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Analyses of prototype vesicular stomatitis (VSV, Indiana serotype) mRNA-32P-
labeled viral RNA duplexes have established the assignments of 65 of the 72 large
oligonucleotides that are recovered by two-dimensional electrophoresis of RNase
T1 digests of the viral RNA. Fifty of the oligonucleotides are recovered in the L
RNA duplex, four each in the N, M, and NS duplexes, and three in the G RNA
duplex. Studies of three small defective-particle RNA species indicate that they
have only L gene oligonucleotides in addition to three of the seven unassigned
oligonucleotides. Some L gene ordering of oligonucleotides can be postulated
from the defective-particle RNA sequence analyses. Analyses of naturally occur-
ring alternate isolates of VSV Indiana have established that by comparison to the
prototype virus strain, the alternate isolates minimally have genome sequence
differences in L, G, N, NS and/or unassigned regions of the genome. Changes in
the genome have also been induced by in vitro high-level mutagenesis of the
prototype virus.

The genome of the rhabdovirus vesicular sto-
matitis virus, Indiana serotype (VSV Indiana),
consists of a negative-sense, single-stranded
RNA molecule with a molecular weight of 3.8
x 106 (14). The five viral complementary mRNA
species of VSV Indiana code for a glycoprotein
G, a membrane protein M, a major nucleocapsid
protein N, and two components of the virion
transcriptase, L and NS (4, 20). The gene order
of the virion RNA has been shown to be: 3' ...
N-NS-M-G-L ... 5' (1, 2).
We have previously compared various rhab-

doviruses by oligonucleotide fingerprinting their
genomes, using two-dimensional polyacrylamide
gel electrophoresis of the RNase T1-resistant
oligonucleotides derived from 32P-labeled ge-
nome RNA (6, 18; J. P. Clewley and D. H. L.
Bishop In D. H. L. Bishop (ed), Rhabdoviruses,
in press). In addition to prototype VSV Indiana,
we have fingerprinted the genomes of alternate
isolates of that virus (the Colorado, San Juan,
and New Mexico topotypes), other rhabdovirus
serotypes, including VSV New Jersey (four iso-
lates), Chandipura (two isolates), spring viremia
of carp virus (one isolate), Cocal virus (one iso-
late), and three attenuated strains ofrabies virus
(6, 18; Clewley and Bishop, in press). From these
analyses it was shown that the genome of each
rhabdovirus isolate has a characteristic finger-
print. A total of 71 large oligonucleotides were

identified in the fingerprints of the genome of
prototype VSV Indiana.

In the study reported here we have isolated
five mRNA-32P viral RNA duplexes and deter-
mined: (i) which of the large oligonucleotides of
the genome of the prototype strain of VSV In-
diana correspond to the N, NS, M, G, and L
duplexes and (ii) which are not found in these
duplexes and presumably represent genome or
mRNA end or intercistronic sequences. Further-
more, by comparing the fingerprints of the alter-
nate isolates of VSV Indiana and mutagenized
derivatives ofthe prototype strain, we have been
able to document where genome changes have
occurred.

Oligonucleotide fingerprint analyses ofvarious
defective interfering (dI) derivatives (T parti-
cles) of cloned prototype VSV Indiana (12), have
allowed us to postulate some oligonucleotide
ordering of the L gene.

MATERLS AND METHODS
Virus. The source of the virus prototype strain of

VSV Indiana used in this study has been described (6,
12).

Infection of cells and virus purification. The
methods used for the preparation and purification of
32P-labeled virus have been described previously (6).

Oligonucleotide fingerprinting of RNA. Oligo-
nucleotide fingerprinting utilized the method of de
Wachter and Fiers (9) as modified by Clewley and
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associates (7). Double-stranded RNA samples were
heat denatured at 1000C for 2 min in the presence of
10 U of RNase T1, quick frozen, then incubated at
37°C for 30 min after the addition of a further 10 U of
the enzyme. Before loading on the first-dimension gel,
the digest was incubated at 60°C for 3 min. After the
second-dimension electrophoresis, gels were exposed
to Kodak X-Omat R film with Du Pont Hi-Plus inten-
sifier screens and stored at -70°C (19).

Isolation and purification of 3H-mRNA. Con-
fluent monolayers of BHK celLs in Blake bottles were
incubated for 1 h at 370C in the presence of 5 ug of
actinomycin D per ml of medium. The medium was
removed, and the cells were overlaid with 0.5 ml of a
suspension of sucrose gradient-purified virus (multi-
plicity of infection, 50 PFU/cell) and 100 lg ofDEAE-
dextran. After 30 min at room temperature, the inoc-
ulum was removed and replaced with 30 ml of Eagle
medium containg 5% (vol/vol) calf serum, 150 ug of
actinomycin D, and 50 pCi of [3Hjuridine. Infected
cells were incubated at 37°C for 6 h. The medium was
then removed, the monolayers were washed twice with
phosphate-buffered saline, and the final traces of liq-
uid were removed by aspiration. The cells were then
frozen at -20°C and, after thawing, removed from the
glass with 5 ml of 0.01 M Tris-hydrochloride, 0.4 M
NaCl, 1% sodium dodecyl sulfate (pH 7.4), and RNA
extracted as descibed previously (6, 7). After the
addition of ethanol to the final aqueous phase, DNA
was spooled out of solution. RNA was recovered from
the remaining ethanol mixture by centifugation. It
was further purified by dissolving in 1 M NaCl-0.01 M
Tris-hydrochloride (pH 7.4), frozen in a dry ice-
ethanol bath, brought to 0°C, then immediately cen-
trifuged at 10,000 rpm for 30 min to recover single-
stranded RNA (19). Poly(A)-containing mRNA was
selected by oligo-dT cellulose chromatography as pre-
viously described (8).
Formamide gel electrophoresis of single-

stranded RNA. Formamide gels were prepared and
run as described by Duesberg and Vogt (10). The gels
were impregnated with 2,'5-diphenyloxazole for fluo-
rography, dried, and exposed to X-ray film at -70°C
as described elsewhere (5).
Annealing of viral RNA species and genera-

tion ofdouble-stranded RNA duplexes. 3H-labeled
mRNA and 3P-labeled virion RNA were annealed
together, and the RNase resistance was determined by
using procedures described elsewhere (3). After deter-
mining the optimum conditions for complete annealing
within 2 h, a preparative annealing reaction in a vol-
ume of 1 ml of 0.4M NaCl-0.05M Tris-hydrochloride-
1 mM EDTA (pH 8.0) was incubated for 2 h at 600C.
RNA was recovered by precipitation with ethanol,
dissolved in 1 ml of 5% (vol/vol) glycerol-2.5 mM
ZnCl2, 0.1 M NaCl-0.07 M sodium acetate (pH 4.5),
containing 10 U of nuclease Si, 25 U of RNase T2, 20
U of RNase T1, and 0.2 ,ug of RNase A, and incubated
at 370C for 30 min. Nucleases were removed by phenol
extraction, and duplex RNA was separated from nu-
cleotides by gel filtration on Sephadex G-50 (17). The
RNA was precipitated from the void volume with
ethanol and resolved by discontinuous gel electropho-
resis by the method of Laemmli (13). For this electro-
phoresis, the resolving gel concentration was 12%,

whereas the stacking gel concentration was 3%. Elec-
trophoresis was at 20 mA for 18 h. The positions of
the RNA bands were determined by autoradiography;
they were then cut out, and the RNA was recovered
as described previously (19).

RESULTS
Oligonucleotide fingerprints of VSV In-

diana viral RNA sequences recovered in
individual mRNA-3P viral RNA duplexes.
Purified total 3H-labeled mRNA preparations
obtained from prototype VSV Indiana-infected
cells, as described in Materials and Methods,
were analyzed by formamide gel electrophoresis
either before or after selection of poly(A)-con-
taming species by oligo-dT cellulose chromatog-
raphy (Fig. 1). For both samples, four major
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FIG. 1. Electrophoresis of 3H-labeled VSV
mRNA's on a 3.5% polyacrylamide gel in 99% form-
amide. (A) Lane 1, BHK28S and 18S rRNA markers;
lae 2, VSV mRNA before chromatography on oligo
(d)-cellulose; klae 3, VSV mRNA after chromatog-
raphy on oligo (dT)-cellulose. (B) Electrophoresis of
mRNA-.P-labeled viral RNA duplexes on a 12%
discontinuous polyacrylamide gel.
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bands of RNA were observed. By reference to
the marker 28S and 18S ribosomal RNA species
(lane 1), a 31S L mRNA was identified as well
as the faster-moving 17S G and 15S N mRNA
species. The 12S NS and M RNA species were
not resolved from each other (16). Material at
the top of the gel of the unselected RNA sample
(lane 2), but absent from that selected by oligo-
dT cellulose (lane 3), was presumed to be 42S
viral RNA. It was not analyzed further.
The viral complementary nature of the oligo-

dT-selected [3H]RNA species was determined
by annealing portions of it to low-specific-activ-
ity, 32P-labeled virion RNA. It was found that
under conditions of [32P]RNA excess, the 3H
label was rendered almost completely RNase
resistant. An excess of the poly(A)-containing
mRNA was annealed to high-specific-activity
32P-labeled viral RNA and treated with a battery
of single-strand-specific nucleases to generate
individual [3H]mRNA-32P-labeled viral RNA
duplexes [lacking poly(A)]. An autoradiograph
of a 12% discontinuous gel used to separate these
duplexes is shown in Fig. 1B. Five major bands
of labeled material were observed, correspond-
ing (in order of increasing electrophoretic mo-
bility) to L, G, N, NS, and M duplexes (11, 15).
Faint bands of radioactivity were also evident,
possibly representing nicked duplexes or du-
plexes derived from multistranded hybrids (Fig.
1). Due to the small quantities of radioactivity
present in these faint bands, they have not been
analyzed further. Material at the very top of the
gel may represent complete plus-minus strand
duplexes or aggregated RNA. Due to difficulties
in recovering this material, it has not been ana-
lyzed further.
The five mRNA-3P-labeled viral RNA du-

plexes were recovered from the gel and heat
denatured and, after RNase T, digestion, the
resulting oligonucleotides were resolved by two-
dimensional gel electrophoresis. The positions of
the 32P-labeled oligonucleotides were deter-
mined by autoradiography. The resulting finger-
prints of material derived from the individual
duplex samples (as well as a mixture of the NS
and M samples) are shown in Fig. 2. When
compared to the fingerprint of the viral RNA
(Fig. 3), it was apparent that each duplex sample
had only a particular subset of the genomic
oligonucleotides. In each fingerprint, minor
amounts of other genomic oligonucleotides were
evident, presumably derived from contaminat-
ing, partially degraded duplexes (Fig. 1).

In previous fingerprint studies of the genome
RNA of prototype VSV Indiana (6), 71 large
oligonucleotides were assigned arbitrary num-
bers (Fig. 3). Although most appear to be unique

by both visual inspection and pancreatic RNase
digestion (unpublished data), it has been deter-
mined that there are two oligonucleotides which
were assigned no. 44 (i.e., 44A, 44B), giving a
total of 72 oligonucleotides (no. 1-43, 44A, 44B,
45-71). However, whether there are more than
six oligonucleotides in the region where oligo-
nucleotides 18 through 23, or seven where oli-
gonucleotides 46 through 52 are recovered can-
not be determined due to overlap of the oligo-
nucleotides in those regions (Fig. 4). Pancreatic
RNase analyses of recovered oligonucleotides
from those regions of the gel have not resolved
these issues.

Using the nomenclature proposed previously,
it has been possible to assign 65 of the 72 viral
oligonucleotides to the 5 VSV Indiana genes
(Fig. 5). The remaining 7 oligonucleotides were
not recovered in these genes and presumably
either represent end or intercistronic sequences
that are removed by the procedure used to de-
rive duplexes (see Discussion).
L duplex. Of the 72 large oligonucleotides of

the prototype VSV Indiana genome, 50 were
recovered as major components in the L mRNA-
viral RNA duplexes (Fig. 5). That most of the
viral large oligonucleotides were recovered in
this duplex in part reflects the fact that this
mRNA codes for the largest viral polypeptide
(3, 20). It is also possible that the rest of the
genome has more guanylic residues than the L
gene, resulting in fewer large oligonucleotides
from these sequences. The faint spots in the L
(and other) duplexes probably represent con-
taminating viral RNA or, in the case of the other
duplexes, partially degraded larger duplexes.
G duplex. Although three large genomic oli-

gonucleotides (no. 31, 57, and 61) were assigned
to the G gene, other unique oligonucleotides
were evident (e.g., above oligonucleotide 44).
None of these oligonucleotides were evident as
major spots in any of the other duplex pattems.
N duplex. Four large oligonucleotides of the

viral genome (no. 11, 13, 58, and 65) were as-
signed to the N gene. None of the four oligonu-
cleotides were evident as major spots in the
other duplex patterns.
M duplex. Four large oligonucleotides (no.

32, 35, 52, and 71) were identified in the M
duplex pattern. None of these oligonucleotides
were present as major spots in the L, G, or N
patterns. However, all four were present in the
pattern obtained for the NS sample, as indicated
by the NS and M coelectrophoresis. In the coe-
lectrophorogram, it also appears that some N-
type oligonucleotides were present, presumably
derived from degraded N duplexes.
NS duplex. In addition to the four M oligo-
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FIG. 2. Oligonucleotide fingerprints of 3P-labeled oligonucleotides obtained from mRNA-3'P viral RNA
duplexes. (A) L dupkx. (B) N duplex. (C) G duplex. (D) NS duplex. (E)M duplex. (F) Coelectrophoresis ofNS
and M duplxes. In this and in aU other fingerprints, electrophoresis in the first dimension is from left to
right, and in the second dimension it is from bottom to top. X indicates position of two dye markers.
(Bromophenol blue, top right; xylene cyanol FF, lower left).

nucleotides, the NS sample gave a pattern con-
taining four other genomic oligonucleotides (no.
15, 28, 68, and 69). These latter four oligonucle-
otides were not found in the M, G, N, or L
patterns. Due to the difficulty in separating NS
andM duplexes (Fig. 1B), it is probable that the
M oligonucleotides present in the NS pattern
represent contaminating M duplexes.
Unassigned oligonucleotides. Seven viral

oligonucleotides (no. 3, 38, 42, 43, 44B, 59, and
70) could not be assigned to one or other of the
mRNA-viral RNA duplexes.
In vitro evolution of the genome of pro-

totype VSV Indiana by consecutive high-
level mutagenesis. To evaluate the effect of
high-level mutagenesis on the stability of the
genome of prototype VSV Indiana, a series of
experiments were undertaken involving two in-
dependent series of consecutive high-level mu-

tagenesis, plus control nonmutagenized series.
The protocol involved growth for 2 days at 380C
of cloned stocks of VSV Indiana in the presence
of 400 ,ug of 5-fluorouracil per ml of growth
medium, plating at 380C the viable progeny
(representing two logs of progeny virus) in the
absence ofmutagen, selecting a clone at random,
recloning, and growing a stock of virus from the
secondary clone. The control series was proc-
essed identically, except that no mutagen was
employed. Fingerprints were obtained for var-
ious passages of two series of consecutively mu-
tagenized virus as well as for the nonmutagen-
ized control series (Fig. 4).

It was found that, by the ninth passage of the
first mutagenesis series, oligonucleotides 71 and
64 were absent (Fig. 4), and a new oligonucleo-
tide to the right of no. 71 was present (Fig. 4).
By the 21st passage, in addition to the new
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FIG. 3. Oligonucleotide assignments ofprototype VSV Indiana. The numerical assignments of oligonucle-

otides recovered from RNase T, digests of VSV Indiana viral RNA are arbitrary (6).

oligonucleotide and the two missing oligonucle-
otides from the ninth passage, another oligonu-
cleotide was absent (no. 57). By the 23rd passage,
an additional two ofthe original oligonucleotides
were absent (no. 3 and 8), whereas a new oligo-
nucleotide appeared at the left of oligonucleotide
no. 8. From these studies it was concluded that
not only could the genome fingerprint of VSV
Indiana be changed by high-level consecutive
mutagenesis but also that the loss or addition of
oligonucleotides that occurred during earlier
mutageneses was inherited.
From the gene assignments described above it

was concluded that, by passage 9, sequence
changes had occurred involving oligonucleotides
in the M gene (no. 71) and L gene (no. 64). By
passage 21, a change had occurred in the G gene
(no. 57) whereas, by passage 23, additional
changes had occurred in the L gene (no. 8), as
well as in an unassigned sequence (no. 3).

Similar results were obtained for the second
mutagenesis series with inherited losses of other
oligonucleotides and acquisition of additional ol-
igonucleotides. By contrast, through 24 consec-
utive passages no changes were observed in any
of the control nonmutagenized series (data not
shown).
Analyses of alternate isolates ofVSV In-

diana. Previous studies of VSV Indiana isolates
representing topotypes of the virus obtained
originally in New Mexico (in 1966), Colorado (in
1942), and at the San Juan reservation, New

Mexico (in 1956), indicated that the genome
oligonucleotide fingerprints ofthese viruses were
comparable to, albeit distinguishable from, that
of the prototype strain (6). Knowing the genome
assignments of the prototype's oligonucleotides,
the location of the genome differences between
the various VSV Indiana virus isolates could be
deduced.
By comparison with the fingerprint of the

prototype virus, the Colorado strain of VSV
Indiana lacks six oligonucleotides (no. 9, 42, 46,
57, 59, and 61). Of these oligonucleotides, two
are L gene oligonucleotides (no. 9 and 46), two
are G gene oligonucleotides (no. 57 and 61) and
two are unassigned (no. 42 and 59). The New
Mexico variant of VSV Indiana does not have
11 oligonucleotides that are present in the pro-
totype strain (no. 7, 10, 15, 16, 24, 25, 49, 57, 58,
63, and 65). Of these oligonucleotides, seven
have been assigned to the L gene (no. 7, 10, 16,
24, 25, 49, and 63), two to the N gene (no. 58 and
65), and one each to NS gene (no. 15) and G
gene (no. 57). The San Juan isolate of VSV
Indiana does not have 11 oligonucleotides (no.
1, 2, 3, 16, 26, 37, 57, 58, 62, 63, and 69). Of these,
seven are assigned to the L gene (no. 1, 2, 16, 26,
37, 62, and 63) and one each to NS (no. 69), N
(no. 58), and G (no. 57), whereas oligonucleotide
no. 3 is unassigned.

DISCUSSION
From the fingerprints of the mRNA-viral

J. VIROL.
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FIG. 4. Effect of consecutive high-level mutagenesis on the genome oligonucleotide fingerprints of VSV
Indiana. (A) Starting clone; (B) 9th passage; (C) 21st passage; (D) 23rd passage. Oligonucleotides that by
comparison to the original clone are not present in the mutagenized virus passages are indicated by stars,
new oligonucleotides are indicated by arrows.

RNA duplexes generated using 32P-labeled vir-
ion RNA, we have been able to assign 65 of the
72 large oligonucleotides ofVSV Indiana genome
RNA. The seven unassigned oligonucleotides
may either be present in nontranscribed end or

intercistronic sequences, or represent sequences
that are only partially transcribed (e.g., at the
ends of the mRNA species), or be present near
the ends of the duplexes but are removed during
their selection.
Defective interfering particle RNA oli-

gonucleotide sequences. During studies in-
volving the generation of small defective inter-
fering (dI) particles, three dI RNA species were
identified and characterized by oligonucleotide
fingerprinting (12). With the information gener-
ated in the duplex analyses described here, we

can correlate the oligonucleotide assignments
with the oligonucleotides we have described pre-

viously (12) for three dI RNA species (Fig. 5).
Except for three oligonucleotides, all of the

oligonucleotides identified in the dI RNA finger-
prints are L gene oligonucleotides. The three
other oligonucleotides are no. 38, 59, and 70, and
they are unassigned. Since the largest dI exam-
ined (dI-3) has all the oligonucleotides found in
dI-2 (as well as 4 additional ones), whereas the
dI-2 RNA has all the oligonucleotides found in
dI-I (as well as 10 additional ones), it is probable
that oligonucleotide no. 38, 59, and 70 are end
sequence oligonucleotides. Although we cannot
exclude the possibility that these three oligonu-
cleotides are derived from intercistronic regions
(e.g., between the G and L genes), or the 3' end
of the genome, it is probable that they originate
from the 5' end of the L gene. Both 3' and 5' end
sequencing of the dI and viral RNA species will
be needed to resolve this issue.
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OLIGONUCLEOTIDES OF PROTOTYPE VSV INDIANA

N NS M G L
3'. (11,13,58,65).....(15,28,68,69).....(32,35,52,7 1).....(31,57,6 1).....(5,7,9,12,16,17,19,20,23,26,27,29/30,33,34,39,40,41 ,45,46,48,49,55,62,63)

L
(1,24,51 ,53X6,8, 10,1 4,30/29,36,37,44A,66,67X2,4, 18,21,22,25,47,50,54,56,60,64)....... 5'

Unassigned

3,38,42,43,44B,59970

DEFECTIVE PARTICLE RNA OLIGONUCLEOTIDES

DI-3
(1,24,51 ,53)(6,8, 10,1 4,30/29,36,37,44A,66,67)(2,4, 18,21 ,22,25,47,50,54,56,60,64)..38,59,70

DI-2
(6,8,10,1 4,30/29,36,37,44A,66,67)(2,4, 18,21,22,25,47,50,54,56,60,64)..38,59,70

DI-I
(2,4,18,21 ,22,25,47,50,54,56,60,64)..38,59,70

FIG. 5. Assignments of oligonucleotides to the N, NS, M, G, and L genes were made by comparing the
duplex fingerprints (Fig. 2) with the fingerprint ofthe prototype VSVIndiana virus (6). The dI oligonucleotide
assignments have been published elsewhere (12). A postulated L gene oligonucleotide ordering is presented
from the dI oligonucleotide data.

Derivation of mutated genome se-
quences. The ability to produce altered virus
genomes by high-level mutagenesis is of interest
not only with regard to mimicking natural evo-
lutionary events, but also for producing virus
derivatives having genomic markers. In prelim-
inary studies conducted by H. F. Clark of the
Wistar Institute, Philadelphia, Pa. with the
highly mutagenized virus (passage 27 of the se-
ries shown in Fig. 4), it appears that despite the
fact that the mutagenized virus grows in tissue
culture as efficiently as the original, or control,
nonmutagenized virus stock, its ability to kill 15-
to 20-day-old mice inoculated by intraperitoneal
or intraplantar routes is significantly lower (ra-
tios of 50% lethal doses to PFU decreased by 3
to 4 logs). Whether high-level mutagenesis can
be used to produce attenuated vaccine strains of
virus remains to be determined.
The alterations produced by 23 consecutive

mutageneses involve a minimum of five changes
in the viral genome. Since the oligonucleotide
fingerprint of the prototype strain of VSV Indi-
ana corresponds to approximately 10% of the
VSV genome (6), the 5 changes may reflect
alterations involving on the order of 50 genome
nucleotide changes.
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