the membranes of the nuclear envelope. Virus
particles were observed entering and being re-
leased from these sacs in the same manner as at
sites where the nuclear envelope is not distended;
envelopment by a thick (about 8 nm) unit mem-
brane resulted in a total particle diameter of 130
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FIG. 3. Autorcadiographic grains over nuclear matrix and dense granular aggregates (arrows) 4 hr after a pulse-
label (12 weeks). X 11,500.

FIG. 4. Nuclear virus particles and dense gran7ular aggregates (12 weeks). X 29,000.
FIG. 5. Three types ofnuclear particles in sectionz (A to C) and corresponding particles negatively stained (D to

F); I and 2 (Fig. SB), outer and iinner shells ofdouble-shelled core. Arrow (Fig. 5C) indicates demarcation of capsid
inner surface in particle with dense core. X JSO,000.
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FIG. 6. Autoradiographic grains over aggregates of particles with double-shelled cores (arrows) and over the
niuclear matrix, 4 hr after a pulse-label (20 weeks). X 20,000.

FIG. 7. Silver grainis concentrated over aggregates ofparticles with denise cores in the nuclear matrix anid linting
the nuclear enzvelope (arrows), 8 hr after a pulse-label (20 weeks). X 18,000.

FIG. 8. Three nuiclear particles with dense cores surrounded by shell-like structures (arrows). X 135,000.
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DURATION OF INFECTION (WEEKS)

FIG. 9. Approximate numbers of virus particles and
viral components in infected tumor transplant nuclei at
intervals after the initiation of virus production 10
weeks after transplantation. At each interval, the num-
ber of particles in 10 representative sectioned nuclei
was counted and the mean number of particles per
nucleus was calculated. Counts were made only in cells
supporting the most advanced infectioni and assumed to
have initiated virus production 10 weeks after trans-
plantation. Symbols: 0, empty capsids; O, 55-nm
particles; 0, capsids with double-shelled cores; *,
capsids with dense cores; *, nuclear enveloped parti-
cles.

to 135 nm (Fig. 13). The envelope was completely
closed and impermeable to negative stain unless it
became ruptured (Fig. 14). Entrance into the
nuclear envelope was restricted to particles with
dense cores. Nuclear sacs of virus were initially
labeled with 3H-thymidine 8 hr after a 1-hr pulse
but were labeled more strongly after 24 to 72 hr
(Fig. 15; Table 1). Nuclear enveloped particles
increased in number rapidly during advanced in-
fection (Fig. 9), when nuclear sacs containing
more than 1,000 particles were not uncommon.
The infrequency with which particles were ob-
served entering or being released from the nuclear
envelope and nuclear sacs suggests that these
processes occur rapidly. Both membranes of the
nuclear envelope, but especially the inner mem-
brane, were more extensive and distended in in-
fected cells than in uninfected cells.

Virus particles released into the cytoplasm were
initially labeled 24 hr after a pulse-label and were
also labeled at 48 and 72 hr (Fig. 16; Table 2).
These particles were occasionally observed in the
vicinity of sheaths of nearly parallel nonrigid
filaments, 25 to 30 nm in diameter and up to 4 to 5
,um in length, composed of finely fibrillar material
(Fig. 16 and 17). Cytoplasmic virus particles were
always coated with fibrillar material, about 25 nm
in thickness, which closely resembles the material
comprising the filaments (Fig. 17 and 18). Sheaths
of filaments were typically present in the cyto-
plasm of infected cells, being formed shortly after
the initial appearance of virus particles, suggesting
a relationship with associated particles. Cyto-
plasmic virus released from the nuclear envelope
always possessed dense cores and was not mem-
brane-invested; fibrils of coat material adhered
directly to the capsid, resulting in a total particle
diameter of 145 to 150 nm (Fig. 18 and 19). These
particles gradually increased in number in infected
cells during virus production.

Cytoplasmic virus particles were frequently
observed while being enveloped by budding into
vesicles in a manner similar to the budding of
particles into the nuclear envelope, although com-
plete entrance was never attained (Fig. 20).
Most vesicles contained only one particle, al-
though several to many particles were occasionally
observed in large vesicles. Cytoplasmic enveloped
particles consist of a capsid enclosing a dense
core and surrounded by coat material clearly
separated from an outer layer of dense granular
material, which is closely applied to a thin (about
6 nm) unit membrane continuous with the vesicle
membrane; total particle diameter is about 230
nm (Fig. 21). These particles were labeled with
3H-thymidine 24 to 72 hr after a pulse-label (Fig.
22; Table 2).
Enveloped virus particles similar to those in

cytoplasmic vesicles were often present in extra-
cellular spaces, such as in proximity to the micro-
villi at the apical surface of infected cells. These
particles were released from cytoplasmic vesicles
which fused with the cell surface plasmalemma
(Fig. 23). Extracellular enveloped virus particles,
which were labeled 24 to 72 hr after a pulse-label
(Fig. 24), consist of a coated capsid with a dense
core, loosely enveloped by a thin unit membrane;
granular material of greater electron density than
the coat substance is always present between the
coat and the investing membrane, usually dis-
placed to one side (Fig. 25). A tail-like projection
of the envelope marks the previous connection
to a cytoplasmic vesicle. Total particle diameter
was 220 to 240 nm.

Secondary aspects of virus development. Several
virus forms or virus-associated structures reg-
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FIG. 10. Sequence (A to C) of virus particle entrance inzto the nuclear envelope. X 135,000.
FIG. 11. Sequence (A to C) of particle release from the nuclear envelope into the cytoplasm. Arrows indicate

cytoplasmic (A) and nuclear (C) particles. X 135,000.
FIG. 12. Nuclear sac of virus continuous with the nuclear envelope (arrow); at 27 weeks. X 23,000.
FIG. 13. Higher magnification ofparticles in Fig. 12. X 90,000.
FIG. 14. Negatively stained nuclear sac particles, one ruptured and two impermeable to the stain. X 150,000.
FIG. 15. Autoradiographic grains over a nuclear sac 24 hr after a pulse-label (27 weeks). X 23,000.
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FIG. 17S Virus particles among cytoplasmicfilaments. X3.7,0
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FIG. 21. Cytoplasmic enveloped virus particle. Symbols: 1, capsid; 2, coat; 3, denise material; 4, entvelope COII-
linuous withl vesicle membrane. X 150,000.
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FROG HERPES-TYPE VIRUS DEVELOPMENT

TABLE 2. Autoradiographic graini distributionz in
inifected transplant cell cytoplasm and extra-

cellular spaces after a 1-hr pulse of
3H-thymidinea

Grain distribution (%)

Time Total Ct- Eta
after ganCt- Eta
pulse graint yo

Cyto - plasmic Extra- cellular
Iabelb count Cyto- plasmic en- cellular en-

Plam Xvirus veloped virus veloped
virus virus

hr

24 109 5 57 23 3 12
48 134 3 61 19 5 12
72 158 9 52 15 2 22

a Chased with unlabeled thymidine.
I At 0 to 8 hr. grain counts were negligible.

ularly encountered during virus production in
tumor transplants appeared to be indirectly related
to virus maturation.

Nuclear virus particles of the type enclosing
double-shelled cores were occasionally incom-
pletely formed, especially during early infection
(Fig. 26). In these forms, the capsid was incom-
plete and the core was complete or incomplete.
Other nuclear particles were frequently observed
to contain incomplete double-shelled cores (Fig.
27) or atypical dense cores.

In transplants examined 2 weeks after the ini-
tiation of virus production, some cells supporting
the most advanced stage of infection contained a
small number of intranuclear particles smaller
than herpes-type virus particles (Fig. 28). These
particles consist of an outer shell, 55 nm in diame-
ter and 12.5 nm in thickness, which in section
resembles the capsids of associated virus particles,
and an inner shell, 28 nm in diameter and about
1.5 nm in thickness, which stains densely with
uranyl acetate. When negatively stained, the
outer shell appears to consist of subunits, whereas
the inner shell is impermeable to the stain. The
morphological similarity between this particle and
the double-shelled core of associated virus par-
ticles (Fig. 5) is striking, despite a size difference.
The 55-nm particles were never associated with
marginated chromatin, nucleoli, or dense aggre-
gates and were not observed outside intact nuclei.
They may be distributed throughout the nuclear
matrix but were frequently closely associated
with aggregates of empty virus capsids (Fig. 29).
These particles increased in number almost 50-
fold during virus production (Fig. 9). By 17
weeks after the initiation of virus production, 55-
nm particles were present in more than 90%7 of
infected cells. Incorporation of 3H-thymidine
into these particles was not detected, suggesting
that they either lack DNA or require more than
72 hr for their formation.

Amid large aggregates of 55-nm particles, tu-
bles 35 nm in diameter and of varying length were
often observed (Fig. 30). These tubules were
present only in nuclei containing large numbers of
55-nm particles and were frequently continuous
with these particles; the surface of negatively
stained tubules appeared to be covered with sub-
units. Tubules of this type were first observed in
cells supporting advanced infection 6 weeks after
initial virus appearance and were never present in
more than 5 to 10% of infected cells at any time.
Larger tubules, 65 nm in diameter, were first ob-
served in several infected nuclei 8 weeks after the
initiation of virus production (Fig. 31); they were
present in only 1 to 5%, of infected cells after 17
weeks of virus production and were confined to
nuclei containing 55-nm particles and 35-nm
tubules. The outer sheath of the 65-nm tubule
consists of hollow capsomeres similar to those
comprising virus capsids. Tubular forms were not
encountered in sufficient numbers to ascertain
whether they became labeled with 3H-thymidine.
Many cells in advanced infection (6 weeks or

more) contained large crystalline arrays of empty
virus capsids or 55-nm particles (Fig. 32). Other
particle types were not observed to aggregate in
such regular patterns.
The nuclear envelope of cells supporting ad-

vanced infection was occasionally ruptured, ex-
posing the nuclear contents to the cytoplasm and
allowing some nuclear particles to move into the
cytoplasm. When this occurred, released particles
were covered with a fibrillar coat, 20 to 25 nm in
thickness, resembling the coat typically formed
around virus particles released into the cyto-
plasm during virus maturation. Coating of empty
capsids and capsids enclosing double-shelled
cores often occurred near sheaths of cytoplasmic
filaments (Fig. 33). There was a gradation in de-
gree of coating of particles when the nucleus was
only partially disrupted, from complete coating
within the cytoplasm to a lack of coating in the
central nuclear matrix.

In advanced infection, groups of cytoplasmic
enveloped virus particles and empty vesicles were
occasionally embedded in a dense finely granular
material not bounded by a membrane (Fig. 34).
This material resembles the layer typically pres-
ent in enveloped cytoplasmic and extracellular
particles between the coated virus particle and
the investing membrane. There is also a similarity
between this material and the contents of associ-
ated lysosome-like bodies.

DISCUSSION
The initial incorporation of 3H-thymidine into

dense granular aggregates in virus-infected frog
tumor transplant cells and the lack of detectable
label in uninfected cells indicate that these aggre-

85VOL. 4, 1969
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FIG. 32. Crystalline array of55-nm particles in an infected nucleus (20 weeks). X 45,000.
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FROG HERPES-TYPE VIRUS DEVELOPMENT

gates consist of, or contain, newly synthesized
viral DNA. Dense aggregates have also been ob-
served in nuclei of cells infected with herpes sim-
plex (33, 35, 41), varicella-zoster (39), pseudo-
rabies (13), polyoma (3) viruses and simian virus
40 (14). Since most of the initially incorporated
label is detected in the nuclear matrix within 4 hr,
viral DNA is presumably synthesized at discrete
foci, represented by the dense granular aggre-
gates, and diffuses into the nuclear matrix. Mar-
ginated nuclear chromatin and nucleoli are not
obviously involved in virus replication, in con-
trast to a recent report (17).
Empty capsids and capsids enclosing double-

shelled cores appear to form spontaneously within
the nuclear matrix, since they are not typically
associated with any nuclear structures which
might serve as templates. Although Morgan et al.
(24) suggested that small intranuclear granules
may serve as templates for the formation of herpes
simplex virus capsids, protein subunits may asso-
ciate into capsids in the manner of crystal forma-
tion, without requiring a template (4). It has been
suggested by Fawcett (12) and by Lunger et al.
(19) that empty capsids produced in frog kidney
tumor cells acquire cores secondarily; however, in
the present study, these particles accumulated in
the nucleus in unaltered form. There was also no
indication that capsids form around previously
assembled dense cores, as has been postulated
for this virus (12, 42) and herpes simplex virus
(33).

Virus particles with double-shelled cores are
formed before particles with dense cores in initial
stages of infection, are the first particles labeled
detectably with 3H-thymidine, and do not accumu-
late appreciably within nuclei or enter the cyto-
plasm, suggesting that they may be precursors to
particles with dense cores. Lunger et al. (19) con-
sidered this possibility, on the basis of morpho-
logical indications of a condensation of the shell
torm of core into the dense form. Similar con-
densation may be involved in core formation in
the murine leukemia viruses (8). Alteration of the
double-shelled core to the dense form is further
indicated by the observation of particles enclosing
both shell and dense-core components. However,
the mechanism of such a core transformation
cannot be ascertained. The outer shell of the
double-shelled core may consist of protein; the
density of the inner shell may be due to viral
DNA incorporated from a nuclear pool during
particle coalescence. The shells of immature
cores may remain in mature virus particles, in
altered form, as inner capsids. Inner capsids
have been described for adenoviruses (16) and
reoviruses (21), and particles tentatively identified
as cores and inner capsids have been observed in

centrifuged preparations of herpes simplex virus
(37). Core transformation may also occur in
herpes simplex virus, since particles with low-
density cores precede the appearance of particles
with *ense cores (25).
The passage of virus particles into the nuclear

envelope, resulting in envelopment by a portion
of the inner membrane, is somehow selective for
particles with dense cores. Envelopment may re-
sult from virus-directed alteration of the inner
membrane, which appears to proliferate during
infection and becomes markedly thickened wher-
ever contact is made with virus particles. A similar
thickening of the inner membrane occurs during
envelopment of herpes simplex virus (7, 33).
Nuclear sacs may provide an extensive surface
area for rapid transport of virus particles into
the nuclear envelope. Accumulation of particles
in these sacs presumably results from a faster
rate of entrance into the nuclear envelope than
release into the cytoplasm. Among other herpes-
viruses, similar nuclear sacs have been reported in
cells infected with the herpeslike virus associated
with Marek's disease (9) and certain strains of
herpes simplex virus (7). Although nuclear en-
velopment of the frog herpes-type virus appears
to be temporary, the nuclear envelope is con-
sidered to be a site of permanent envelopment of
other herpesviruses (2, 6, 7, 11, 13, 25, 26, 33, 34).
In these cases, the entire nuclear envelope is
generally thickened and reduplicated, a situation
not encountered in infected frog tumor cells.
Recently, Nii et al. (25) concluded that envelop-
ment of herpes simplex virus occurs either in the
nucleus, in which case particles move through the
cytoplasm in vesicles derived from the redupli-
cated nuclear envelope, or in cytoplasmic vesicles.

Virus particles released into the cytoplasm of
infected tumor transplant cells are always coated
with a fibrillar material. Herpeslike virus particles
in Burkitt lymphoma-derived cell lines and in
buffy-coat cells from leukemia patients are often
coated with a similar material, although no such
coats have been observed on other herpesviruses
(5). The possibility that the coat on these herpes-
like viruses represents virus-specific antibody
(15, 22) suggests that the coat on frog herpes-
type virus particles may similarly represent anti-
body. Although the coat material may be de-
rived directly from sheaths of cytoplasmic fila-
ments composed of similar material (19), this
was not evident in the present study, and it is
thought that these filaments may represent ac-
cumulations of surplus coat material. There is no
indication that these solid filaments are similar
to the hollow tubules frequently present in the
cytoplasm of herpeslike virus-infected cells cul-
tured from Burkitt lymphoma and Marek's
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disease and thought to be altered spindle fibers
(5, 9, 10).

Final virus envelopment occurs when cyto-
plasmic particles bud into enlarged vesicles,
presumably from the Golgi complex (19); cyto-
plasmic envelopment of other herpesviruses
probably occurs in a similar manner (25). Virus-
containing vesicles are occasionally embedded in
an electron-dense material which closely resembles
the dense layer present in cytoplasmic enveloped
particles. This material may be released from
lysosomes and hence represent a cell reaction
against the virus. Cytoplasmic vesicles containing
cytomegalovirus are frequently embedded in a
similar dense material thought to represent lyso-
some material (20, 29).
There is considerable uncertainty as to whether

envelopment is essential for herpesvirus in-
fectivity (25, 36, 40, 41). Since the frog herpes-
type virus appears to be enveloped at two differ-
ent stages, it would be of interest to determine the
relative infectivity of the nuclear enveloped and
cytoplasmic enveloped particles. The presence,
in cytoplasmic enveloped forms, of two types of
material which may represent cell or host reac-
tion to the virus could affect infectivity.
During herpes-type virus replication in tumor

transplant cells, some viral components are ap-
parently produced in significantly greater amounts
than are incorporated into complete particles. A
1-hr pulse of 5H-thymidine labels virus particles
for at least 72 hr, and yet considerable label re-
mains in the nuclear matrix in ethyl alcohol-
insoluble form, presumably in DNA. It is un-
likely that this residual label represents virus-
stimulated cell DNA synthesis, since herpes-
viruses generally inhibit, rather than stimulate,
cellular DNA synthesis (18, 28). It therefore ap-
pears that substantially more viral DNA is
synthesized than is incorporated into virus parti-
cles. Russell et al. (30) found a similar situation
in herpes simplex virus-infected cells.
Empty virus capsids are typically produced -n

large numbers in the frog kidney tumor (12, 19).
Fawcett (12) suggested that these particles repre-
sent excess production of capsid proteins, and
present evidence supports this possibility. The
55-nm particles also accumulate in the nucleus
during virus production, frequently forming
large aggregates or crystalline arrays. Morpho-
logical resemblance to the double-shelled cores of
associated virus particles indicates that these
particles may represent core structures which have
formed spontaneously within the nuclear matrix
(38). Similar virus-associated small particles have
been described in nuclei infected with herpes
simplex (34), herpes simplex hepatitis (27), and
pseudorabies (13) viruses, as well as the herpes-
type virus associated with Marek's disease (1, 9).

Aberrant virus forms are frequently en-
countered during virus replication in frog tumor
transplant cells. Particles with double-shelled
cores are often incomplete, and atypical dense
cores are frequently observed in nuclear particles.
Similar forms have been described for other
herpesviruses (25, 33). Tubular structures ob-
served in advanced infection are considered
aberrant virus-related forms and have been
described previously (38).
The accumulation in infected tumor transplant

cells of surpluses of viral components which re-
main unincorporated into complete virus particles
suggests that virus assembly may occur by chance
association of components rather than by an
intricate assembly mechanism. Tne incorporation
of core components into capsids may result from
the chance entrapment of "soluble" core malterials
during capsid formation. The greatest production
of empty capsids occurs early in virus replica-
tion, possibly because intranuclear pools of core
materials are so low that cnance incot-poration
into capsids is infrequent. During advanced
infection, particles with cores are formed with
greater frequency. Core materials may accumu-
late to a greater extent during advanced infection
than capsid proteins, with this imoalance re-
sulting in spontaneous coalescence into corelike
particles.
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