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ABSTRACT The sequence arrangement within the.nontran-
scribed portion of the inverted terminal repetition of the vaccinia
virus genome exists in quasi-stable and unstable forms that are not
distinguishable on the basis of viral infectivity. The unstable
forms, which composed about 20% of a serially passaged stock of
virus, were recognized by terminal heterogeneity on restriction
endonuclease analysis. Instead of a singe terminal fragment from
each end of the genome, an array of eight or more fragments
differing in size by 1650-base-pair increments was detected. This
feature was not eliminated by repeated plaque purification, in-
dicating that the population of DNA molecules with various num-
bers of reiterations can rapidly evolve from the DNA of a single
virus particle. However, at each successive round of plaque pu-
rification, about 20% of the unstable isolates revert back to the
more stable form. Stable forms are characterized by the presence
of a set of 13-17 tandem 70-baserpair repeats on each side of a
435-base-pair intervening sequence near both ends of the genome.
In contrast, the unstable forms possess sets of tandem repeats and
intervening sequences that alternate many times in series. The
transition between the two genomic forms and the evolution of the
unstable form appear to be mediated by recombinational events.

Nontranscribed, highly reiterated DNA arranged in tandem
arrays of short or long repeats with internal periodicities is com-
mon in eukaryotic genomes (see ref. 1 for references). To high-
light the possibility that the repeated DNA sequences may have
no special function, the term "selfish DNA" was proposed (2,
3). The origin, perpetuation, and continued evolution of re-
peated DNA have been ascribed to unequal recombinational
events (4). Evidence for reiteration of a nontranscribed segment
of vaccinia virus DNA containingtandem repeats by such a
process is presented here.

Vaccinia virus, the prototype of the poxvirus family, contains
a 120-million-dalton or 180-kilobase-pair (kbp), linear, double-
stranded DNA genome (5) with a 10-kbp inverted terminal rep-
etition* (6, 7) that is divided into nontranscribed and tran-
scribed portions (8, 9). The terminal 3-kbp nontranscribed re-
gion is of special interest because it contains a set of 13-17 direct
tandem repeats of a 70-base-pair (bp) sequence on each side of
a 435-bp intervening region (10). We suspected that this tran-
sposon-like (11) arrangement might promote recombinational
events leading to terminal DNA sequence heterogeneity. Such
a phenomenon could partly explain earlier reports (12, 13) of
diffuse or submolar terminal restriction endonuclease frag-
ments obtained upon analysis of serially passaged stocks of vac-
cinia virus.

During an analysis of individual vaccinia virus plaque iso-
lates, several were found to have highly unstable genome struc-
tures. Multiple-length terminal fragments were obtained by
restriction endonuclease analysis even after the virus was re-
peatedly plaque purified. Analysis of the DNA suggests that

the bizarre unstable forms arise by reiteration of a DNA seg-
ment and occasionally revert back to more stable forms by un-
equal recombinational events that are a natural consequence of
the genome structure of vaccinia virus.

MATERIALS AND METHODS
Virus. A stock of vaccinia virus (strain WR) originally ob-

tained from the American Type Culture Collection and serially
passaged in HeLa human cells at a multiplicity of one plaque-
forming unit per cell was used. Plaque isolation was carried out
on BSC-1 monkey cell monolayers, using a 1% agar overlay.
Sufficient virus for DNA analysis was obtained by using one-
fourth of the virus from a single plaque to inoculate BSC-1
monolayers in three to four 150-cm bottles. Virus was purified
by sucrose gradient sedimentation as described (14), except for
the substitution of a Beckman SW 41 rotor. In some experi-
ments, virus partiallypurified by sedimentation through acush-
ion of 36% sucrose was used.

Analysis of DNA. DNA was isolated from purified virus,
digested with restriction enzymes, and analyzed by agarose gel
electrophoresis as described (7, 10). Transfer of separated DNA
fragments by blotting to nitrocellulose membranes (15) or pre-
parative isolation of DNA by binding to glass powder (16) was
according to established procedures. DNA labeled with 32P by
nick-translation (17) was hybridized to the immobilized DNA
fragments as described (9).

Materials. Restriction endonucleases were purchased from
Bethesda Research Laboratories and New England BioLabs.
Radioisotopes came from Amersham.

RESULTS
Unstable Forms of Vaccinia Virus. To explore the basis of

terminal heterogeneity in the vaccinia virus genome, individual
plaques were picked from a serially passaged virus stock. These
isolates were then used to infect BSC-1 monolayers at low mul-
tiplicity, and virus was purified to obtain sufficient DNA for
restriction endonuclease analysis. Restriction fragments from
the entire genome were separated by agarose gel electropho-
resis and transferred to a nitrocellulose membrane. End frag-
ments were identified by hybridization to a 32P-labeled Hpa II
DNA fragment containing the terminal 3.5 kbp of the genome.
Control experiments were carried out, using our standard
plaque-purified virus that had previously been picked from the
stock described above. With the restriction enzyme Xho I,
which cuts within the 10-kbp inverted terminal repetition, only
the double molar 5.9-kbp G fragment derived from both ends
of the genome was detected by hybridization to the probe (Fig.

Abbreviations: bp, base pair(s); kbp, kilobase pair(s).
* We use the words "repetition" for the 10-kbp inverted terminal rep-
etition, "repeat" for the tandem 70-bp repeating unit, and "reitera-
tion" for the segment of DNA that is repeated in unstable virus
isolates.
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FIG. 1. Identification of terminal HindIII and Xho I restr
endonuclease fragments. HindIH and Xho I complete digests of
from the progeny of vaccinia virus plaque isolates was fractiona
0.6% agarose gel electrophoresis, transferred to a nitrocellulose
brane, and hybridized to a 32P-labeled DNA fragment probe. The
was prepared by nick translation of a 3.5-kbpHpa II fragment is
from the end of the cloned 9-kbp EcoRI terminal genome fragme
After unhybridized DNA had been washed away, an autoradio
was prepared. S, standard plaque-purified vaccinia virus used i
laboratory; 6, a randomly picked plaque isolate; 6/1, 6/2, and 6
second-generation plaques obtained by replaquing 6.

1, track S). With restriction enzyme HindIl, which doe
cleave within the repetition, the two large terminal B a
fragments of approximately 27 kbp and 20 kbp were det
by the hybridization procedure (Fig. 1, track S).
When 20 additional virus isolates were screened in this

ner, many exhibited small deviations in the size of the ten
5.9-kbp Xho I G fragment, which could be due to variatic
the precise number of 70-bp repeats. Remarkably, four c
isolates examined appeared to have a series of various si2
terminal Xho I fragments instead of one. This report is de
to the analysis of one such bizarre variant.
The terminal fragments of a complete Xho I digest of p

isolate 6 DNA appeared as an array or ladder in which the 1
rung was similar in size to the single 5.9-kbp terminal frag
obtained with standard virus (Fig. 1, track 6). The next h
band was the most intensely labeled one and was approxim
7.5 kbp. Each band above that one was slightly less intens
was also 1.6-1.7 kbp larger. In total, at least eight bands
counted. Densitometry indicated that the "normal" 5.1
size terminal Xho I fragment composed 27% of the total an
successively higher bands composed 34, 22, 8, 5, 2, anm
than 1%, respectively.

Because the two strands of vaccinia virus DNA are coval
linked at their ends (5), terminal restriction fragments has
unique property of rapid renaturation (5, 18). To deter
whether the multiple terminal fragments of DNA from i!
6 contain covalently linked ends, Xho I digests were dena

with alkali, neutralized, and treated with the single-strand nu-
clease S1. Analysis of the products by agarose gel electropho-
resis indicated that at least the three lowest terminal fragments
of the ladder had rapidly renatured and were resistant to Si
nuclease. Presumably, all of the terminal fragments had this
property; however, the ethidium bromide stain was too faint
to detect higher molecular weight bands. By contrast, only the

i 5.9-kbp fragment of standard virus DNA was resistant to nu-
clease S1 under these conditions.

Examination of a complete HindIII digest revealed that this
I_ plaque isolate also had a 9-kbp deletion that shortened the ter-

minal HindIII C fragment. Elsewhere, we will demonstrate that
this deletion, which does not appear to be directly related to
the terminal heterogeneity of present interest, starts about 10.3
kbp from the left end of the genome. Significantly, however,
a series of bands was also detected above the shortened left ter-
minal HindIl C fragment (Fig. 1, track 6). Similarly, the blur
above the full-length right terminal HindIII B fragment could
be resolved into a series of bands when the electrophoresis was
carried out for prolonged times (not shown).
The bizarre characteristics of this variant were most readily

explained by the existence of a family of DNA molecules with
a variable number of reiterations of a 1. 65-kbp sequence at both
ends. However, because the isolate had been plaque purified
and passaged only once, the virus must be highly unstable. To
check this, some of the remaining virus from the initial plaque

6/3 number 6 was dispersed by sonication, diluted, and replaqued.
The restriction endonuclease analysis of the DNA from the

riction progeny of three daughter plaques is also shown in Fig. 1. With
DNA isolates 6/1 and 6/3, an array of terminal fragments virtually
ted by identical to those of 6 was detected, whereas 6/2 had a single
mem- labeled Xho I band of approximately 5.9 kbp.blattelr lbldXoIbn fapoiaey59k
olated This type of analysis was extended as indicated in Fig. 2. The
,nt (8). isolates outlined by boxes were similar to 6/2 and had a single
graph size terminal Xho I fragment. The other isolates, however, gave
in this a ladder pattern virtually identical to that of 6/1. Because the
/3 are ladder pattern was still obtained with virus that had been sub-

jected to four successive plaque purifications, we concluded
that the entire family of variable-length DNA molecules could

s not be rapidly generated from the DNA in a single particle. The
nd C more stable forms that continuously occur with a frequency of
ected
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FIG. 2. Pedigree of plaque isolates. Isolates that are boxed have
"stable" genotypes indicated by a single 5.9-kbp Xho I terminal DNA
fragment. All other isolates have multiple terminal DNA fragments
differing in length by 1.65 kbp.
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about one in five are apparently revertants. Further analysis
demonstrated that 6/2 and all the other stable revertants still
have shortened HindIII C fragments. Therefore, the deletion
on the left side of the genome does not bear a direct relationship
to the phenomenon of instability. To further demonstrate the
relative stability of the revertants, 10 daughter plaques were

obtained from 6/1/3/3, and DNA from their progeny was ana-

lyzed: each had a single 5.9-kbp Xho I terminal fragment.
Identification of the Reiterated Sequence. From the site of

Xho I cleavage we concluded that reiterations of the 1.65-kbp
sequence occur within the terminal 5.9 kbp of the vaccinia virus
genome. Because the result obtained with Sal I, which cuts 3.5
kbp from the end of the vaccinia virus genome, was similar to
that obtained with Xho I, further localization of the reiterated
DNA was achieved (not shown).
A restriction endonuclease map of the terminal 4 kbp of the

vaccinia virus genome showing Sal I, Dde I, and Alu I sites (10)
is presented in Fig. 3B. Each of the two enlarged areas enclose
a set of 13-17 direct tandem repeats of a 70-bp sequence con-

taining an HinfI restriction site. The last HinfI site of the first
set of repeats and the first of the second set are separated by
a 435-bp intervening sequence containing single Dde I and Alu
I sites.
When our standard virus DNA was digested with Dde I or

Alu I, a large number of restriction fragments were resolved by
agarose gel electrophoresis. However, when those fragments
were transferred to a nitrocellulose membrane and probed with

AIu I
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FIG. 3. Identification of the reiterated sequence. (A) DNA of
standard virus (S) or plaque isolates (6/1, 6/2) were digested with
either Dde I orAlu I, electrophoresed on a 1% agarose gel, transferred
to a nitrocellulose membrane, and hybridized to a purified 70-bp repeat
fragment labeled with 32p. The latter was obtained from an Hinfl di-
gest of cloned DNA. An autoradiograph is shown. (B) Restriction en-
donuclease map of terminal 4 kbp of the vaccinia virus genome (10).
Each set of 13-17 tandem 70-bp repeats is indicated by the enlarged
segments. (C) Restriction endonuclease map of terminal fragments
containing reiterated DNA. The reiterated DNA is indicated by the
segment filled with dots.

purified 32P-labeled 70-bp HinfI fragment containing the repeat
sequence, only two were labeled. As shown in Fig. 3A (track
S), the two Alu I bands were approximately 1340 and 2560 bp
and the two Dde I bands were 1140 and 2825 bp. With other
plaque isolates, we found differences in the sizes of these bands
consistent with variations in the precise number of tandem re-
peats of the 70-bp sequence. The map in Fig. 3B indicates that
the smaller Dde I and Alu I fragments were derived from the
very end of the genome, whereas the larger ones were derived
from the adjacent sequence.
When DNA from 6/1 was examined in the same manner,

three bands were detected with both Alu I and Dde I (Fig. 3A).
The absence of a ladder pattern indicated that both restriction
enzymes cleaved within the reiterated unit. With Alu I, the
three bands were estimated to be 2300, 1525, and 1425 bp; and
with Dde I, they were 2575, 1425, and 1275 bp. That none of
these bands were identical in size to the ones from standard
virus was consistent with the variations in number of 70-bp re-
peats alluded to above. For example, the upper Alu I and Dde
I bands of 6/1 are both about 260 bp smaller than the respective
bands from our standard virus, suggesting that the second set
of tandem repeats in 6/1 contains 13 rather than 17 units. The
more significant finding, however, was the presence of a third
band, which must be derived from reiterated DNA. Further-
more, the reiterated DNA must contain both Dde I and Alu I
sites in order to generate a third fragment with each enzyme,
and it must contain 70-bp repeats for the fragment to hybridize
to the probe.

In the model shown in Fig. 3C, the reiterated DNA is in-
dicated by the dotted area and is composed of a copy of the
intervening sequence and one set of repeats. Assuming that set
of tandem repeats contains 17 units of the 70-bp sequence and
the intervening sequence is 435 bp, the size of the reiterated
DNA would be about 1.63 kbp, in excellent agreement with the
increment in size of the terminal Xho I fragments. In DNA
molecules with multiple reiterations, the entire dotted area in
Fig. 3C would be tandemly repeated. Although this would not
generate different size Dde I orAlu I fragments, the extra band
would be multimolar. Indeed, densitometry of the autoradio-
graph showed that the 1425-bp Dde I band and the 1425-bp Alu
I band were most intense, indicating that they are derived from
the reiterated DNA. Furthermore, the identity in sizes of the
Dde I and Alu I bands containing the reiterated DNA is con-
sistent with the model in Fig. 3C. The sequence arrangement
in Fig. 3C was also demonstrated by electrophoresis of the par-
tial Dde I digestion products of the 7.5-kbp terminal Xho I frag-
ment of 6/1 DNA labeled with 32P at the latter restriction site
(not shown).

As a further test of this model, we probed Dde I and Alu I
digests of revertant DNA to see if they had lost the 1425-bp
band. The result obtained with 6/2 DNA is shown in Fig. 3A.
Significantly, the 1425-bp band was absent. We were surprised,
however, to note that the terminal Dde I and Alu I fragments
of 6/2 were the same size as in our standard virus and different
from 6/1. Because of the possibility that the size change was
associated with reversion, we analyzed the other revertants 6/
1/1 and 6/1/3/3, which, unlike 6/2, are directly descended
from 6/1. Again, the 1425-bp Dde I fragment was missing, but
now the remaining two fragments were identical in size to the
1275- and 2575-bp fragments obtained from 6/1 (Fig. 4). This
important result supported our belief that the revertants are
direct descendants of the unstable form and that the events that
lead to reversion do not specifically involve changes in the num-
ber of tandem repeats of the 70-bp sequence or involve other
measurable insertions or deletions in the sequence.

1616 Biochemistry: Moss et aL
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FIG. 4. Hybridization of 32P-labeled 70-bp repeat to Dde I frag-
ments of vaccinia DNA. Hybridization was carried out as in Fig. 3A.
Pedigree of isolates is shown in Fig. 2.

DISCUSSION
Within the vaccinia virus genome there is a 10-kbp inverted
terminal repetition (6, 7) containing two sets of 13-17 tandem
repeats of a 70-bp sequence separated by an intervening se-

quence of approximately 435 bp (10). The present study indi-
cates that, in about 20% of the plaque isolates from a stock of
vaccinia virus, one set of short tandem repeats and the inter-
vening sequence form a larger 1.65-kbp tandemly repeated se-

quence. Extreme instability is a novel characteristic of these
variants; even after repeated plaque purification, restriction
endonuclease analysis of the DNA reveals an array of terminal
fragments with 1.65-kbp incremental differences in length due
to variations in the number of copies of the reiterated sequence.
Thus, a population of DNA molecules with various numbers of
reiterations can rapidly evolve from the DNA of a single virus
particle. In addition, revertants with the stable predominant
genome structure arise continuously. These revertants are not
contaminants from the original virus stock, because they occur

with the same frequency after repeated plaque purifications of
the unstable variants. Moreover, the revertants and unstable
variants have the same 9-kbp deletion, consistent with a com-

mon ancestry.
A recombinational model accounting for the generation and

properties of the highly unstable variants and their reversion
to the more stable predominant form is presented in Fig. 5. The
first step is unequal recombination between the first set of tan-
dem repeats of one DNA molecule and the second set of an-

other. (Because this sequence is within the inverted terminal
repetition, recombination between the two ends of a single
molecule may also be possible.) As shown, one of the recom-
binants formed in this step is a molecule that has deleted one

set of tandem repeats and the intervening sequence. However,
virus containing a genome of this type has not yet been isolated.
The other recombinant contains three sets of tandem repeats
and a duplication of the previously unique intervening region.
Now, recombination could occur between two DNA molecules
of the latter type or between the latter and the original types.
Moreover, the rate of unequal crossover events would be fur-
ther enhanced by the juxtaposition of multiple short and long
tandem repeats. If two DNA molecules were to align in the
mismatched fashion shown in step II, there would be a 2.5-kbp
stretch of perfect homology. Crossover between the duplicated
intervening regions could generate DNA molecules with four
sets of tandem repeats and a triplication of the intervening se-

x
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FIG. 5. Recombinational model for the generation of unstable
variants and reversion to more stable forms by unequal crossover. Ends
of DNA molecules are represented. Each numbered segment encloses
a set of 13-17 direct tandem repeats. In step I, recombination occurs
between two sets of repeats to generate the unstable variant. In step
II, recombination occurs within intervening regions (as shown) or be-
tween sets of tandem repeats. Further recombinational events lead to
additional reiterations as well as to the original genome structure.

quence. Because the reiterations occur within the inverted ter-
minal repetition, recombination could occur between opposite
ends of different molecules or even the same molecule. This
process could go on to generate a large family ofDNA molecules
with many reiterations at both ends. However, as shown in Fig.
5, the same recombinational events also generate revertants
with the original and more stable genome structure.
The above model accounts for the spontaneous generation

of the extremely unstable forms, the accelerated rate of unequal
crossover events within the latter, and the reversion to the
original genotype. Moreover, the only process required is re-

combination, which from genetic studies with poxviruses is
known to occur at a high rate (19). Although it may be possible
to devise alternative models in which reiterations occur during
DNA replication, too little is known regarding that process to
consider them at this time. Other possibilities such as a mu-

tation leading to accelerated rates of recombination cannot be
ruled out. However, the frequency of revertants is far too high
for back mutations.
End fragments containing at least seven reiterations of the

1.65-kbp sequence were detected. Although the majority of
DNA molecules must have reiterations at both ends, we do not
know whether the same number is present at the two ends of
a single molecule. Clearly, this would be required if the sym-
metry of the genome were to be preserved (20). From the in-
tensity of the autoradiographs, it was determined that ends con-

taining a single reiteration were most abundant and that ends
containing additional reiterations were present in successively
lower amounts. However, only DNA packaged in virions was

examined, and the possibility that a different distribution is
present within the replicating pool has not been excluded. The
greater than 9-kbp deletion on the left side of the genome of
the unstable isolate examined could compensate for the added
length caused by the reiterations if there are packaging con-

straints. Alternatively, the presence of both aberrations in a

single isolate could be coincidental. In this regard, analysis of
another independently isolated unstable virus isolate did not
reveal a large deletion.

Remarkably, when plaque sizes, particle to plaque-forming
unit ratios, and burst sizes of the unstable variant containing
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the 9-kbp deletion, the stable revertant, and standard virus
were compared, no major differences were detected. Else-
where, we will show that the deleted region encodes at least
eight early and three late polypeptides, which evidently are not
required for efficient replication in HeLa cells. Large deletions
of this type have also been found in rabbitpox (21), cowpox (22),
and vaccinia virus. t

In considering the possible mechanisms involved in reiter-
ation of the vaccinia virus DNA sequence, it would be of in-
terest to know whether a similar phenomenon would occur if
that segment of DNA were introduced into plasmids or eukary-
otic genomes. If the arrangement of tandem repeats and in-
tervening sequences promotes a high rate of unequal crossover
events, as we have suggested, then reiteration might occur un-
hindered by any packaging constraints of the virus. Moreover,
because these noncoding vaccinia virus DNA sequences are
unlikely to provide any selective advantage to their hosts, their
amplification would be consistent with the selfish DNA hy-
pothesis (2-4).
We thank Ernest Barbosa for carrying out some preliminary exper-

iments, Bahige Baroudy for samples of purified 70-bp repeat fragment,
Riccardo Wittek for advice on experimental procedures, and Jeanne
Carolan and members of the Editorial Office, National Institute of
Allergy and Infectious Diseases, for assistance with the preparation of
the manuscript.
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