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When purified preparations of stock reovirus, type 3, were digested with chymo-
trypsin, the virions were converted into two different types of particle. These new
particles could be separated from each other by isopycnic centrifugation in cesium
chloride gradients. One particle banded at a buoyant density of 1.43 g/cm3, the
other at a density of 1.415 g/cm3. The former particle is termed the heavy (H) par-
ticle, the latter is the light (L) particle. The ratio of H/L particles varied between
0.5 and 0.25 in various purified preparations of virus. In electron micrographs, both
H and L particles had the appearance and dimensions of viral cores. H particles were
infectious for L cells. When plaques formed by stock virus, or by H particles, were
picked and propagated in L cells, the majority of the clones gave rise only to H par-
ticles on chymotrypsin digestion. On continued serial passage of the clones, virions
containing L particles again appeared in the progeny. The simplest explanation of
these results was that stock virus was comprised of two populations of virions. One
type of virion which contained H particles was infectious, whereas the other, which
contained L particles, was not itself infectious and could replicate only in cells coin-
fected with an H particle virion. Added weight was given to this hypothesis by two
observations. First, a small but definite separation of H and L virions could be
achieved by isopycnic centrifugation in a gradient of cesium chloride. Second, L
particles and virions containing L particles were both shown to lack the largest of
the ten segments of double-stranded ribonucleic acid genome. Thus, L particle
virions have defective genomes.

There is general agreement that the structural
proteins of the reoviruses are arranged in the
form of a double capsid. The inner capsid or core
is approximately 45 nm in diameter and contains
the double-stranded ribonucleic acid (dsRNA)
genome ofthe virus. An outer layer ofcapsomeres,
probably 92 in number, is arranged in a regular
manner on the surface of the core (4, 6, 7, 9, 19,
20).
When purified reovirus is digested with chymo-

trypsin, the capsomeres are removed leaving the
core particles which can be identified in the elec-
tron microscope (3, 14, 17, 18). The cores, after
isopycnic centrifugation in cesium chloride, still
contain viral dsRNA and the RNA polymerase
that has been shown to be an integral constituent
of virions (1, 14, 16). Shatkin and Sipe (14)
found that reovirus banded at a density of p =
1.36 g/cm3 and that after chymotrypsin digestion
the virus peak disappeared and was replaced by a
rather broad band of cores at p = 1.39 g/cm3.
Smith et al. (17) describe cores obtained by a
similar method as having a density of 1.44 g/cm3
with occasionally a lighter band being seen at p
= 1.43 g/cm3. Perhaps the different conditions of
proteolytic digestion used in the two laboratories

led to the reported differences in densities of the
cores.

In studying the effect of chymotrypsin on our
strain of reovirus, we have found that the diges-
tion consistently produces two populations ofcore
particles which band respectively at p = 1.43 and
1.415 g/cm3 in gradients of cesium chloride. The
heavier particles are infectious, contain all ten
segments of the dsRNA genome, and clearly are
cores derived from infectious virions. On the
other hand, the lighter particles are not infectious
and appear to be derived from virions that are
deficient in one ofthe ten segments ofthe dsRNA
genome. The experiments leading to this con-
clusion are described here; we suggest that some
populations of reovirus contain defective virions
that can multiply only in association with infec-
tious virions.

MATERLUS AND METHODS
Cells and virus. L cells, medium and reovirus, type

3, were used as previously described (23). The reovirus
strain had been plaque-purified about a year before
commencement of the present work and in the mean-
time had been serially passaged through L cell cultures.
The exact number of passages is unknown. This virus
will be referred to as stock virus.
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Chemicals. Uridine-5-3H (25 Ci/mmole) and uri-
dine-2-'4C (51.5 mCi/mmole) were obtained from
Schwarz Bioresearch, Inc. Uridine-5'-triphosphate-3H
(2.0 Ci/mmole) was from Schwarz BioResearch Inc.,
and chymotrypsin (5X crystallized) from Worthington
Biochemical Corp.

Preparation of radioactive virus. Suspension cul-
tures of L cells were infected as previously described
(23) except that adsorption of the virus was carried
out at 20 C. Actinomycin D (0.5 ,ug/ml) was added at
time zero and labeled uridine in amounts of 1 ,uCi/ml
of 3H-uridine or 0.02 ,uCi/ml of 14C-uridine as specified
under the description of the various experiments to
follow. Infected cells were harvested by centrifugation
at 18 hr, and the virus was obtained and purified as
described previously (23) when the infected cultures
were larger than 100 ml. When smaller cultures were
used, virus was concentrated from the original cell
extract by centrifuging it into a pellet at the bottom of
the tube rather than by the standard method of collec-
ing it in a CsCl cushion. The final stage in purification
was always isopycnic centrifugation in a preformed
gradient of cesium chloride. Virus concentrations
were measured by plaque assay (12). Purified virus
had specific radioactivities of approximately 107
counts/min of 3H/optical density (OD)260 or 105
counts/min of 14C/OD26o when labeled as described
in the test.

Isolation of light (L) and heavy (H) core particles
from purified virus. Purified virus in tris(hydroxy-
methyl)aminomethane (Tris)-hydrochloride buffer,
0.05 M (pH 8.0) was treated with 100 jug of chymo-
trypsin per ml for 30 min at 37 C and layered over a
preformed CsCl gradient (density range 1.35 to 1.45
g/cm3 in 0.05 M Tris-hydrochloride buffer, pH 7.4).
Centrifugation was for 3 hr at 131,000 X g at 4 C,
when the components had banded at their equilibrium
densities. Fractions, generally of two drops each, were
collected and assayed for radioactivity, OD260, or, on
some occasions, infectivity by the plaque assay pro-
cedure. Two major fractions of material were found
in the gradients; those banding at p = 1.43 g/cm3
are called H particles, whereas the others which
banded at p = 1.415 g/cm3 are called L particles.

Preparation of plaque-purified lysates from stock
virus and from H particles. A lysate, produced by
infection of L cells with stock virus at a multiplicity
of infection (MOI) of 10 plaque-forming units (PFU)/
cell, was diluted to give approximately 10 plaques per
plate in an infectivity assay. Eleven isolated plaques
were picked from a total of 12 plates. Progeny virus
was purified from the remainder of the stock virus
lysate and digested with chymotrypsin; the H particles
were then separated in a preformed gradient of CsCl.
As will be shown later, such H particles were infec-
tious for L cells. This H particle preparation was
assayed by the plaque method, and six isolated plaques
were picked from the plates. Virus from each of the
plaque isolates was used to infect a monolayer of L
cells in a 60-mm petri dish. When the cytopathic
effect was complete on each plate, the lysate was
frozen and thawed three times and used to infect a
monolayer of L cells at an MOI of 10 to 20 PFU/cell
in a 2-liter Blake bottle. From each Blake bottle, 50

ml of lysate was obtained with titers of 108 to 5 X
108 PFU/ml.
Assay of RNA polymerase activity. Fractions col-

lected from CsCl gradients were assayed for RNA
polymerase as previously described (1). Prior to
enzyme assay, the gradient fractions were dialyzed
overnight against a buffer containing Tris-hydrochlo-
ride, 0.05 M; MgCl2, 0.001 M; pH 8.0.

Extraction of RNA and acrylamide gel analysis.
Virus, H and L particle fractions from CsCl gradients
were dialyzed against 0.15 M STE buffer (23; Tris-
hydrochloride, 0.001 M; NaCl, 0.15 M; ethylene-
diaminetetraacetate, 0.001 M; pH 7.4). Sodium dode-
cylsulfate was then added to 1% (w/v) concentration,
the mixture was kept at 37 C for 30 min, and the RNA
was extracted with water-saturated phenol at room
temperature (22). The aqueous extract was made 0.3
M in NaCl, 2.5 volumes of ethanol was added, and the
mixture was left at -10 C for 18 hr to permit the
RNA to precipitate. After centrifugation, the dsRNA
precipitate was washed three times with 70% ethanol.
RNA was analyzed by electrophoresis on 2.5% poly-
acrylamide-1% agarose gels as previously described
(23). When gels were to be stained with methylene
blue (10), electrophoresis was carried out for 48 hr on
15-cm columns of 5% polyacrylamide at 8 ma/tube.

RESULTS

Formation ofheavy and light particles by chymo-
trypsin treatment of virions. Purified stock reo-
virus, when centrifuged in a CsCl gradient,
banded at a density of 1.37 g/cm3, and (Fig. 1)
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FIG. 1. Isopycnic centrifugation ofreovirus in cesium
chloride. Cesium chloride was added to a suspension of
reovirus purified by the standard procedure to give an

average density of approximately 1.35 g/cm3, and the
mixture was centrifuged at 87,000 X g for 20 hr at
4 C. Fractions of two drops each were collected, diluted
to 0.5 ml with 0.15 m STE buffer and assayedfor OD at
260 nm (0) and infectivity (0). Direction of sedimen-
tation isfrom right to left.
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OD and infectivity of the virus were coincident.
When a portion of this virus was first treated with
100 ,ug of chymotrypsin per ml for 30 min at 37 C
and then centrifuged in a gradient of cesium
chloride, the results shown in Fig. 2 were obtained.
Judged by OD at 260 nm, no virus remained at
the normal position shown by the arrow. Instead,
two new, clearly defined peaks were observed,
one at p = 1.43 g/cm3 (H particles), the other at
p = 1.415 g/cm3 (L particles).

Digestion of the virus for a further half hour
with 100 Ag of chymotrypsin per ml prior to
centrifugation did not change the relative or ab-
solute amounts of the H or L fractions. When
either H or L fraction was isolated from a gra-
dient such as that of Fig. 2 and further digested
individually with 100 ,ug of chymotrypsin per ml
for 30 min, there was no conversion ofH fraction
to L or of L to H and little or no decrease in the
amounts of the two fractions. With less concen-
trated suspensions of purified virus (from
amounts that could be detected only by their con-
tent of radioactive label up to one OD260 unit/
ml), virions were completely converted to H and
L fractions with 10 ,ug of chymotrypsin per ml for
30 min at 37 C.

Materials from H and L fractions, as well as
purified reovirus, were examined in an electron
microscope; results are shown in Fig. 3. Because
there was no obvious difference between H and L
fractions, only the L fraction and virions are
shown. Both H and L particles had the appear-
ance and dimensions of viral cores (8, 14, 17).

Reovirus virions contain an RNA polymerase
(transcriptase) (1, 14, 16). This polymerase can
be "activated" by digestion of the virus with
chymotrypsin and is found associated with the
viral cores after centrifugation of the enzyme-
treated virus in cesium chloride. Each fraction of
the gradient shown in Fig. 2 was, therefore,
assayed for RNA polymerase activity. Two peaks
of enzyme activity were found which coincided
with the H and L particle peaks. Further, Borsa
has found (unpublished data) that the polymerase
products made with both H and L fractions will
hybridize with denatured viral dsRNA with effi-
ciencies of up to 80%. This is good evidence that
both H and L fractions are derived from virions,
and the possibility that one of the particles arose
from a host cell component carried through the
purification process is unlikely.
The H fraction clearly retained some of the

infectivity of the original virus (Fig. 4). Per unit of
OD, this fraction had 10-3 of the PFU values of
the corresponding virions (compare Fig. 1 and
Fig. 4). Infectivity of L particles was not detect-
able above the background in the gradient of Fig.
4 and, therefore, must have been less than 10-2
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FIG. 2. Sedimentation of chymotrypsin-treated reo-
virus ina cesium chloridegradient. Purified virus (10 to 20
OD260 units/ml) was digested with 100 jAg ofchymotryp-
sin per mlfor 30 min at 37 C and sedimented through a
preformed cesium chloride gradient. Two-drop samples
were collectedfrom the bottom ofthe tube, the density of
every fifth fraction was measured by refractive index,
and eachfraction was then diluted to 0.5 ml and dialyzed
against a buffer containing 0.05 M Tris-hydrochloride;
0.001 M MgCI2; pH 8.0. OD at 260 nm and RNA poly-
merase activity were measured on allfractions. Symbols
are: 0, OD260; 0, RNA polymerase. The arrow indi-
cates the position that reovirus would normally occupy
in the gradient. Direction ofsedimentationz isfrom righit
to left.

that of the H particle population per OD unit.
Apparently, digestion of stock virus with chymo-
trypsin produces two types of core particles from
the population of virions; in the remainder of this
paper, we shall consider how these two particles
might be derived.

Possible origin of H and L particles. There are
four possible ways in which H and L particles
could be derived from a purified reovirus popula-
tion. (i) The two particles could represent differ-
ent stages in the complete digestion of virions by
chymotrypsin, one particle being an intermediate
stage on the way to the other. This possibility has
already been eliminated because we have shown
that H and L particles are not converted, one to
the other, by the chymotrypsin digestion proce-
dures. Some distinction between the remaining
three possibilities can be made by examining
clones of virus obtained from the stock virus
population and from H particles; virus from each
clone is digested with chymotrypsin, and the
products are analyzed by centrifugation in pre-
formed cesium chloride gradients to determine
whether H particles, L particles, or both, are
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FIG. 3. Electron micrographs of virions (left panel) and L particles (riglht panel). Specimenis were stained with
1% potassium phosphotungstate. Magnification X 180,000.

formed. By using the formation of H or L parti-
cles as a parameter, we can state the remaining
three possibilities and the predictions derived
from them as follows (Table 1). (ii) Chymotrypsin
digestion of an infectious virion could equally
well produce either an L particle or an H particle
as a matter of chance or of unknown technical
factors involved in the procedure. If this were so,
one would predict that all clones derived from
stock virus and from H particles would give rise
to approximately equal amounts of both H and L
particles on digestion with chymotrypsin. (iii)
The stock reovirus could be contaminated by a
second type of dsRNA virus, one virus giving
rise to H, the other to L, particles. In this event,
clones derived from stock virus would give either
H or L particles, but clones from H particles
would give only H particles on chymotrypsin di-
gestion. (iv) The stock virus population could be
composed of infectious virions and virions that
cannot replicate by themselves or, at least, cannot
lyse the cells by themselves (produce a plaque).
It is implied that the second virion is defective in
some function and can complete its cycle only in
cells in which infectious virions are multiplying.
Clones derived from stock virus should produce

only H particles as should clones derived from H
particles; if a plaque of stock virus were produced
by an aggregate containing infectious and non-
infectious virions, or H and L particles, progeny
derived from such a plaque would contain both
H and L particles.

These predictions were tested experimentally in
the following way. Eleven lysates were prepared
from eleven plaques of stock virus (see above).
Eleven small suspension cultures were each in-
fected with one of these lysates. Six suspension
cultures were infected similarly with lysates ob-
tained from six H-particle plaques. All seventeen
cultures were labeled with 3H-uridine to mark the
viral RNA. Concurrently, to provide H and L
particle markers for the subsequent sedimenta-
tion, a similar suspension of cells was infected
with stock virus and labeled with 14C-uridine.
Progeny virus was obtained from each culture at
18 hr after infection and purified. An equal por-
tion (approximately 1,000 counts/min) of the
"4C-labeled virus obtained from stock virus-in-
fected cells was added to each specimen of 3H-
labeled virus obtained from cells infected with the
plaque isolates. Each mixture was then digested
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FIG. 4. Inlfectivity ofH antd L particles. Purified vi-
rus was digested wit/i chymotrypsiii and cenitrifuged in a
cesium chloride gradientt as described in the legentd to
Fig. 2. Inifectivity by the plaquie assay method and OD
at 260 nim were measured for each fractiont taken .from
the gradienit. Symbols are: 0, OD260; 0, illfectivity.

TABLE 1. Predicted type of particle formed by
chymotrypsin digestiont of clonies obtainiedfrom

stock virus alnd H particles

Particle expected in progeny
Possible origin of H and L virus with clones obtained from

particles"
Stock virus H particles

Homogeneous virion H + L H + L
population

Two different infec- H or L, b;t H
tious dsRNA viruses not both

Two dsRNA viruses, H H
one infectious, one
noninfectious

a Different possibilities of origin are discussed
in detail in the Results section of the text.

with chymotrypsin and centrifuged in a cesium
chloride gradient (Fig. 2).

Sixteen of the seventeen 3H-labeled virus prep-
arations gave results (Fig. 5), a well-defined peak
of H particles and no detectable L particles. The
one remaining 3H-labeled virus sample, obtained
with a clone isolated from stock virus, gave rise to
peaks of both H and L particles in approximately

equal amounts. Table 2 provides a summary of
the results of this experiment.
The proportion of clones giving rise to L parti-

cles is low enough to practically eliminate the
possibility that stock virus is a homogeneous popu-
lation of virions from which either an H or an L
particle can be derived by chance (the second
possibility discussed above; Table 2). There must
be some difference between the virions that pro-
vide H particles and those that give rise to L
particles, and, thus, two of the four possibilities
remain. If both types of virion were infectious,
one might expect to find H particle virions and L
particle virions in the stock virus in the approxi-
mate ratio of 1:2, that is, in the ratio of H to L
particles (Fig. 2); two of every three clones de-
rived from stock virus should then give rise to L
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FIG. 5. Sedimenitation in cesium chloride gradien2t of
H anzd L particles obtainied by chymotrypsini digestioni
of a mixture ofpurified stock virus anid plaque-purified
virus. Ali L cell culture, 100 ml at 5 X 105 cells/ml, was
infected at an MOI of 5 to 10 PFU/cell with a virus
lysate derivedfrom a single plaque anzd 0.5 ,.g ofactin7o-
mycint D per ml was added. At 7 hr after inifectioni, 3H-
uridine was added to a conicenttration of I ,Ci/ml. A
seconid culture was inifected with stock virus in the same
way and labeled with 0.02 IuCi of '4C-uridine per ml.
Eighteeni hours after infectiont, viral progenty was ob-
tamied from each culture, purified, mixed, and digested
with chymotrypsin as described in the text. Cenztrifuga-
tioiz was carried out as described for the experimelit of
Fig. 2. Symbols are: 0, "4C-labeled stock virus; 0,
3H-labeled, plaque-purified virus.
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TABLE 2. Formationz of H and L particles from
differenit clones

No. of clones derived from
Type of particle

Stock virus H particles

H 10 6
L 0 0

H + L 0

particles alone. Instead, only one out of 11 such
clones gave L particles (Table 2), and this clone
gave both H and L particles. This result might
suggest that L particle virions are not infectious
by themselves, but it could also be obtained if L
particle virions contained a far higher (50-fold,
say) proportion of noninfectious to infectious
virions than H particle virions. Perhaps we did
not pick a sufficient number of clones from stock
virus to find one that was derived from L particle
virions. One further argument may be presented
here. The only other dsRNA virus liable to be
contained in the type 3 stock reovirus was a type 1
virus that had been used in the same laboratory
on occasion. When purified preparations of this
type 1 virus were digested with chymotrypsin,
only H particles were obtained. At least, the L
particles found in type 3 stock reovirus were not
derived from a type 1 virus contamination.

Effect of MOI on the development of H and L
particles. Suppose that the fourth possibility
(Table 2) is correct and H particles are derived
from infectious virions, whereas L particles are
obtained from noninfectious virions that multiply
only in association with infectious virions. If this
were so, the ratio ofH to L particles in a progeny
from stock virus, which contains both types of
virion, should increase with decreasing MOI.
When the MOI of stock virus is high enough to
have all cells infected with both types of virions,
the ratio ofH to L particles in the progeny should
be a minimum, i.e., approximately 0.5 (Fig. 2).
As the MOI is decreased, the ratio should increase
because fewer cells are coinfected with the two
virions. It is difficult to make any quantitative
prediction of the results that might be obtained
since we have no idea of the relative efficiencies of
adsorption and penetration of cells by the infec-
tious and supposedly noninfectious virions.

In the experiment to test this proposition, MOI
values of 5, 0.2, and 0.05 PFU of stock virus/cell
were used in separate suspension cultures of L
cells. The virus was obtained from each culture at
18 hr after infection, purified, digested with
chymotrypsin, and centrifuged in a gradient of
cesium chloride. The results are shown in Fig. 6.

At the MOI of 5, the ratio of H to L particles in
the viral progeny was 0.5; at an MOI of 0.2, the
ratio was 1; and at an MOI of 0.05, the ratio was
approximately 3. The MOI of 0.05 was the lowest
that could be used in this kind of experiment and
still detect a reasonable incorporation of 3H into
progeny virus. Thus, the trend in ratio of H to L
particles was in the predicted direction and sup-
ports the hypothesis that L particles are derived
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FIG. 6. Effect ofmultiplicity of inlfectionl onl the rela-
tive amountts of H antd L particles in progent.y of stock
virus. Separate cultutres were infected with an MO! of
5 (a), 0.2 (b), antd 0.05 (c) stock virus/lcell. Actinomycin
D (0.5 jAg/ml) was added to each culture at the time of
infection, followed 5 hr later by I uICi of 3H-uridine per
ml. The virus was obtained from each culture at 18 hr
after infectiot, purified, digested with chlymotrypsin, and
centrifuged in a preformed gradient of cesium chloride.
The sedimentation profiles show the amounts of 3H in
H and L particles derived from the progenzy unzder each
set of conditionzs. Direction of sedimentationi is from
right to left.

VOL. 6, 1970 231



NONOYAMA, WATANABE, AND GRAHAM

from virions that can multiply only upon coinfec-
tion of cells with infectious virions. Similar results
would be obtained, however, if the multiplication
of H particle virions were suppressed by the pres-
ence of virions containing L particles. No distinc-
tion can be made between the two explanations on
the strength of this experiment. Although the
results presented in the above show that H parti-
cles were derived from infectious virions, thus
eliminating one possibility for the origin of L
particles (Table 2), they do not permit one to
decide whether L particles were derived from
infectious or noninfectious virions. Therefore, we
turned to a more biochemical approach in an
attempt to learn something about the nature of
the L particle virions.

Analysis of the dsRNA in H and L particles.
The relative buoyant densities of H and L parti-
cles in cesium chloride suggested that they might
contain different proportions of RNA and pro-
tein. Since the genome of reovirus is known to
contain 10 segments of dsRNA which can be
resolved by electrophoresis on pDlyacrylamide
gels (15, 23), it was at least possible to determine
whether or not both particles contained a full
complement of dsRNA.
To carry out the test, stock virus was labeled

with 14C-uridine during multiplication in L cells
and purified. This virus was then digested with
chymotrypsin, and the resulting H and L particle
fractions were separated from each other by iso-
pycnic centrifugation in cesium chloride. To pro-
vide an RNA marker for the subsequent electro-
phoretic analysis, a virus population was u,ed
that was only two passages removed from a single
plaque isolation as described above. This virus
was labeled with 3H-uridine, purified, and shown
to contain only H particles. A tracer amount of
the 3H-labeled virus was then added to the sam-
ples of '4C-labeled H and L particles; RNA was
extracted from the resulting two mixtures and
analyzed by electrophoresis on polyacrylamide
gels. The results are shown in Fig. 7. From the
distribution of 3H in each analysis, it was cal-
culated that the marker 3H-dsRNA contained
three segments of dsRNA-3, three segments of
dsRNA-2, two of dsRNA-la, one of dsRNA-lb,
and one of dsRNA-lc, as previously described
(23). For each peak resolved in the analyses, the
14C/3H ratio was then calculated and is shown
above the respective peaks in Fig. 7. These ratios
were constant for the five dsRNA fractions ob-
tained from H particles (Fig. 7b), showing that H
particles contained the full complement of 10
segments of dsRNA. However, in the analysis of
L particles (Fig. 7a), the 14C/3H ratio for the
dsRNA-3 fraction was two-thirds that for the

60
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FIG. 7. Anialysis of RNA obtainied from H anid L
particles. H anid L particles labeled with 14C-uridinle
were obtained by chymotrypsint digestionz of '4C-labeled,
purified stock viruis and cesium chloride gradienit ceil-
trifugationz (Fig. 2). Virus from a recentily isolated clonie
(Fig. 5) was labeled with 3H-uiridinie antd purified. 3H-la-
beled virus was added to both H an2d L particles, an2d
RNA was extracted from both mixtuires anid anialyzed
by electrophoresis onz 2.5% acrylamide-lJ% agarose gels
for 20 hr at 8 ma/tutbe. Symbols are: 0, 14C-dsRNA;
0, 3H-dsRNA. Part a shows dsRNA from L particles;
part b shows dsRIVA from H particles. Numbers above
each peak are the ratios of counts per miii of 14C per
counlts per miii of3Hfor that peak. The terms ds-l, ds-2,
antd ds-3 standfor the three general size classes of viral
dsRNA (20). Directionz of migrationz is from left to
right.

other four fractions. This result indicated that
part of the dsRNA-3 fraction was missing from
the L particles. Either L particles lacked one of
the three dsRNA-3 segments or, as a population,
they contained reduced amounts of each dsRNA-
3 segment.

In an attempt to get further information on this
point, samples of dsRNA extracted from H and L
particles were subjected to electrophoresis on 5%
polyacrylamide gels, and the gels were stained
with methylene blue. Ten bands were clearly
visible in the analysis of dsRNA from H particles.
Only nine bands were seen in the electrophero-
gram of L particle dsRNA; one of the dsRNA-3
segments was missing. To find which of the
dsRNA-3 segments was missing, stock virus was
labeled with 3H-uridine, purified, and digested
with chymotrypsin; the L particles were then iso-
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lated on a cesium chloride gradient. 'IC-labeled,
purified virus, which gave rise only to H particles
on chymotrypsin digestion (Fig. 5), was added to
the 3H-labeled L particles, and the RNA was
extracted from the mixture. After electrophoresis
of this RNA on a column of 5% polyacrylamide
gel, the bands were stained with methylene blue
and the gel was cut into thin slices with a razor
blade. From the results shown in Fig. 8, it is clear
that all three 14C-labeled dsRNA-3 segments of
the marker RNA are present but that there is no
3H in the position of the slowest moving dsRNA-3
segment. We conclude, thus, that the largest
dsRNA segment of the genome is missing from L
particles.

Evidence for virions deficient in dsRNA. A case
has been made that our stock virus population
contains two types of virion. One type is infectious
and contains H particles as viral cores. The other
type contains L particles, and the weight of evi-
dence shows that this virion is noninfectious by
itself. The L particle has been shown to lack one
of the largest segments of dsRNA genome, and
the question now is to decide whether the loss of
this dsRNA segment is an artefact of the chymo-
trypsin digestion of virions and subsequent iso-
pycnic centrifugation, or whether the dsRNA seg-
ment was lacking in the virions themselves from
which L particles were derived.

If L particle virions are themselves lacking the
dsRNA segment, their density should be different
from that of H particle virions. We now had a
density marker to test this possibility more
thoroughly than in the experiment of Fig. 1,
namely, virus that had been plaque-purified and
contained only H particle virions. Cells infected

a 1000-
05

500'

with stock virus were labeled with 3H-uridine, and
cells infected with plaque-purified virus were
labeled with '4C-uridine. Sixteen hours after
infection, the two cultures were mixed, the cells
were centrifuged, and the virus was purified. The
purified virus was then subjected to centrifuga-
tion in a cesium chloride gradient. The results are
shown in Fig. 9, and it is clear that the 'IC-labeled
virions are not distributed uniformly in the gra-
dient with the 3H-labeled population. Part of the
3H-labeled population had a slightly heavier
buoyant density than the "4C-labeled virions. This
difference in density was accentuated somewhat
when a similar virus population was centrifuged
in a gradient of cesium acetate as shown in Fig.
10. Two fractions from the gradient of Fig. 10,
at positions A and B, were then digested with
chymotrypsin and centrifuged in cesium chloride
gradients to determine the ratio ofH to L particles
(as in Fig. 2). For fraction A, the H/L particles
were in the proportion of 0.6, and in fraction B of
0.2. Contrary to expectation, virions containing L
particles apparently have a heavier density than
the H particle virions and were concentrated in
the leading peak of the gradient. It is possible that
the L virion contains less protein than the H
virion, that there is some marked conformational
difference, or that the solvation properties of the
two virions in cesium chloride are different.
The L particle virions are themselves deficient

in RNA as the following test shows. A stock virus
preparation labeled with 14C was purified and
found to contain an H to L particle ratio of 0.25,
This virus was mixed with a tracer amount of
3H-labeled purified virus containing only H parti-
cle virions. RNA was extracted from the mixture

8 9 10 I1

FIG. 8. Analysis ofRNA from L particles by electrophoresis on 5% polyacrylamide gel. L particles from stock
virus, labeled with 3H-uridine, were mixed with (4C-labeled virus which contained only H particles. The RNA was

extractedfrom the mixture and analyzed by electrophoresis on 15-cm columnzs of5% polyacrylamide gel for 48 hr
at 8 ma/tube. The gels were stained, sliced, and assayed for 3H and 14C. Symbols are: 0, 3H-labeled L particles;
0, "4C-labeled H particle RNA.
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FIG. 9. Sedimentation of stock virus in gradient of

cesiuml chlloride. '4C-lalbeled, plaqule-isolalted virus anld
3H-labeled stock viruls were copuarifiedl as described in

thec text, mixed Withl cesium1 chlloride to al denlsity of ap-

proximaltely 1.36 g/cm3i aned cenltrifulged for 20) hr at

51,000 X g at 4 C ill SW-SO rotor (Beckman).

Symbols are: '4C-labheled virues; 3H-labeled sto)ck
virus. Sedimentationtis from righvtto left.

and subjected to electrophoresis on polyacryla-

mide gel, and the gel was stained with methylene
blue. Nine sharply-defined, well-stained bands

were seen with a 10th very faint band in the posi-

tion of the slowest moving segment of dsRNA-3.

The gel was sliced, and the slices were assayed for

radioactivity (Fig. 11). Ten peaks of 3H are ob-
served marking the positions of the 10 genomic
segments. There is relatively very little 'IC in the
position of the largest dsRNA-3 segment, indicat-
ing that the stock virus population was deficient
in this segment. We conclude from this result that
the stock virus preparation contained complete
virions and a large majority of virions deficient in
the largest dsRNA segment of the genome. Prob-
ably the H to L particle ratio for a reovirus popu-
lation is a fairly accurate reflection of the relative
numbers of complete and defective virions.

Frequency of appearance of defective virions.
That which we have called stock virus in this
paper contains two major populations of virions.
One population has a complete genome and is
infectious; the other lacks the largest dsRNA seg-
ment of the genome and is, on this count, defec-
tive. The question we now pose is whether the case
we have been studying is a rather trivial one in
that the defective particles originated by remote
chance during routine passage of the stock virus
through cell cultures or whether defective parti-
cles arise frequently and, therefore, may be an

interesting and important means of studying the
replication cycle of reovirus. We have not yet
amassed any extensive or quantitative data on
this question. Nevertheless, four of the clones of
virus isolated in the experiment of Fig. 7 have
been serially passaged in L cell cultures at multi-
plicities of 30 PFU/cell. In all four cases, by the
fourth virus passage, beyond those described for
Fig. 5, L particle virions appeared in readily
detectable amounts in the viral progeny. By the
seventh passage, H and L particle virions were
present in roughly equal amounts in each viral
progeny. The means of detection was the stand-
ard one developed in this paper: virus was labeled
with 3H-uridine during growth in L cells, the prog-
eny was purified and digested with chymotrypsin,
and the products were sedimented in a cesium
chloride gradient. Thus, if we use the presence of
L particles in a progeny as a criterion, defective
virions may arise frequently during the replication
of reovirus.

1.37

6 ~~~A

a.0 08

3

0 2 80
FRACTIONS

FIG. 10. Sedimenitationi of stock virlus in a gradient
of cesium acetate. A mixture of 14C-labeled, plaque-
putrified virus anid 3H-labeled stock viruts as describedfor
Fig. 9 was mixed with cesilmn acetate to a denisity ofap-
proxinmately 1.36 g/cm7. Tlhe mixtuire was cen7trifuiged
for 20 hr at 33,000 X g at 4 C in ant SW-50 head, and
onie drop fractionis were collected. Symbols are: 0,
'4C-labeled virus; 0, 3H-labeled stock viruts. Fractions
A aiid B were digested with clhymotrypsin, anid the rcatio
ofH to L particles in each fractioni was determinled as in
Fig. 2. For fractioni A, the H to L ratio was 0.6; for
fractionl B, the ratio was 0.2. Directionz ofsedimentation
is from right to left.
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FIG. 11. Electrophoretic anialysis of RNA from stock virus which conttainied a large excess of L particles. Tlhe
stock virus contained a ratio ofH to L particles = 0.25. Experimental details are givent in the text, anid the electro-
phoretic analysis was carried out as described for Fig. 8. Symbols are: 0, '4C-labeled stock virus RNA; *,
31-labeled RNA from a viral populationt that conltainied onily H particles.

DISCUSSION
The population we have called stock virus in

this study is comprised of two major classes of
virion. One class is infectious and contains the H
particle as viral core which, on release by chymo-
trypsin digestion, is itself infectious. These virions
will be called H virions. The other class of virion
has the L particle as core and does not give rise to
infectious progeny (L virions). This conclusion is
based essentially on two pieces of information.
First, the majority of clones isolated from stock
virus contain only H virions (Table 2). Second,
two classes of virion with slightly different buoy-
ant densities can be distinguished by isopycnic
centrifugation of purified stock virus (Fig. 9).
The L virion lacks the largest of the 10 genomic
segments of dsRNA that are present in infectious
H virions (Fig. 11), and this observation explains
why the L virion is not infectious by itself.
L virions arise when a clone of H virions is

passaged serially in L cells at multiplicities of 10
to 20 PFU/cell. During the first six passages of a
plaque isolate, no L virions are detected in the
progeny. On continued serial passage, L virions
appear and by the eighth passage are at least
equal to H virions in amount. In general, this
phenomenon is similar to the von Magnus effect
with influenza virus in which an excess of non-
infectious virions is produced (23) and to the
formation of T particles during infection of cells
with vesicular stomatitis virus (5). Moreover, as
with the L virions of reovirus, both the noninfec-
tious influenza virions and the T particles are
defective, in that portions of their RNA genomes
are missing (2, 11, 13).

Insofar as reovirus is concerned, we hypothe-
size that during multiplication of H virions a
mistake is occasionally made, either in replication
or packaging of the genome during maturation,
giving rise to an L particle. Since the genome
probably exists in the virion as 10 discrete seg-
ments of dsRNA (Millward, unpublished data)
such mistakes might be expected to occur readily.
If such is the case, we have to postulate as a
corollary that L virions can replicate by utilizing
H virions as "helper" in some way we cannot yet
specify; that is, L virions cannot multiply unless
the cell is coinfected with an H virion. Otherwise,
L virions would never accumulate. Aside from the
fact that several replicative cycles are required to
accumulate a measurable concentration of L
virions, one other piece of evidence is in favor of
this hypothesis. Namely, for a parental stock virus
containing an H to L virion ratio of 0.5, decreas-
ing MOI markedly increased the H to L virion
ratio in the progeny (Fig. 6). As pointed out in
describing the details of this latter experiment, the
results could be equally well explained on the
grounds that L virions interfere with the replica-
tion of H virions. In point of fact, the two ex-
planations are not mutually exclusive, and both
helper and interference effects could operate
simultaneously. This situation could be clarified
by some very simple experiments if one could sep-
arate a population of L virions free from H
virions. Efforts to this end are in progress.
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