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A class of defective interfering (DI) poliovirus particles has been identified. The
first was found as a contaminant of a viral stock; others have been isolated by serial
passage at a high multiplicity of infection. The DI particles are less dense than
standard virus and sediment more slowly. Their ribonucleic acid (RNA) sediments
more slowly than standard RNA and has a higher electrophoretic mobility. Compe-
tition hybridization experiments with double-stranded viral RNA indicate that DI
RNA is 80 to 90'- of the length of standard RNA. The proteins of DI particles are
indistinguishable from those of standard poliovirus.

Defective interfering (DI) particles are found
in stocks of many different types of viruses (9).
These particles are a natural form of mutant
which could be useful in the study of viral multi-
plication. They are also of interest because of
their possible role in viral disease processes (9).
In our stocks of type 1 poliovirus, what appears
to be a DI particle has been found. Two other
DI particles have been isolated by repeated pas-
sage of clonally purified poliovirus at a high
multiplicity of infection. The original DI has been
named DI(1) and the others, DI(2) and DI(3).

In this paper we will report the isolation and
physical characterization of poliovirus DI par-
ticles. In a subsequent paper (in preparation)
it will be shown that the DI particles can initiate
all aspects of the poliovirus replication cycle
except for the manufacture of new DI particles
because they are apparently lacking some of the
genes for capsid proteins. They can be propagated
by the use of helper, standard poliovirus, but this
co-infection results in interference by the DI parti-
cles with the production of standard poliovirus.

MATERIALS AND METHODS

Virus and cells. The growth of suspended HeLa cells
to a concentration of 4 X 105/ml and their infection
by type 1 poliovirus have been described previously
(2).

Poliovirus plaque assay. A modified Cooper-type
(5) plaque assay was used. For the base layer equal
amounts of 2% Agar (Difco) at 55 C and twofold
concentrated medium plus 5% horse serum were
mixed. The mixture was kept at 45 C and 8-ml por-
tions were dispensed into 60 by 15 mm bacterial
plastic petri dishes. Plates were stored at 4 C for up
to 3 months before further use.
The following were prepared for the top layer: (i)

autoclaved 1.2'-, agar in medium, kept at 60 C;

(ii) virus diluted serially in medium; (iii) HeLa cells
washed twice with medium and resuspended at 107/ml
in medium plus 1 horse serum. A mixture of 0.2
ml of a given virus dilution with 0.6 ml of cells and
0.6 ml of agar were spread rapidly over base layer
plates at room temperature, and plates were incu-
bated at 37 C in a CO2 incubator. After 40 to 48 hr,
2.0 ml of a solution of 0.01%,/o Neutral Red in Earle's
saline was added to each plate; stain was removed
after 2 to 4 hr at 37 C and plaques were made more
visible by addition of 0.5 ml of glacial acetic acid to
each plate (C. Pfau, personial communiicationl).

Isolation of poliovirus DI strains by repeated serial
passage. A single plaque on a plate containing fewer
than 10 plaques was picked into 1.0-ml medium using
a capillary tube. This was immediately cloned and
two new plaques, from different plates with fewer
than six plaques, were selected. Each plaque was
used to produce a clonally purified virus stock by
infecting 4 X 0l cells with virus from the selected
plaque. The infection was allowed to continue ap-
proximately 72 hr until all cells had been lysed, with
addition of fresh medium after 24 hr to maintain a
cell concentration between 20 X 104 and 40 X 104/ml.

Successive passages at a high multiplicity of infec-
tion were then carried out in two parallel series, A
and B, derived from the two separate plaques. For
the first passage infection was carried out at a multi-
plicity of 5 plaque-forming units per cell for A and
15 for B. The multiplicity of infection was increased
through the first five passages and from then on the
multiplicity of infection was always greater than 100
plaque-forming units per cell.

Production of labeled virus. From 4 X 107 to 4 X 108
cells were washed once in Earle's saline (6) and in-
fected by resuspension at more than 10OX normal
concentration in medium containing about 20 plaque-
forming units of virus per cell. Either plaque-purified
(DI free) stocks of poliovirus or a stock containing
approximately equal amounts of standard poliovirus
and DI particles was used. After adsorption at room
temperature for 15 to 30 min, cells were diluted to
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4 X 106/ml with warm medium containing horse
serum (5%) and actinomycin D (5,ug/ml) and incu-
bated at 37 C. Radioactive label was added 90 min
later.
To label proteins, cells were washed once in Earle's

saline, resuspended in medium minus leucine con-
taining dialyzed horse serum (5%) and 3H-leucine
(10 to 20 ,uCi/ml) or '4C-leucine (0.5 to 2.0 ,uCi/ml).
Ribonucleic acid (RNA) was labeled with uridine or
radiophosphate. 14C-uridine (0.5 to 1.0 ,Ci/ml) or
3H-uridine (10 to 20 MACi/ml) was added directly to
the infected cells; 10 mCi of carrier-free radio-phos-
phate (in 1.1 ml of 0.15 M NaCi) was added to 4 X 107
infected cells which had been washed once in me-
dium lacking phosphate and resuspended at 4 X 106/
ml in medium lacking phosphate containing 5%
dialyzed horse serum.

Purification of virus on CsCl gradients. Labeled
virus was released from cells by three cycles of
freezing and thawing followed by removal of cellular
debris by centrifugation. Sodium dodecyl sulfate was
added to 0.5% to the virus-containing supernatant
and virus was harvested by centrifugation at 160,000
X g for 90 min in the type 65 rotor in an L2-65B
ultracentrifuge (Beckman Instruments, Inc., Fullerton,
Calif.). Large volumes of fluid were harvested at
78,000 X g for 2.5 hr in the type 30 rotor.

In infections of more than 4 X 108 cells or when
32PO4 was used, the harvested virus was resuspended
in 0.5 ml of RS buffer (0.01 M tris(hydroxymethyl)
aminomethane (Tris), pH 7.4; 0.01 M NaCl; 1.5 X
10-3 M MgCl2), layered over a 36-ml, linear 15 to
30% sucrose gradient in 0.5% sodium dodecyl
sulfate buffer (0.1 M NaCl; 0.01 M Tris, pH 7.5;
10-3 M ethylenediaminetetraacetic acid (EDTA);
0.5% sodium dodecyl sulfate), and centrifuged at 22 C
for 3 hr at 81,500 X g in the SW27 rotor. The gra-
dient was collected into 1-ml fractions through a
recording Gilford spectrophotometer. Fractions con-
taining virus as determined by optical density at
260 nm, OD260, were pooled and diluted with 0.5%
sodium dodecyl sulfate buffer, and the virus was
harvested as above in the type 65 rotor.
The virus was resuspended in 1 ml of NE buffer

(0.01 M Tris, pH 7.4; 0.01 M NaCl; 0.02 M EDTA)
and transferred to cellulose nitrate tubes (1.59 by
7.6 cm; Y8 by 3 inches). The necessary components
were added to make a 6-ml solution ofCsCl (density =
1.33 g/cc), 0.8% Brij-58, and NE buffer, and this
was overlayered with Nujol. Ultracentrifugation was
carried out in type 40 or type 65 rotors at 93,000 X g
for 14 hr at 4 C in the Beckman model L or L2-65B
ultracentrifuge. Gradients were collected by punc-
turing the tubes at the bottom. Radioactivity in the
fractions was analyzed as previously described (8).
Densities were determined by refractometry. Prepara-
tions containing unlabeled virus were analyzed by
diluting fractions to 0.4 ml with NE buffer and mea-
suring OD260 with a Gilford spectrophotometer.

Preparation of poliovirus RNA. RNA was extracted
from purified virions by using either the phenol ex-
traction method of Scherrer and Darnell (18) or the
sodium dodecyl sulfate-acetic acid extraction method
(7, 13). Both methods yielded RNA with identical

electrophoretic behavior. The detergent method was
utilized for preparation of material for acrylamide
gels and the phenol method for preparation of ma-
terial for hybridization experiments in order to remove
all protein.

Preparation of poliovirus double-stranded RNA.
Poliovirus double-stranded RNA was prepared by a
modification of the method of Bishop and Koch (3).
After ethanol precipitation the RNA was dissolved
in 0.02 M sodium phosphate, pH 7.2, at a concentra-
tion of 1 to 2 mg/ml, made 2 M in LiCl, and placed
at -20 C overnight. Single-stranded and partially
double-stranded RNA were removed by centrifuga-
tion for 10 min at 12,000 X g in a Sorvall RC2B
centrifuge. Double-stranded RNA, which remained
in the supernatant (1), was precipitated with ethanol,
collected by centrifugation in the Sorvall RC2B
centrifuge, dissolved in 1.0 ml of 0.5% sodium
dodecyl sulfate buffer, and layered over a 1 4-ml,
linear 15 to 30% sucrose gradient in the same buffer.
Gradients were centrifuged at 20 C for 18 hr at 120,000
X g in the Beckman SW 40 rotor. Half-milliliter
fractions were collected through the Gilford spectro-
photometer and the fractions containing the peak of
18S poliovirus double-stranded RNA (1), seen by its
absorption at 260 nm, were pooled. By this pro-
cedure 2 X 109 cells yielded 2.2 OD260 of poliovirus
double-stranded RNA. A parallel preparation of
labeled double-stranded RNA prepared from 8 X 107
cells and labeled with 400 MtCi of 3H-uridine yielded
2.5 X 105 counts per min of 3H-uridine-labeled,
double-stranded poliovirus RNA.

Acrylamide gel electrophoresis. To separate pro-
teins, acrylamide gels were prepared and electro-
phoresed by a modification (11, 16) of the method of
Summers, Maizel, and Darnell (21). Gels 6 cm in
length were prepared in plexiglass tubes (7.5-cm)
having a 0.84 cm (14 inch) inside diameter; 12-cm
gels were prepared in tubes (15 cm). After electro-
phoresis, gels were removed from tubes and sliced
into 1-mm slices (21); slices were prepared for liquid
scintillation counting (4). Additional electrophoresis
experiments were performed by the method of Maizel
and Laemmli (personal conmrnunication). Electro-
phoresis of RNA was performed by the method of
Loening (12) as modified by Weinberg et al. (22).

Hybridization experiments. Poliovirus standard
RNA was obtained by extraction of RNA from a
preparation of poliovirus made from a stock free of
DI contamination. Pure DI(1) RNA was obtained by
extraction of RNA from the DI(1) region of the final
purification on CsCl resulting from an infection using
a mixed poliovirus and DI(1) stock. The purification
is such that the pooled DI(I) virions have less than
1%, of the specific infectivity (plaque-forming units
per OD260) of standard poliovirus.

Annealing of poliovirus standard and DI(1) RNA
to poliovirus double-stranded RNA utilized methods
previously described (10) except that denaturation
of RNA was carried out by boiling in water rather
than a high salt buffer.

Materials. '4C-L-leucine (200 mCi/mmole), 3H-L-
leucine (2 to 10 Ci/mmole), uridine-2-'4C (50
mCi/mmole), and uridine-5-3H (20 Ci/mmole) were
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purchased from New England Nuclear Corp., Des
Plaines, Ill. 32PO4 as phosphoric acid was purchased
from New England Nuclear Corp.; it was made 0.15 M
in NaCl and then adjusted to pH 7.4 by the addition
of a small amount of 0.5 M Tris buffer (pH 7.5).

Ribonuclease A was purchased from Worthington
Biochemical Corp., Freehold, N.J.; ribonuclease T1
(B grade) was purchased from Calbiochem, Los
Angeles, Calif. Actinomycin D was a generous gift
from Merck Sharp and Dohme. Sodium dodecyl
sulfate was obtained from Matheson, Coleman, and
Bell; Ficoll from Pharmacia, Inc.; CsCl from Harshaw
Chemical Co.; and iodoacetamide and Cleland's
reagent from Sigma Chemical Co., St. Louis, Mo.

RESULTS
Appearance and isolation of a DI particle from

poliovirus. Sedimentation of poliovirus in a
sucrose gradient normally produces a single
symmetrical band at about 150S. However, when
a preparation of poliovirus which was prepared
after a large number of serial passages over several
years was purified by sedimentation in a sucrose
gradient, material sedimenting more slowly than
poliovirus was observed as a shoulder on the
virion peak (Fig. la).

In order to characterize the slower sedimenting

Wr .' on %,uslTber

FIG. 1. Sucrose gradient patterin and buoyant
densities of a laboratory stock of poliovirus particles.
(a) OD260 profile of the bottom half of a sucrose

gradient containing a preparation of 32P-labeled polio-
virus. Sedimentation was from right to left. (b) and
(c) Samples offractions 11 (b) and 14 (c) were mixed
with 3 g of CsCl, 0.13 ml of 10% Brij-58 detergent,
and RS buffer to form a 7-ml gradient, centrifuged
for 28 hr at 78,000 X g at 4 C in an SW-40 rotor
(Beckman, Instruments, Inc.), collected into 0.2-ml
fractions, and analyzed for radioactivity. Higher
density is at the left.

material, samples were taken from fractions in
two regions (b and c) of Fig. la and the viral
particles in each sedimented to equilibrium in
CsCl. Two distinct bands were observed in each
gradient, one at the density of poliovirus (1.34
g/cc; reference 14) and a second at a lower
density (about 1.325 g/cc). Region b (Fig. lb)
contained predominantly standard poliovirus,
whereas the slower sedimenting material (region
c) contained a greater proportion of lower density
material (Fig. lc). Throughout the course of the
following experiments, the absolute densities of
the material in the two bands, as measured by
refractometry, varied by as much as 0.01 g/cc,
but the density difference between the two bands
was always 0.015 to 0.02 g/cc. Experiments to be
presented below and in a subsequent paper
(manuscript in preparation) have shown that the
material of density 1.325 is a DI form of polio-
virus, analogous to the DI particles associated
with many other types of viruses (9). Because a
number of poliovirus DI particles have now been
isolated, we refer to the initial isolate as DI(1).

Isolation of additional defective particles. Two
additional DI particles, DI(2) and DI(3), have
been isolated. Repeated passages at a high mul-
tiplicity of infection using plaque-purified virus
were performed in two parallel series (A and B)
as described above. At selected passage numbers,
the particle yield was labeled with 3H-uridine and
examined in CsCl density gradients. In series A
only a single, symmetrical peak was visible in
passages 10, 12, or 16 (Fig. 2). There was a slight
suggestion of lower density material as a shoulder
on the major band at passage 17 or 18, but it was
not until passage 19 that a prominent shoulder
became visible. By passage 21 a distinct band of
lighter particles was apparent, and by passage 25
the two bands were of approximately equal magni-
tude. During passage series B a shoulder first
appeared in passage 20 and a bimodal distribution
was observed in passage 25. The lighter particles
derived from series A and B have been named
DI(2) and DI(3), respectively. None of the DI
particles which have been isolated is necessarily
pure because no method for cloning the DI
particles has been developed.
Both DI(2) and DI(3) differed from standard

poliovirus by a larger density than did DI(1).
The differences observed were 0.028 g/cc for
DI(2) and 0.026 g/cc for DI(3). To compare
directly the density of DI(1) and DI(3), progeny
virus from the 25th passage of series B, containing
both standard and DI(3) virions labeled with
14C-uridine, was mixed with a small amount of
pure 3H-uridine labeled DI(1). Centrifugation of
the mixture to equilibrium in CsCl showed that
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FIG 2. Appearance of DI particles during suc-

cessive passages of clonally purified poliovirus. CsCI
gradients containing the labeled progeny of the indi-
cated passages were prepared as described in the text.
The maximum amplitude of the standard poliovirus
band has been assigned a value of I and the remainder
of each gradient normalized to this value. No adjust-
ment has been made to account for different numbers
of fractions produced by different gradients, and
therefore no precise comparison of poliovirus band-
width or standard and DI band separation can be
made. Indicated densities are for passage 25 virus
only.

DI(3) was lighter than DI(1) (Fig. 3). A similar
result was obtained when DI(2) was compared
to DI(1).

Comparison of the RNA of standard and DI
virions. The RNA of standard and DI virions were
compared both by velocity sedimentation in
sucrose and by acrylamide gel electrophoresis.
'4C-uridine-labeled standard RNAand 3H-uridine-
labeled DI(1) RNA were sedimented together
through a sucrose gradient. The RNA of DI(1)
sedimented more slowly than that of standard
virions (Fig. 4a), whereas in the control differ-

entially-labeled standard RNA sedimented at
identical rates (Fig. 4b).
Comparison of standard and DI(1) RNA by

acrylamide gel electrophoresis indicated that the
mobility of DI(1) RNA was greater than that of
standard RNA (Fig. 5a). The RNA of DI(3)
migrated slightly faster than that of DI(1) (Fig.
5b).
These experiments suggest that DI(1) RNA is

shorter than standard poliovirus RNA and that
DI(3) RNA is even shorter than DI(1) RNA.
The latter result is consistent with the finding that
DI(3) virions have a lower density than those of
DI(1).

Comparison of DI(1) and standard RNA by
hybridization. Table 1 shows that both standard
and DI(1) RNA are able to convert about 50%
of denatured labeled double-stranded poliovirus
RNA to a ribonuclease-resistant form. This re-

sult demonstrates that DI(1) RNA is homologous
to base sequence found in poliovirus double-
stranded RNA. However, because of a ±5%.
variability in such experiments and their high
background, a different type of experiment was,

necessary in order to determine the exact size
of the DI(1) RNA and also to determine to which
strand of the double-stranded RNA it is comple-
mentary.

In order to obtain a more exact measure of the
difference in size of standard and DI(1) RNA and
to determine whether standard poliovirus and
DI RNA share sequences or are complementary,
competition hybridization experiments were con-

ducted. Assays were performed using constant
amounts of denatured unlabeled poliovirus
double-stranded RNA and 32P-labeled poliovirus
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FIG. 3. Comparison of buoyant densities of DI(J)
and DI(3) in CsCl. Gradients were prepared and centri-
fuged as described. Symbols: (0), 14C-uridine-labeled
progeny of the 25th passage of series B; (0), 3H-
uridine-labeled DO(3).
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FIG. 4. Comparison of the sedimentation rates of standard and DI(J) RNA in sucrose gradients. Labeled RNA
was extracted by the acetic acid-sodium dodecyl sulfate method, precipitated by the addition of 2 volumes of95%
ethanol plus 50 g of carrier yeast transfer RNA per ml, collected by centrifugation at 12,000 X g in the RC2B
Sorvall centrifuge, resuspended in 0.5 ml of0.5% sodium dodecyl sulfate buffer, layered over a 16-ml linear 15 to
30% sucrose gradient in the same buffer, and sedimentedfor 15.5 hr at 66,000 X g in the SW-27 rotor (Beckman
Instruments Inc.). (a) 14C-uridine-labeled standard RNA and 3H-uridine-labeled DI(l) RNA; (b) 14C- and 3H-uri-
dine-labeled standard RNA.
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FIG. 5. Comparison of the electrophoretic mobility of standard, DI(l) and Dl(3) RNA in polyacrylamide gels.
Phenol-extracted standard, DI(l) and DI(3) RNA were ethanol precipitated and ether extracted. Samples were
resuspended in 50 ,liters of electrophoresis sample buffer [0.04 M tris(hydroxymethyl)aminomethane, pH 7.4; 0.02
M sodium acetate; 2 X 10-3 M ethylenediaminetetraacetic acid; 0.5% sodium dodecyl sulfate] containing sucrose
and methylene blue (21) and samples were mixedfor co-electrophoresis. Up to 50 ,uliters of mixed sample was

layered on to 6-cm 2.6% acrylamide gels which had been prerun 15 min at 5 ma/gel, and electrophoresis was car-
ried out at 5 ma/gelfor 4 to 4.5 hr. Gels werefrozen, removedfrom the tubes, sliced, and assayedfor radioactivity.
The anode is at the right.
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TABLE 1. Annealing of unlabeled standard and
defective intferfering [DI(I)] ribonucleic acid

(RNA) to '4C-double-stranded
standard RNAa

Ribo-
Conditions nuclease-

resistance(%)

Not boiled............................. 99
Boiled, not annealed.................... 9.7
Boiled................................ 8.3
Boiled, standard RNA added............ 52.3
Boiled, DI(l) RNA added.............. 50.9

a Mixtures were made containing about 1,200
counts/min of poliovirus double-stranded RNA
and either 7.5,ug of standard poliovirus RNA or
no added RNA in a final volume of 0.4 ml of
H20. Indicated samples were boiled 5 min. Sam-
ples were annealed at 70 C for 45 min after adjust-
ment to 0.1% sodium dodecyl sulfate and 0.3 M
NaCl and 0.03 M sodium citrate. Samples were
chilled and divided into two equal portions, one
of which was treated with 50,ug of ribonuclease A
per ml for 30 min at 22 C. All samples were then
acid precipitated and radioactivity was deter-
mined. The results are expressed as percentage of
ribonuclease-resistant RNA in each sample.

RNA of high specific activity (-1.2 X 106 counts
per min per Ag). In parallel experiments increasing
amounts of unlabeled standard or DI(1) RNA
were added to the above reagents in order to
determine the extent to which the added unlabeled
RNA could compete for annealing with the
32P-labeled standard RNA. The results of several
experiments are summarized in Fig. 6. Both
standard and DI(1) RNA competed with 32p_
labeled standard RNA during the annealing
reaction, indicating that DI(1) RNA consists
mainly of base sequences identical to those found
in standard RNA. However, as more RNA was
added a constant difference of about 13% was
seen between the two competition curves. This
suggests that 13% of the standard RNA is lacking
in DI(1) RNA. DI(1) RNA, therefore, consists of
87% of the poliovirus genome. The data in Fig. 5
indicate that DI(3) RNA is slightly smaller than
DI(1) RNA; we estimate it to contain 83% of the
genome, based on its electrophoretic mobility.

Comparison of the capsid proteins of standard
and DI particles. The proteins comprising the
capsids of DI(1) and DI(3) were compared to
those of poliovirus by electrophoresis on 10%
acrylamide gels (Fig. 7a and b). The same four
capsid proteins were present in both standard
and DI particles and in the same relative propor-
tions.

DISCUSSION
When clonally purified poliovirus is repeatedly

passaged at high multiplicity in HeLa cells, there
eventually appear particles of lower buoyant
density. In two cases such particles were first
observed in CsCl gradients after the 16th and
18th passages, respectively. They had previously
been observed as a contaminant of one laboratory
stock of poliovirus. We know of no other report

Addd RNA (As)

FIG. 6. Determination of the size of DI(1) RNA
by competition hybridization. Conditions described
below were determined by preliminary experiments for
optimal time, temperature, and concentration of
reagents needed to give complete double-stranded
RNA denaturation and maximal renaturation to added
RNA. Hybridization was performed in dichromate-
washed tubes in a final volume of 0.2 ml of H20
containing 0.4 Mg of poliovirus double-stranded RNA,
1,500 counts/min of 32P-labeled RNA (approximately
0.004 Mzg of RNA), and increasing amounts of un-
labeled standard or DI(J) RNA. Samples were boiled
for 5 min, transferred to a water bath at 70 C, and
made 0.1% in sodium dodecyl sulfate and 2X SSC
(SSC = 0.15 M NaCl, 0.015 M sodium citrate).
Annealing was for 2 hr. Samples were then rapidly
chilled and divided into two equal portions, one set
acid precipitated and the other set treated with 50
MAg ofribonuclease A per ml and 25 units ofribonuclease
T, per ml for 30 min at 22 C before acid precipitation.
Both sets of samples were collected on membrane
filters (Millipore Corp., Bedford, Mass.) and radio-
activity determined by counting in a gas flow counter
(Nuclear-Chicago Corp.) The figure contains data
from several experiments. Symbols: (0), standard
RNA; (0), DI(l) RNA. Percentage of ribonuclease-
resistance was calculated for each sample, and 2.1%
was subtracted to account for ribonuclease-resistant
material present in the '2P-labeled RNA and not de-
natured upon treatment at 100 C for 5 min. The data
were then adjusted so that 100% was defined as the
level of ribonuclease-resistance obtained after maxi-
mally annealing 3P-labeled RNA to poliovirus double-
stranded RNA in the absence of added, competing
single-stranded RNA. This value was actually 86%.
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FIG. 7. CompaIrisoi of th1e capsid proteii?s ofstandard, DI(1) aitd DI(3) particles by polyacrylamide gel electro-
phoresis. (a) Staiidard aitd DI(l) particles were purified on CsCI gradiellts. Samples were prepared aiid electrophore-
sis carried out by a modificatioii (1 I 16:) of the method ofSummers, Maizel, atid Darstell (21). Oiie hundred 41iters
of sanmple (containinig standard at1d DI(l) capsid proteins) was layered oi1to a 12-cm 10% acrylamide-etlhyletie
diacrylate gel and electrophoresis carried out at 7 malgel for 18 hr. (b) Stastdard anid DI(3) particles were purified
oi1 CsCI gradients aiid the particles revmoved from the CsCI by dilutiott with distilled water aitd cenitriftigatiolt at
I60,000 X g at 4 C for 60 min ill thle Beckman 65 rotor. Viral particles were resuspeiided ill distilled water, mixed
with electrophoresis sample buffier, aiid boiledfor 5 miti. A sample of 0.3 ml of this mixture was layered onto I0%o
acrylamide-bis-acrylamide gels, aitd electrophoresis carried out at 100 vlgel for 5 h1r by th1e metliod of Maizel aiid
Laemmli (personal commutzicatioii). After electrophoresis, gels (a) aetd (b) *vere removed from tubes and sliced,
and radioactivity was assayed.

of picornavirus DI particles although they may
have been present in earlier experiments (17).
The need for 16 to 18 successive high mul-

tiplicity passages to generate detectable levels of
poliovirus DI particles is in contrast to the ap-
pearance of DI particles after three or four such
passages from vesicular stomatitis virus (19) and
reovirus (15). This might reflect the rarity of DI
production in the poliovirus system. More likely,
it is due to the weaker interference of poliovirus
DI, as compared to other DI, which lengthens
the time between the initial production of DI
particles and growth to a titer where they can be
detected by our methods.
The analyses reported here show that the DI

particles consist of a portion of the poliovirus
genome plus a capsid made of all four poliovirus
coat proteins in proportions identical to those for
standard poliovirus. It is probable that these
particles are formed by replication of the defective
RNA by a mechanism similar or identical to that
by which standard RNA is replicated and that
this defective RNA is then encapsidated by the
poliovirus procapsid. It has been shown (11, 20)
that the procapsid contains three proteins, VP 0,

VP 1, and VP 3, and that VP 0 is apparently con-
verted to VP 2 and VP 4 upon union of the
procapsid with viral RNA. We can detect no
VP 0 in our DI particles (Fig. 7) so it seems that
the conversion of VP 0 to VP 2 and VP 4 is
complete even though a reduced amount of RNA
is present.
One aspect of the results in Fig. 6 should be

noted. The hybridization competition by DI(1)
RNA has a single point off the line at 2 Ag of
added RNA and this has been a reproducible
result. It may indicate that the population of
DI(1) RNA molecules has some type of heter-
ogeneity in spite of the sharp profile exhibited by
the particles in CsCl gradients and the apparent
homogeneity of the RNA on sucrose gradients
and in acrylamide gel electrophoresis. Standard
RNA does not show this deviation from a smooth
curve. In spite of this unresolved oddity, the
difference between the competition by standard
and DI RNA at high RNA inputs clearly indi-
cates that about 13% of the standard RNA is not
represented in DI(1); but the exact genetic struc-
ture of the DI RNA can only be determined from
more detailed experiments, and homogeneity
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will only be assured if a method of cloning DI
particles can be devised.

In order to justify the designation of the polio-
virus-related particles discussed in this paper as
DI particles, it is necessary to show that they
interfere with the growth of standard virus.
Evidence for interference will be presented in a
subsequent paper.

ACKNOWLEDGMENTS
We would like to thank David Rekosh for his participation in

the accident leading to the initial discovery of poliovirus DI, and
Alice S. Huang for critical reading of the manuscript.

This work was supported by Public Health Service grant Al-
08388 from the National Institute of Allergy and Infectious
Diseases. C. N. C. was a predoctoral fellow of the National
Science Foundation and D. B. was a Faculty Research Awardee
of the American Cancer Society.

LITERATURE CITED
1. Baltimore, D. 1966. Purification and properties of poliovirus

double-stranded ribonucleic acid. J. Mol. Biol. 18:421-428.
2. Baltimore, D., M. Girard, and J. E. Darnell. 1966. Aspects of

the synthesis of poliovirus RNA and the formation of
virus particles. Virology 29:179-189.

? Bishop, J. M., and G. Koch. 1967. Purification and charac-
terization of poliovirus-induced infectious double-stranded
ribonucleic acid. J. Biol. Chem. 242:1736-1743.

4. Choules, G. L., and B. H. Zimm. 1965. An acrylamide gel
soluble in scintillation fluid: its application to electropho-
resis at neutral and low pH. Anal. Biochem. 13: 336-344.

5. Cooper, P. D. 1961. An improved agar cell-suspension plaque
assay for poliovirus: some factors affecting efficiency of
plating. Virology 13:153-157.

6. Earle, W. R. 1943. Production of malignancy in vitro. IV.
The mouse fibroblast cultures and changes seen in the
living cell. J. Nat. Cancer Inst. 4:165.

7. Granboulan, N., and M. Girard. 1969. Molecular weight of
poliovirus ribonucleic acid. J. Virol. 4:475-479.

8. Huang, A. S., and D. Baltimore. 1970. Initiation of poly-
ribosome formation in poliovirus-infected HeLa cells.
J. Mol. Biol. 47:275-291.

9. Huang, A. S., and D. Baltimore. 1970. Defective viral par-

ticles and viral disease processes. Nature (London) 226:
325-327.

10. Huang, A. S., D. Baltimore, and M. Stampfer. 1970. Ribo-
nucleic acid synthesis of vesicular stomatitis virus. III.

Multiple complementary messenger RNA molecules.
Virology 42:946-957.

11. Jacobson, M. F., and D. Baltimore. 1968. Morphogenesis of
poliovirus. I. Association of the viral RNA with coat
protein. J. Mol. Biol. 33:369-378.

12. Loening, U. 1967. The fractionation of high-molecular-weight
ribonucleic acid by polyacrylamide-gel electrophoresis.
Biochem. J. 102:251-257.

13. Mandel, B. 1962. Early stages of virus-cell interaction as

studied by using antibody. Cold Spring Harbor Symp.
Quant. Biol. 27:123-136.

14. Mattern, C. F. T. 1962. Some physical and chemical prop-

erties of Coxsackie viruses A9 and AIO. Virology 17:
520-532.

15. Nonoyama, M., Y. Watanabe, and A. F. Graham. 1970.
Defective virions of reovirus. J. Virol. 6:226-236.

16. Rekosh, D. M., H. F. Lodish, and D. Baltimore. 1970. Protein
synthesis in E. coli extracts programmed by poliovirus
RNA. J. Mol. Biol. 54:327-340.

17. Roizman, B., M. M. Mayer, and H. J. Rapp. 1958. Immuno-

chemical studies of poliovirus. III. Further studies of the
immunologic and physical properties of poliovirus par-
ticles produced in tissue culture. J. Immunol. 81:419-425.

18. Scherrer, K., and J. E. Darnell. 1962. Sedimentation charac-
teristics of rapidly labeled RNA from HeLa cells. Biochem.
Biophys. Res. Commun. 7:486-490.

19. Stampfer, M., D. Baltimore, and A. S. Huang. 1971. Absence
of interference during high multiplicity infection by clonally
purified vesicular stomatitis virus. J. Virol. 7:409-411.

20. Summers, D. F., and J. V. Maizel, Jr. 1968. Evidence for
large precursor proteins in poliovirus synthesis. Proc. Nat.
Acad. Sci. U.S.A. 59:966-971.

21. Summers, D. F., J. V. Maizel, and J. E. Darnell. 1965. Evi-
dence for virus-specific non-capsid proteins in poliovirus-
infected HeLa cells. Proc. Nat. Acad. Sci. U.S.A. 54:505-
513.

22. Weinberg, R. A., U. Loening, M. Willems, and S. Penman.
1967. Acrylamide gel electrophoresis of HeLa cell nucleolar
RNA. Proc. Nat. Acad. Sci. U.S.A. 58:1088-1095.

VOL. 7, 1971 485


