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Nonproducing Rous sarcoma cells of the chicken and their virus-producing as
well as uninfected counterparts were studied with an electron microscope. The
structural peculiarities of transformed cells included cytoplasmic annulate lamellae,
aggregates of membrane-bound, glycogen-like granules, and empty, virus-like shells.
Of 69 individual lines of nonproducing Rous sarcoma cells, 64 contained small
numbers of viral particles. These particles were morphologically indistinguishable
from mature avian tumor virus but lacked demonstrable infectivity. In sessile normal
and leukosis virus-infected fibroblasts, microtubules and fibrils occurred in parallel
arrays at the periphery of the cytoplasm. This cortical organization was absent from
rounded Rous sarcoma cells. The characteristics of microtubular arrangement
seemed to reflect differences in the locomotory activity of normal and transformed
cells.

The Bryan strains of Rous sarcoma virus
(RSV) are capable of transforming chicken fibro-
blasts without inducing the maturation of prog-
eny virus (23, 47). Nonproducing Rous sarcoma
cells are generally found after inoculation of
tissue cultures with a high dilution of virus.
Extensive analyses have shown that the nonpro-
ducing state always follows solitary infection
with RSV. Under such conditions, maturation
of infectious virus is regularly absent from Rous
sarcoma cells, but may be initiated by superin-
fection of these cells with an avian leukosis virus.
These findings indicate a defectiveness of RSV
with regard to virus production and the need for
a helper virus which can supply the missing link
in virus maturation (23).
Nonproducing Rous sarcoma cells are free

from viral envelope antigen, and RSV progeny
released after superinfection with helper virus
carries the envelope antigen of the helper (22,
24, 48). This suggests that the defect of Rous
sarcoma virus lies in the production of the viral
envelope, and that it is this viral component
which must be provided by the helper.
Nonproducing Rous sarcoma cells are, how-

ever, not free from viral material per se. They
contain the viral genome, as demonstrated by the
activability of virus production after infection
with helper virus in all such cells (23). In addi-
tion, nonproducing Rous sarcoma cells contain
the group-specific antigen of the avian tumor

viruses (12, 51). This antigen appears to belong
to an internal component of the virion (1, 26,
28, 32).
The presence of such viral material in nonpro-

ducing Rous sarcoma cells suggested that mor-
phologically identifiable precursors of RSV
might be found in such cells, and prompted the
electron microscopic investigations reported in
this communication. Similar expectations led
Dougherty and Di Stefano (10, 12) to study the
ultrastructure of virus-producing and nonpro-
ducing Rous sarcoma cells. The principal obser-
vations coming from the two laboratories are in
excellent agreement. In addition, we have found
several ultrastructural characteristics which have
so far gone unnoticed in Rous sarcoma cells.

MATERIALS AND METHODS

Virus. Two pseudotypes (41) of the Bryan high-
titer strain of Rous sarcoma virus were used. They
were genetically identical, but they differed with re-
spect to their helper viruses, and thus also with respect
to their envelope antigen. One of the pseudotypes was
affiliated with Rous-associated virus type-1 (RAV-1)
and was abbreviated RSV(RAV-1). The other had as
helper virus Rous-associated virus type-2 (RAV-2)
and was abbreviated RSV(RAV-2). Stocks of the
Rous sarcoma viruses and of their helpers were pre-
pared according to published techniques (23, 49). The
Prague strain of Rous sarcoma virus (PR-RSV) was
used only in interference tests. Stocks of this virus
were obtained by harvesting the supernatant fluids of
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heavily infected chicken fibroblast cultures from 6 to
9 days after inoculation.

Cell cultures and infectivity assays. Fibroblast cul-
tures were prepared from individual chick embryos of
Hyline Farms line 934D according to the procedures
of Rubin (38). A small proportion of the cells from
each embryo was tested for the presence of congenital
avian leukosis virus infection and for genetic cellular
resistance to avian leukosis viruses (7, 38). Only
embryos which were free from avian leukosis virus
and genetically susceptible to the viruses under study
were used in the present experiments. RSV was as-
sayed by focus formation on chick embryo fibroblasts
according to standard procedures (39). The presence
of avian leukosis virus in the supernatant fluid of cell
cultures was tested by the interference technique (40).
For this purpose, chick embryo fibroblasts were

inoculated with the sample to be tested and were

transferred three times at 2- to 3-day intervals. At the
third transfer, portions of the cells were challenged
with RSV(RAV-1), RSV(RAV-2), and PR-RSV.
Resistance against any one of these viruses indicated
the presence of an avian leukosis virus in the test
sample.

Nonproducing Rous sarcoma cultures. Cultures were
initiated by transferring a single Rous sarcoma focus
on a layer of normal chicken fibroblasts as described
previously (23, 48). The supernatant fluids of these
cultures were tested for the presence of infectious
Rous sarcoma virus after centrifugation at 4,000
rev/min for 20 min and sonic treatment for 2 min to
eliminate intact Rous sarcoma cells.

Fluorescence microscopic techniques. The type-
specific envelope antigen of avian tumor viruses was
stained with fluorescein-conjugated chicken immune
sera applied to nonfixed cells. Fluorescent antibodies
were also prepared from sera of chickens which had
been inoculated with sonically treated nonproducer
cells in an attempt to immunize against a putative
passenger virus, not belonging to the avian tumor
virus group and possibly associated with nonproducer
cells. The details of the conjugation and staining
procedures have been published previously (48, 50).
Group-specific antigen of the avian tumor viruses was

demonstrated in acetone-fixed cells by use of hamster

antisera against Rous sarcoma and fluorescent anti-
hamster globulin in an indirect technique. These tests
have also been described previously (28).

Electron microscopy. Cell cultures were fixed in
situ by adding to the tissue culture fluid an equal
volume of cold, 3% glutaraldehyde adjusted to pH
7.3 with 0.09 M phosphate buffer containing 1% cal-
cium chloride (42). After 30 min at 10 C, the cells
were scraped off the petri dish with a disposable
rubber policeman, were pelleted at slow speeds, and
were resuspended in a small volume of buffered 3%
glutaraldehyde. They were then placed in vials and
shipped by air to the electron microscopy laboratory.
Upon receipt, the specimens were rinsed briefly in
phosphate buffer containing 10% sucrose and were
postfixed for a period of 30 to 90 min in 1% osmium
tetroxide buffered to pH 7.4 with chromate buffer (8).
To facilitate handling, some cultures were embedded
in 4% agar and treated as tissue blocks (16). All
cultures were dehydrated in a graded series of alcohols
and propylene oxide and embedded in an Epon-
Araldite mixture (31). Ultrathin sections were cut with
glass or Dupont diamond knives on LKB ultramicro-
tomes (models 4800 or 8800). Sections were doubly
or singly stained with uranyl acetate and lead citrate
(35, 52). The specimens were examined with a Siemens
Elmiskop I electron microscope with accelerating
voltage of 60 kv and a 50-/h objective aperture. Occa-
sionally, thick sections were stained for light micros-
copy to evaluate the proportions of the various cell
types studied (36).

RESULTS

Biological characteristics of cell cultures used
in electron microscopy. Cultures of nonproducing
Rous sarcoma cells were initiated with single foci
of RSV-transformed chicken fibroblasts, which
had appeared in chick embryo cell cultures after
a low multiplicity of infection with the virus.
Under these conditions, the cells of a focus con-
tained the progeny genome produced by a single
virus particle, and so did any nonproducing cul-
ture derived from such a focus. The 69 nonpro-
ducing Rous sarcoma cultures entered in Table 1

TABLE 1. Survey of cell cultures used inz electron2 microscopya

Typespecfic Group- Activability of
Total RSV in RAkV in Typ-secfi specific Presence of RZSV produc-

Culture no. of culture cultureb i antcen viral transformed etion by super-
cultu re s medium mediumb atfcee antigen in cells ieco its

cytoplasm' ~~virus

Nonproducing Rous sarcoma cells
of the chicken....... 69 0/69 0/35 0/35 5/5 69/69 10/10

RSV-producing cultures ..... ..... 41 41/41 7/7 5/5 3/3 41/41 NAd
RAV-producing cultures......... 11 0/11 4/4 10/10 2/2 0/11 0/7
Uninfected chicken fibroblasts.... 48 0/48 0/17 0/20 0/3 0/48 0/8

a Number of cultures positive/number of cultures tested.
bDetected by interference test.
c Detected by fluorescent-antibody staining.
d Not applicable.
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were all started with different foci. In addition to
virus-transformed cells, nonproducing cultures
contained the uninfected chicken fibroblasts
onto which the original single focus of sarcoma
cells had been planted, and which served as
feeder cells. The cultures were transferred at
intervals of 2 to 3 days. They grew with an ap-
proximate doubling time of 20 to 24 hr for the
first 5 to 6 weeks after initiation. Later, their
growth rate slowed down considerably, and by 8
weeks they had become practically stationary.
During the first few transfers after the isolation
of the single Rous sarcoma focus, only a few
virus-transformed cells were visible. After 2 to 3
weeks, Rous sarcoma cells became more numer-
ous, and they eventually gained predominance
over the feeder cells. The average age of cultures
at the time of harvest and fixation for electron
microscopy was 35 days, although cells have
been examined as early as 19 and as late as 59
days after initiation of the cultures. By the time
of harvest for electron microscopy, normal fibro-
blasts were microscopically no longer detectable
in many instances; in others, they constituted
the minority of the cell population. Only a few
cultures were used in which transformation was
sparse. Occasionally, the isolation of a single
Rous sarcoma focus was not successful. The
plates then failed to show any transformed cells
at all, and appeared to contain only normal
feeder cells. Such cultures were included among
the controls.
The absence of infectious RSV from nonpro-

ducing cultures was established by three to six
tests of the supernatant media for focus-forming
activity (Table 1). Such tests used one-tenth of
the total undiluted supernatant fluid of a given
culture. Their negative outcome meant, there-
fore, that at the time tested there were less than
10 focus-forming units of RSV per culture. For
some of the infectivity assays, cells were detached
from the culture dish with a rubber policeman
and, after sonic treatment, were plated for infec-
tious virus. No focus-forming activity was found.
By the time the cells were fixed for electron mi-
croscopy, they had been tested for RSV produc-
tion an average of four times, and had been in-
variably found negative. In addition, some of the
cultures were also studied with other techniques
(Table 1). The presence of viral envelope antigen
was checked with fluorescent chicken antisera
which were known to stain a wide variety of
antigenically different avian tumor viruses, in-
cluding many antigenic types of RSV. The failure
to detect such viral envelope antigen in nonpro-
ducing Rous sarcoma cells was in keeping with
previous observations (24, 48). The group-specific
antigen of avian tumor viruses, which has been

shown previously to occur in nonproducing cells
(12, 28, 51), could be demonstrated in the cyto-
plasm of nonproducing Rous sarcoma cells with
the indirect fluorescence technique. Nonpro-
ducing cultures were activable, and they released
infectious RSV when superinfected with RAV.
As long as they remained in the nonproducing
state, no RAV was demonstrable in their culture
fluids.
About 10% of the Rous sarcoma foci isolated

for the purpose of initiating nonproducing cul-
tures released virus upon the first transfer. Such
foci had presumably been contaminated with
helper virus, and RAV was indeed found in the
fluid medium of these virus-producing cultures
(Table 1). A few of the nonproducing Rous
sarcoma cultures became virus-releasing at some
time during their repeated transfers. This also
appeared to be due to accidental contamination
with RAV, which had occurred either during the
original focus isolation, or during one of the
transfer manipulations. RAV was again demon-
strable in the supernatant fluids of such "spon-
taneous producers." RSV-releasing cultures were
further obtained by superinfection of nonpro-
ducing cultures with RAV. By using parts of
such cultures for electron microscopy before and
after activation, descendants of the same focus
could be studied in the nonproducing as well as
in the producing state. The average age of RSV-
releasing cultures at the time of harvest was 35
days, but some cultures had been virus producers
for only the last week of their passage history.
RSV-producing cultures showed type- as well as
group-specific viral antigens (Table 1). Their
content of Rous sarcoma virus ranged from 0.5
to 10 focus-forming units per cell, and they con-
sisted predominantly of transformed cells.
RAV-producing cultures consisted of normal-

appearing chicken fibroblasts that had been
inoculated with RAV. Their passage history was
the same as that of nonproducing cells. RAV
was demonstrable by the ability of culture fluids
to induce cellular resistance in vitro directed
against RSV (Table 1). Type- and group-specific
antigens were demonstrable with fluorescent
antibodies in virtually all cells of such cultures.

Control cultures of normal chicken fibroblasts
were derived from the same embryos which
furnished the feeder cells in nonproducing Rous
sarcoma lines. As mentioned above, feeder plates
on which, for reasons unknown, the isolation of
a Rous sarcoma focus had been unsuccessful,
and which were free of virus-transformed cells
as well as of RSV and RAV, were included
among the controls. Control cultures were free
of infectious RSV or RAV, did not stain when
tested by immunofluorescence techniques for
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viral antigen, and could not be activated to
release RSV after infection with RAV (Table 1).
They were harvested for electron microscopy at
the same dates as nonproducing and virus-pro-
ducing cultures.

Electron microscopy of uninfected control cul-
tures. A total of 48 control cultures were exam-
ined; some of these were sampled repeatedly at
different times during their culture history. From
the number of sections and the average number
of cells per section, it was estimated that the
material inspected consisted of multiple profiles
of at least 1,200 different normal chicken fibro-
blasts. These cells showed the general morpho-
logical characteristics observed in other fibroblast
lines (18). Actively growing chicken fibroblasts
were elongated and slender with a prominent
centrally located nucleus (Fig. 1). The chro-
matin was clumped and marginated at the nu-
clear envelope and to a lesser extent around
the nucleolus. The nucleolus varied widely in
size. The cytoplasm contained few round mito-
chondria with distinct cristae. The rough endo-
plasmic reticulum was sparse, with short, narrow
profiles. Free ribosomes occurred in moderate
numbers and were arranged in clusters. ,3-Form
glycogen particles and lipid droplets were seen
infrequently. The Golgi apparatus was well de-
veloped. Present in the cytoplasms of cultured
chick fibroblasts were also fibrils and microtu-
bules similar to those found previously in various
tissues (4, 9, 29, 43, 44, 46). An outstanding feature
of these fibrils and tubules was their concentra-
tion adjacent to the plasma membrane, combined
with a marked orientation parallel to the long
axis of the cell (Fig. 2 and 2a).
With an increase in the number of culture

passages, the electron microscopic appearance of
normal fibroblasts changed. The nucleolus be-
came more prominent, mitochondria tended to
be elongated and branched, and the cisternae of
the endoplasmic reticulum were dilated. Cyto-
plasmic fibrils and microtubules adjacent to the
cell membrane showed a more rigorous orienta-
tion parallel to the long axis of the cell. Vacuoli-
zation as well as an increase in lysosomes and
cytoplasmic fibrils was observed in stationary
cultures. No structures resembling viral particles
or precursors of viral particles were seen in any
of the control cultures. Likewise, other structures
related to RSV infection and described below
were absent from uninfected controls.

Ultrastructural features of nonproducing Rous
sarcoma cells. Sixty-nine nonproducing Rous
sarcoma cultures were examined. The total
number of transformed cells of which multiple
sections were studied was approximately 1,400,
giving an average of about 20 cells per culture.

The general appearance of the cells was in agree-
ment with previously described cytological and
ultrastructural features of Rous sarcoma cells (5,
10, 12, 17, 19, 20). The structural changes to be
described for Rous sarcoma cells were not due
to environmental conditions such as the lowered
pH of the medium in transformed cultures,
because these structural alterations were not
found in normal feeder cells growing together
with nonproducing Rous sarcoma cells in the
same culture vessel. The transformed cells were
rounded and often larger than normal (Fig. 3-5).
In a typical cell, the nucleus was located eccen-
trically, was hypertrophied, and often showed
bizarre lobulation. The nuclear indentations
faced the center of the cell. Multiple nuclei,
common in the giant cells, were also present in
some round cell forms. The distribution of the
chromatin was not significantly altered. The
nucleolus appeared enlarged. The Golgi appara-
tus was often hypertrophied and located within
the cytoplasmic region extending into the in-
dented area of the nucleus. The mitochondria
were usually reduced in number, were smaller
than in the control cells, and contained fewer
cristae. The amount of endoplasmic reticulum in
rounded cells was reduced, but appeared in-
creased in giant cells where dilated cisternae
apparently gave rise to some of the vacuoles.
Free ribosomes were more numerous than in
normal cells.

Cytoplasmic structures apparently related to
RSV-induced transformation. The peripheral cy-
toplasm of nonproducing Rous sarcoma cells
contained fewer tubules, but sometimes con-
tained an increased number of fibrils as compared
with control fibroblasts. However, in striking
contrast to normal cells, fibrils and tubules were
rarely concentrated close to the cell membrane in
rounded, transformed cells, nor did they show
the characteristic parallel arrangement described
for normal fibroblasts (Table 2, Fig. 5). Only
large, flattened polykaryocytes which are seden-
tary cells presumably arising from RSV-induced
transformation occasionally contained peripher-
ally concentrated fibrils (Fig. 6). But, even in
these cells, the concentration or parallel orienta-
tion did not equal that seen in normal feeder
cells of the same culture.

Also seen frequently in nonproducing Rous
sarcoma cells were particles ranging from 300 to
400 A, associated with membranes of the endo-
plasmic reticulum. These membranes occurred in
parallel arrays and were continuous with the
rough portions of the endoplasmic reticulum
(Fig. 7 and 8, Table 2). On the basis of morpho-
logical criteria and of the affinity of the particles
for lead citrate stain, as well as the relative lack
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of staining with uranyl acetate (34, 45), these

particles were tentatively identified as glycogen.

However, further studies with chemical tech-

niques will be required before definite conclusions

on the nature of these conspicuous, membrane-

bound particles in Rous sarcoma cells can be

reached.

Still restricted to transformed cells but present

only in about 10% of the inspected nonproducer

cultures were cytoplasmic annulate lamellae

5

406 J. VIROL.

W:.,.:. :4 i.,



CHICK FIBROBLASTS INFECTED BY DEFECTIVE RSV

TABLE 2. Inicidence of various ultrastructural markers in cultures of nonproducing Rous sarcoma cells and
correspondinig controlsa

Marker Uninfected chicken Nonproducing RSV-producing RAV-producingfibroblasts Rous sarcoma cells cells cells

Peripheral organization of micro-
tubules and fibrils. 35/48 9/69b 1/41b 8/11

Parallel arrays of membrane-bound
glycogen...... 0/48 29/69 9/41 0/11

Annulate lamellae ................... 0/48 7/69 1/41 0/11
Intracytoplasmic viruslike shells. 0/48 6/69 2/41 0/11
Avian tumor viruslike particles. 0/48 64/69 41/41 11/11

a Number of positive cultures/total number of cultures
6 Peripheral organization of microtubules and fibrils was detected in polykaryocytes only.

(Table 2, Fig. 9). Tangential sections of these
lamellae gave the appearance of round vesicles,
similar to those described by Di Stefano and
Dougherty (10). At about the same frequency,
cytoplasmic viruslike shells were detected near
the nucleus (Table 2, Fig. 10). These structures
showed no obvious resemblance to mature avian
tumor virus particles. They had an average
diameter of 850 A, with a double-layered external
membrane and an electron-lucent interior, and
were often associated with clusters of ribosomes.
These shells appeared identical to similar struc-
tures observed previously in productive and
nonproductive avian tumor virus infection (5,
10, 12, 19).

Presence of avian tumor viruslike particles in
nonproducing Rous sarcoma cells. Viral particles
morphologically indistinguishable from complete
avian tumor virus were seen in 64 of 69 nonpro-
ducer cultures (Fig. 11). The negative cultures
had been noted to contain only a small percentage
of transformed cells, and it is likely that in these
instances not enough transformed cells were
examined to detect the presence of particles. The
particles occurred at the cell surface and within
cytoplasmic vacuoles, a distribution which was
similar to that seen in virus-producing cells (Fig.
11). Budding of the particles from the cell mem-
brane was suggested, as seen in Fig. 12.
The number of viral particles associated with

nonproducing Rous sarcoma cells was deter-
mined in 10 cultures which consisted only of
transformed cells, as judged from light micro-
scopic inspection. In this material 0.2 particle
was found, on the average, per cell section.
Allowing 400 sections per cell, the number of
particles associated with a nonproducing Rous
sarcoma cell was estimated to be approximately
80. This value is not significantly different from
the average of 50 particles per cell observed by
Dougherty and Di Stefano (12).

Attempts to demonstrate infectivity and anti-
genicity of avian tumor viruslike particles occur-
ring in nonproducing Rous sarcoma cells. The
data compiled in the first line of Table 1 presented
evidence that nonproducing Rous sarcoma cells
were free of infectious avian tumor virus. The
viral particles seen with the electron microscope
were therefore either noninfectious avian tumor
virus or resulted from infection with an unrelated
passenger virus which was structurally indistin-
guishable from avian tumor viruses and showed
a similar mode of formation at the cell surface.
To test the presence of such infectious passenger
virus, 0.5-ml portions of undiluted culture fluid
from 22 nonproducing Rous sarcoma cultures
were inoculated in separate dishes of normal
chicken fibroblasts. These fibroblasts were trans-
ferred at 3-day intervals, and after the third
transfer they were tested for the presence of
virus. Different portions of each culture were
stained with fluorescent antibody reacting with a
wide variety of avian tumor viruses and with
fluorescent chicken antibody prepared against
disrupted nonproducing Rous sarcoma cells of
the chicken. In no case was specific fluorescence
detectable. The cells were also found to be sensi-
tive to infection with RSV(RAV-1) and RSV-
(RAV-2). Upon electron microscopic inspection,
such chicken fibroblasts inoculated with medium
from particle-containing, nonproducing Rous
sarcoma cells failed to show particles themselves.
Multiple sections of an estimated 500 cells were
inspected and found negative for particles as well
as for other structural features associated with
nonproducing Rous sarcoma cells. A positive
control infected with RAV showed an abundance
of virus when examined with an electron micro-
scope. These observations led to the conclusion
that the avian tumor viruslike particles associated
with nonproducing Rous sarcoma cells of the
chicken were not infectious under the conditions
of our tests and, therefore, did not represent an
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FIG. 9. Annizulate lamellae in the cytoplasm of a niontproducing Rous sarcoma cell. Ta,igenttial sectioll gives the
appearanice of rouiid vesicles (arrow). X 35,000.

FIG. 10. (a) Anl example of cytoplasmic viruslike shells as seeni in ntoiiproduiciiig Rolis sarcoma cells. (b) Pos-
sible origini of these structures from cytoplasmic vesicles. X 60,000.

FIG. 1 1. Viral particles (vp) at the periphery of a niolnproducinig Rous sarcoma cell. Dimenisionis anid structure
are that of avian tumor virutses. Outer anid inniier membraiies as well as nucleoid are visible. X 80,000.

FIG. 12. Buddinig of viral particle from the suirface of nioniproduicinig Rotis sarcoma cell (arrow). X 120,000.

actively growing passenger virus unrelated to the
avian leukosis and sarcoma complex.

Electron microscopic observations of virus-pro-
ducing Rous sarcoma cells. Multiple profiles of an
estimated 800 different cells from 41 separate
RSV-producing cultures were examined. The
findings were in agreement with previous studies
on virus-producing Rous sarcoma cells (5, 13,
14, 17, 21, 25). The most outstanding and con-
sistent difference between producing and non-
producing Rous sarcoma cells was the number
of virus particles budding from cells and accu-
mulating at the cell surface (Fig. 13). This was

estimated to range from 500 to 5,000 per cell.
The number of virus particles in producing cells
was thus approximately 10 to 50 times that seen
in nonproducing cells. Other morphological
features of nonproducing Rous sarcoma cells,
such as parallel arrays of membrane-bound gly-
cogen, intracytoplasmic viruslike shells, and annu-
late lamellae, were also seen in producing cul-
tures, as indicated in Table 2.

After prolonged staining with uranyl acetate,
the internal structure of avian tumor virus par-
ticles associated with RSV-producing cells b-
came more clearly visible (Fig. 14 and 15). The
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FIG. 14. Cluster of virus particles from a producing Rous sarcoma culture. Outer and inner membrane of the
particles as well as nucleoids may be seen (arrows). X 50,000.

FIG. 15. Selected virus particles from Fig. 13 and 14 magnified to 200,000 X to demonstrate the relationship
between nzucleoid and inner membrane. The arrows point to a threadlike connection between nucleoid and inner
membrane.
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FIG. 16. Part of RAV-inifected chicken fibroblast. Virus particles are visible at the cell surface (vp). The cor-
tical organization of the cell is the same as that of normal fibroblasts (arrows). X 7,500.

electron micrograplis indicate that the "internal
membrane" of the particles is connected to the
nucleoid. Figure 15 also casts some doubt on the
membranous nature of the structures immedi-
ately inside the viral envelope. However, more
information will be needed to define these struc-

tures and their relationships to viral nucleoid
and envelope.

Ultrastructure Qf RA V-infected chicken fibro-
blasts. Several profiles of about 400 RAV-infected
cells sampled from 11 different cultures were
studied. Their general appearance in the electron
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microscope was identical to normal fibroblasts
except for the presence of avian tumor virus
particles at the cell periphery (Fig. 16). No mem-
brane-bound glycogen, annulate cytoplasmic
lamellae, or cytoplasmic viral shells were seen,
although presence of the latter two structures
may have gone undetected because of infrequent
occurrence. Particularly noteworthy were periph-
eral concentrations of fibrils and tubules which
showed the same parallel orientation that had
been observed in normal fibroblasts. Obviously,
these structures remained undisturbed by the
processes of virus assembly and release.

DIscUSSION
Our observations on the ultrastructural fea-

tures of Rous sarcoma cells are in good agree-
ment with reports from other laboratories (5, 10,
12, 14, 17, 21, 25). The changes observed in
cellular organelles, such as the hypertrophy of
the nucleolus and the Golgi apparatus, the
swelling of the mitochondria, and the increase of
free ribosomes, have been seen in malignant
cells of different etiologies, and hence cannot be
regarded as specific effects of RSV on the cell.
The parallel arrays of membrane-bound par-

ticles, tentatively identified as glycogen and re-
stricted in our material to Rous sarcoma cells,
have been found in other pathological conditions
(2, 3, 45). Noteworthy occurrences of such gly-
cogen-like structures are preneoplastic nodules
in the livers of ethionine-treated rats and livers
affected by viral hepatitis or yellow fever. Ep-
stein and co-workers (15) have studied the
ethionine-induced nodules in preneoplastic livers
and found that the membrane-bound particles,
contrary to glycogen in normal liver tissue, did
not disappear on fasting or after the injection of
glucagon. The relationship of glycogen-like par-
ticles to tumor cell metabolism in general and to
RSV infection specifically is not clear. The
chemical nature of these particles in Rous sar-
coma material needs still to be established more
convincingly, and until that time speculations as
to their function appear futile.
A similar uncertainty regarding specific func-

tion exists with the annulate lamellae detected in
a small proportion of nonproducing Rous sar-
coma cells. Again, the occurrence of these struc-
tures in the Rous sarcoma is not unique; they
have been described in diverse normal vertebrate
and invertebrate cells, but they appear to be more
prominent in malignant and other fast-growing
tissues (6, 30, 33).
The viruslike shells occurring in the cytoplasms

of Rous sarcoma cells (5, 10, 19) appear to be
more specifically related to virus infection. They
may also be found in avian leukosis (11) and in

certain virus-induced murine tumors (Dalton,
personal communication). Whether these shells
represent viral precursors or aberrant forms of
virus synthesis is not known.

In normal fibroblast cultures, the cytoplasmic
cortex contained densely packed arrays of micro-
tubules and fibrils which were oriented in parallel
to the long axis of the cell. These structures
appeared to become more prominent in crowded
cultures in which movement and division had
stopped. In contrast to normal chick fibroblasts,
rounded Rous sarcoma cells showed no cortical
organization of tubular and fibrillar elements,
but these structures were randomly distributed
in the cytoplasm. Since normal fibroblasts in a
confluent monolayer are essentially sessile
whereas the mobility of rounded Rous sarcoma
cells is not greatly impaired by crowded culture
conditons, it is tempting to relate the difference in
the cortical structure of normal and of trans-
formed cells to their mobility and response to
contact inhibition. A highly organized system of
tubules and fibrils at the cell periphery would
indicate little cellular mobility, and lack of this
arrangement would mark highly mobile cells.
This speculation is supported by the finding of
randomly distributed tubules in fetal cells whose
adult counterparts often show a parallel tubular
organization (4) and by the occurrence of ran-
domly dispersed tubules in the cytoplasm of
various malignant cells (9). Unfortunately, it
cannot be decided on the basis of electron micro-
scopic evidence alone whether the dispersion of
the cortical tubule-fibril complex is a cause or a
consequence of increased cellular mobility.
Microtubules and fibrils may well play an active
role in cellular locomotion, as has been suggested
by Goldberg and Green (18) and by Kavanau
(27), but their precise function as well as possible
relationships to the mitotic apparatus or collagen
formation remain to be established (9, 18, 37).
The finding of structurally complete virus par-

ticles in chicken fibroblasts infected with defec-
tive RSV alone is most puzzling. Our results,
which confirm and extend those of Dougherty
and Di Stefano (12) show that these particles
may be seen regularly in nonproducing Rous
sarcoma cells of chicken origin. They are absent
from normal chicken fibroblasts, and, in struc-
ture as well as cellular localization, they are indis-
tinguishable from complete avian tumor virus.
Nevertheless, these particles are noninfectious
under standard conditions and must therefore be
functionally defective despite their apparent
structural completeness. As suggested by Dough-
erty and Di Stefano (12), they may represent the
internal, helper-independent viral components,
i.e., RSV RNA and group-specific antigen,
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wrapped in plain cell membrane. This virus would
presumably be unable to perform the early func-
tions of the infectious cycle which are controlled
by the type-specific envelope antigen. Such an
antigen is not detectable in nonproducing Rous
sarcoma cells (24, 48) and, therefore, is probably
lacking from the particles elaborated by such
cells. However, the latter statement cannot be
made with absolute certainty because of the
small number of particles involved and the lim-
ited sensitivity of the immunological tests for
type-specific antigen. It may be that small quan-
tities of a type-specific envelope antigen are
made in defective RSV infection, permitting
some virus maturation, but that this antigen is
ineffective in mediating the early steps of infec-
tion. A similar qualifying remark seems necessary
with regard to the lack of infectivity in nonpro-
ducing cultures of Rous sarcoma cells. From our
data, it may be estimated that less than 1 in 108
of the particles seen in nonproducing Rous sar-
coma lines is infectious in the standard RSV
focus test. However, one could imagine that the
virus released from nonproducing cells is ex-
tremely unstable because of a defect in the viral
envelope and that it can infect new cells only
within a very short time after release. This short-
lived infectivity would facilitate a cell-to-cell
spread of defective RSV, but may escape detec-
tion in the focus test. The occurrence of such a
cell-to-cell transfer of RSV was suggested by
preliminary experiments (Vogt, unpublished data).
Despite these hypothetical possibilites of vestigial
infectivity and envelope antigenicity in the par-
ticles released by nonproducing Rous sarcoma
cultures, it is obvious that this virus is greatly
deficient if compared with that synthesized by
producing Rous sarcoma cells. Much further
work will be necessary before the nature and
function of viral particles of nonproducing Rous
sarcoma lines is understood.

ACKNOWLEDGMENTS
This investigation was supported by Public Health

Service research grant CA 06655 from the National
Cancer Institute and by grant E 302 B from the
American Cancer Society.
We are indebted to A. J. Dalton, National Cancer

Institute, for the use of his electron microscope
facilities and for helpful comments and suggestions
during the course of this work.

LITERATURE CITED

1. BAUER, H., AND W. SCHAFER. 1966. Origin of
group-specific antigen of chicken leukosis vi-
ruses. Virology 29:494-497.

2. BEARCROFT, W. G. 1962. Electron-microscope
studies on the livers of yellow-fever-infected
African monkeys. J. Pathol. Bacteriol. 83:59-64.

3. BEARCROFT, W. G. 1962. Electron-microscope
studies on the liver in infective hepatitis. J.
Pathol. Bacteriol. 83:383-388.

4. BEHNKE, 0. 1964. A preliminary report on micro-
tubules in undifferentiated and differentiated
vertebrate cells. J. Ultrastruct. Res. 11:139-146.

5. BERNHARD, W., C. OBERLING, AND P. VIGIER.
1956. L'ultrastructure de particles de virus du
sarcome de Rous et leur rapport avec le cyto-
plasme des cellules tumorales. Bull. Assoc.
Franc. Etude Cancer 43:407-422.

6. CHAMBERS, V. C., AND R. S. WEISER. 1964.
Annulate lamellae in sarcoma I cells. J. Cell
Biol. 21:133-139.

7. CRITTENDEN, L. B., W. OKAZAKI, AND R. RAEMER.
1963. Genetic resistance to Rous sarcoma virus
in chick embryo cell cultures and embryos.
Virology 20:541-544.

8. DALTON, A. J. 1955. A chrome-osmium fixative
for electron microscopy. Anat. Rec. 121:281.

9. DE THE, G. 1964. Cytoplasmic microtubules in
different animal cells. J. Cell Biol. 23:265-275.

10. DISTEFANO, H. S., AND R. M. DOUGHERTY. 1965.
Cytological observations of "nonproducer"
Rous sarcoma cells. Virology 27:360-377.

11. DMOCHOWSKI, L., C. E. GREY, F. PADGETr, P. L.
LANGFORD, AND B. R. BURMESTER. 1964.
Submicroscopic morphology of avian neo-
plasms. VI. Comparative studies on Rous
sarcoma, visceral lymphomatosis, erythro-
blastosis, myeloblastosis, and nephroblastoma.
Texas Rept. Biol. Med. 22:20-60.

12. DOUGHERTY, R. M., AND H. S. DISTEFANO. 1965.
Virus particles associated with "nonproducer"
Rous sarcoma cells. Virology 27:351-359.

13. EPSTEIN, M. A. 1956. Identification of Rous virus:
a morphological and biological study. Brit. J.
Cancer 10:33-38.

14. EPSTEIN, M. A. 1957. Observations on Rous
virus. Fine structure and relation to cytoplasmic
vacuoles. Brit. J. Cancer 11:268-273.

15. EPSTEIN, S. M., N. ITO, L. P. MERKOW, AND E.
FARBER. 1966. Biochemical pathology of liver
hyperplasia induced by ethionine or 2-fluo-
renylacetamide. Proc. Am. Assoc. Cancer Res.
7:19.

16. FELIX, M. D., AND A. J. DALTON. 1956. A com-
parison of mesothelial cells and macrophages
in mice after the intraperitoneal inoculation of
melanin granules. J. Biophys. Biochem. Cytol.
2(Suppl.) :109-114.

17. GAYLORD, W. H. 1955. Virus-like particles asso-
ciated with the Rous sarcoma as seen in sections
of the tumors. Cancer Res. 15:80-83.

18. GOLDBERG, B., AND H. GREEN. 1964. An analysis
of collagen secretion by established mouse
fibroblast lines. J. Cell Biol. 22:227-258.

19. HAGUENAU, F., H. L. FEBVRE, AND J. ARNOULT.
1960. Ultrastructure du virus du sarcoma de
Rous cultive in vitro. Compt. Rend. 250:1477-
1479.

20. HAGUENAU, F., H. L. FEBVRE, AND J. ARNOULT.
1961. Ultrastructural morphology of Rous
sarcoma grown in vitro, p. 160-173. In M.

VOL. I1, 1967 413



COURINGTON AND VOGT

Pollard [ed.], Perspectives in virology, vol. 2.
Burgess Press, Minneapolis.

21. HAGUENAU, F., H. L. FEBVRE, AND J. ARNOULT.
1962. Modes de formation intracellulaire du
virus du sarcome de Rous. Etude ultrastruc-
turale. J. Microscopie 1:445-454.

22. HANAFUSA, H. 1964. Nature of the defectiveness
of Rous sarcoma virus. Natl. Cancer Inst.
Monograph 17:543-556.

23. HANAFUSA, H., T. HANAFUSA, AND H. RUBIN.
1963. The defectiveness of Rous sarcoma virus.
Proc. Natl. Acad. Sci. U.S. 49:572-580.

24. HANAFUSA, H., T. HANAFUSA, AND H. RUBIN.
1964. Analysis of the defectiveness of Rous
sarcoma virus. II. Specification of RSV anti-
genicity by helper virus. Proc. Natl. Acad. Sci.
U.S. 51:41-48.

25. HEINE, U., G. DE THE, H. ISHIGURO, AND J. W.
BEARD. 1962. Morphological aspects of Rous
sarcoma virus elaboration. J. Natl. Cancer
Inst. 29:211-223.

26. HUEBNER, R. J., D. ARMSTRONG, M. OKUYAN,
P. S. SARMA, AND H. C. TURNER. 1964. Specific
complement-fixing viral antigens in hamster and
guinea pig tumors induced by the Schmidt-
Ruppin strain of avian sarcoma. Proc. Natl.
Acad. Sci. U.S. 51:742-749.

27. KAVANAU, J. L. 1965. Structure and function in
biological membranes, vol. 2, p. 365-551.
Holden-Day, Inc., San Francisco.

28. KELLOFF, G., AND P. K. VoGT. 1966. Localization
of avian tumor virus group-specific antigen in
cell and virus. Virology 29:377-384.

29. LEDBETTER, M. C., AND K. R. PORTER. 1964.
Morphology of microtubules of plant cells.
Science 144:872-874.

30. MERKOW, L., AND J. LEIGHTON. 1966. Increased
numbers of annulate lamellae in myocardium
of chick embryos incubated at abnormal tem-
peratures. J. Cell Biol. 28:127-138.

31. MOLLENHAUER, H. H. 1964. Plastic embedding
mixtures for use in electron microscopy. Stain
Technol. 39:111-114.

32. PAYNE, F. E., J. J. SOLOMON, AND H. G. PUR-
CHASE. 1966. Immunofluorescent studies of
group-specific antigen of the avian sarcoma-
leukosis viruses. Proc. Natl. Acad. Sci. U.S.
55:341-348.

33. PORTER, K. R. 1961. The ground substance, p.
621-675. In J. Brachet and A. E. Mirsky [ed.],
The cell, vol. 2. Academic Press, Inc., New
York.

34. REVEL, J. P., L. NAPOLITANO, AND D. W. FAW-
CETT. 1960. Identification of glycogen in
electron micrographs of thin tissue sections. J.
Biophys. Biochem. Cytol. 8:575-589.

35. REYNOLDS, E. S. 1963. The use of lead citrate at
high pH as an electron opaque stain in electron
microscopy. J. Cell Biol. 17:208-212.

36. RICHARDSON, R. C., L. JARETr, AND E. H. FINKE.
1960. Embedding in epoxy resins for ultrathin

sectioning in electron microscopy. Stain
Technol. 35:313-323.

37. ROTH, L. E., AND E. W. DANIELS. 1962. Electron
microscopic studies of mitosis in amebae. II.
The giant ameba Pelomyxa carolinensis. J.
Cell Biol. 12:57-78.

38. RUBIN, H. 1960. A virus in chick embryos which
induces resistance in vitro to infection with
Rous sarcoma virus. Proc. NatI. Acad. Sci.
U.S. 46:1105-1119.

39. RUBIN, H. 1960. An analysis of the assay of Rous
sarcoma cells in vitro by the infective center
technique. Virology 10:29-49.

40. RUBIN, H. 1961. The nature of a virus-induced
cellular resistance to Rous sarcoma virus.
Virology 13:200-206.

41. RUBIN, H. 1965. Genetic control of cellular
susceptibility to pseudotypes of Rous sarcoma
virus. Virology 26:270-276.

42. SABATINI, D. C., K. BENSCH, AND R. J. BARRNETT.
1963. Cytochemistry and electron microscopy.
The preservation of cellular ultrastructure and
enzymatic activity by aldehyde fixation. J. Cell
Biol. 17:19-58.

43. SANDBORN, E., P. F. KOEN, J. D. McNABB, AND
G. MOORE. 1964. Cytoplastic microtubules in
mammalian cells. J. Ultrastruct. Res. 11:123-
137.

44. SLAUTTERBACK, D. B. 1963. Cytoplasmic micro-
tubules. I. Hydra. J. Cell Biol. 18:367-388.

45. STEINER, J. W., K. MIYAI, AND M. J. PHILLIPS.
1964. Electron microscopy of membrane-
particle arrays in liver cells of ethionine-
intoxicated rats. Am. J. Pathol. 44:169-191.

46. TAYLOR, A. C. 1966. Microtubules in the micro-
spikes and cortical cytoplasm of isolated cells.
J. Cell Biol. 28:155-168.

47. TEMIN, H. M. 1962. Separation of morphological
conversion and virus production in Rous
sarcoma virus infection. Cold Spring Harbor
Symp. Quant. Biol. 27:407-414.

48. VOGT, P. K. 1964. Fluorescence microscopic
observations on the defectiveness of Rous
sarcoma virus. Natl. Cancer Inst. Monograph
17:527-541.

49. VOGT, P. K., AND R. ISHIZAKI. 1965. Reciprocal
patterns of genetic resistance to avian tumor
viruses in two lines of chickens. Virology
26:664-672.

50. VOGT, P. K., AND H. RUBIN. 1961. Localization
of infectious virus and viral antigen in chicken
fibroblasts during successive stages of infection
with Rous sarcoma virus. Virology 13:528-544.

51. VOGT, P. K., P. S. SARMA, AND R. J. HUEBNER.
1965. Presence of avian tumor virus group-
specific antigen in nonproducing Rous sarcoma
cells of the chicken. Virology 27:233-235.

52. WATSON, M. L. 1958. Staining of tissue sections
for electron microscopy with heavy metals. J.
Biophys. Biochem. Cytol. 4:475-478.

414 J. VIROL.


