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In many herpesviruses, genome segments flanked by inverted repeats invert during DNA replication. It is not
known whether this inversion is a consequence of an inherently recombinagenic replicative mechanism com-
mon to all herpesviruses or whether the replication enzymes of viruses with invertible segments have specif-
ically evolved additional enzymatic activities to drive inversion. By artificially inserting a fusion of terminal
sequences into the genome of a virus which normally lacks invertible elements (murine cytomegalovirus), we
created a genome composed of long and short segments flanked by 1,359- and 543-bp inverted repeats. Analysis
of genomic DNA from this virus revealed that inversion of both segments generates equimolar amounts of four
isomers during the viral propagation necessary to produce DNA for analysis from a single viral particle. We
conclude that a herpesvirus which naturally lacks invertible elements is able to support efficient segment in-
version. Thus, the potential to invert is probably inherent in the replication machinery of all herpesviruses,
irrespective of genome structure, and therefore genomes with invertible elements could have evolved simply by
acquisition of inverted repeats and without concomitant evolution of enzymatic activities to mediate inversion.
Furthermore, the recombinagenicity of herpesvirus DNA replication must have some importance independent
of genome segment inversion.

The genomes of herpesviruses vary significantly with respect
to the presence and arrangement of inverted and directly re-
peated sequences (48). The most complex viral genomes, those
of herpes simplex virus type 1 (HSV-1), HSV-2, and human
cytomegalovirus (CMV), contain two sets of large inverted
repeats that flank segments of unique sequences (48). Fre-
quent inversion of the segments bordered by these repeats
results in equimolar amounts of four genomic isomers (12, 20,
24, 51, 52, 66). Viruses such as varicella-zoster virus, pseudo-
rabies virus, and equine herpesvirus 1 have slightly less com-
plex genomes that contain single sets of inverted repeats bor-
dering unique segments, and inversion of these segments
results in equimolar amounts of two genomic isomers (3, 8, 9,
17, 21, 48, 59, 65).

Inversion is not essential for herpesvirus replication. Many
herpesviruses do not contain inverted repeats or invertible
elements (48), and in HSV-1, mutants unable to invert due to
deletion of the internal repeats are fully replication competent
in vitro (23, 41, 42). Inversion does, however, require that the
substrate DNA undergo replication; more specifically, the rep-
lication must be by a herpesvirus-directed mechanism (14, 37,
49, 62, 63). This requirement does not appear to stem from a
need for local initiation of DNA synthesis, since deletion of the
two origins that lie within HSV-1 inverted repeats does not
alter their inversion efficiency (54). The observations that in-
verted segments can be detected within the replicative con-
catemers of several herpesviruses (1, 2, 30, 31, 50, 53, 54, 68),
at the earliest time points when HSV-1 concatemeric DNA can
be detected (68), and within concatemers formed by HSV-1

mutants unable to cleave and package DNA (26, 29, 67) indi-
cate that inversion occurs within viral concatemeric DNA dur-
ing or shortly after concatemer formation and does not involve
unit genomes or the cleavage and packaging process. That
inversion could occur by recombination between different con-
catemers is suggested by the observation that concatemers
generated from different HSV-1 replication templates fre-
quently recombine (54).

Inversion requires homologous inverted repeats flanking the
invertible segments (56, 57), and hence the mechanism is be-
lieved to involve homologous recombination; however, the im-
portance of specific cis elements within the repeated sequences
has not been clearly established. A variety of sequences, both
viral and nonviral, can mediate inversion or recombination in
the context of herpesvirus DNA replication (6, 7, 10, 11, 13–15,
37, 39, 43, 44, 49, 55–57, 60, 62, 63). The fact that some
sequences mediate inversion with reduced efficiency (25, 28,
55) and some not at all (18, 19, 27, 36, 43) indicates that
although no specific sequences are essential, cis sequences
within the repeats can have some influence. For example, the
HSV-1 terminal repeat, or a sequence, can support inversion
despite having a size considerably below the minimum 700 bp
needed for inversion mediated by certain nonviral sequences
(7, 55, 60, 62). Quantitative studies have further shown that the
a sequence can mediate both inversion and recombination with
significantly greater efficiency than can nonviral sequences hav-
ing a similar size and G1C content (5, 13–15, 36, 37, 49, 62).
These findings are consistent with the proposal that the a
sequence may function as the target for a virus-encoded se-
quence-specific recombinase (7, 36–39). However, because the
a sequence also serves as the site for DNA cleavage during
genome packaging, its recombinagenic properties might also
stem from the recombination-enhancing effects of free DNA
ends (49, 60). Whatever the cause of its recombinagenisity, the
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contribution of the a sequence to HSV-1 inversion in its nat-
ural context appears to be minimal, since deletion of the a
sequences from the large HSV-1 inverted repeats results in a
virus that still inverts with normal efficiency (29). It therefore
appears that the importance of cis sequences may be mani-
fested only when the repeats are very small, with large repeats
having little or no sequence dependence. This argues against a
need for an a sequence-specific recombinase but leaves open
the possibility that some herpesviruses encode a non-sequence-
specific recombinase to mediate segment inversion.

The observation that inversion occurs when DNA replica-
tion is driven solely by the seven minimal HSV-1 DNA repli-
cation genes in the absence of other viral gene products indi-
cates that if a virally encoded recombinase activity is needed
for inversion, it must be present within these seven HSV-1
replication proteins (62). We reasoned that if such an activity
evolved strictly to support inversion, it is unlikely to exist in
viruses that lack invertible elements. Alternatively, if inversion
is simply a consequence of the recombinagenic nature of her-
pesvirus DNA replication, then all herpesviruses, irrespective
of their genome structures, should be able to support inversion
when presented with inverted repeats. To date, studies of in-
version have utilized viruses that naturally contain invertible
elements, and therefore the putative recombinase activity
would be predicted to be present. To determine if a virus with
a simple genome structure has the ability to mediate segment
inversion, we introduced both direct and inverted repeats into
the murine CMV (MCMV) genome, which normally lacks
invertible segments (16, 35), and analyzed the resulting viruses
for genome segment inversion.

Two recombinant MCMVs were constructed that contain
internal duplications of terminal sequences engineered in op-
posite orientations at a location about 40 kb from the right end
of the genome (Fig. 1). In both viruses, 543 bp from the X
terminus (nucleotides 1 to 543) was fused with 1,359 bp from
the C terminus (nucleotides 228920 to 230278) to create a
1,902-bp fragment that was inserted adjacent to an expression
cassette for Escherichia coli xanthine-guanine phosphoribosyl-
transferase (gpt) (used for recombinant virus selection) at nu-
cleotide position 187889 (nucleotide positions are as desig-
nated by the published MCMV genomic sequence [46]). Virus
RM4072 was constructed by homologous recombination with
plasmid pON4072 and selection for gpt expression as previ-
ously described (33, 61). Virus RM4070 was constructed from
plasmid pON4070 in the same way. Plasmids pON4070 and
pON4072 were derived from the same blunt-end ligation, as
previously described (33), and represent insertion of the gpt/
ectopic site-containing fragment into MCMV sequences in op-
posite orientations. Thus, in virus RM4070, the inserted se-
quences form 1,359- and 543-bp internal inverted repeats of
the terminal sequences, whereas in virus RM4072, the same
sequences form internal direct repeats (Fig. 1). The insertions
had no apparent effect on virus viability, since both viruses
routinely attained titers in excess of 107 PFU/ml, which is
comparable to titers attained by the parental virus.

In both viruses, the internal repeats, being fusions of the
termini, act as functional “ectopic” cleavage sites (33, 34).
During cleavage and packaging of viral concatemers, a head-
full restriction leads to formation of equimolar amounts of two
genome isomers. Prototype (P) isomers result from cleavage at
natural cleavage sites, producing natural termini and leaving
ectopic cleavage sites uncleaved, whereas cleavage at ectopic
cleavage sites produces ectopic termini and leaves junctions of
natural termini uncleaved, generating inverted-long/inverted-
short (ISIL) isomers that contain an apparent inversion of both
the long and short segments relative to the P arrangement (33,

34). Thus, both viruses were predicted to contain three restric-
tion fragments at the ectopic site: terminal fragments T(x) and
T(c) and a junction fragment, J(P), representing their fusion
within the prototype (P) genome arrangement (Fig. 1). If seg-
ment inversion occurs by homologous recombination between
the inverted repeats of the RM4070 genome, two additional
junction fragments, J(IL) and J(IS), were predicted to arise
from genome isomers containing only inverted-long (IL) or
inverted-short (IS) segments, as shown in Fig. 1.

RM4070 and RM4072 were used to infect murine NIH 3T3
cells (ATCC CRL1658) at a multiplicity of infection of 3 as
previously described (58). Virion DNAs from both viruses
were prepared from extracellular culture supernatants as pre-
viously described (32) and digested with MluI or SacI. The
resulting DNA fragments were separated using a 0.6% agarose
gel, transferred to a Nytran nylon membrane (Schleicher &
Schuell), and hybridized with 32P-labeled DNA probes as pre-
viously described (31). Probe 1 consisted of a 1.3-kb BamHI-
MluI fragment that was gel purified from plasmid pON432 (58)
and contained sequences on each side of the inserted se-
quences (Fig. 1). When hybridized with probe 1, RM4070 and
RM4072 DNA contained the predicted T(x) and T(c) terminal
fragments as well as the J(P) junction fragments from the
prototype orientation (Fig. 2). RM4070 DNA also contained
MluI and SacI fragments that were absent from RM4072 DNA
and had molecular weights predicted for the ectopic junction
fragments J(IS) and J(IL) resulting from IS and IL genome
structures, respectively (Fig. 2). Their presence suggests that
both the long and short arms of RM4070 undergo inversion.

Although the stocks used in this experiment were derived
after several rounds of limiting-dilution cloning (33), the for-
mal possibility remained that the fragments observed repre-
sented a mixture of different stable viral genomes. To confirm
that the different genome isomers can arise rapidly from a
single progenitor virus, serial dilutions of the RM4070 stock
were used to infect 96-well plate cultures of NIH 3T3 cells. On
one plate, viral replication was evidenced by cytopathic effect
in 4 out of 96 wells, indicating that each well had a high
probability of containing a virus population derived from a
single virus. The viruses from two of these wells were amplified
by cell culture to generate sufficient virion DNA for DNA blot
hybridization as described above. Both DNAs exhibited MluI
and SacI patterns identical to those shown for RM4070 in Fig.
2 (not shown), indicating that single RM4070 particles, pre-
sumably containing only one of the four genome isomers, were
able to rapidly give rise to a population of viruses containing all
four genome isomers.

The efficiency of inversion is difficult to surmise from the
results shown in Fig. 2, since J(P), J(IL), and J(IS) contain
different sequences with homology to probe 1 and the effi-
ciency of hybridization to each fragment differs. To confirm the
identities of these fragments and to better assess the efficiency
of inversion using probes that hybridize to sequences that are
identical within the fragments from the different isomers,
membranes containing agarose-separated MluI fragments of
RM4070 virion DNA were sequentially hybridized with probes
2 and 3. Probe 2 consisted of gpt sequences cloned in plasmid
pON1101 (61) and specific for the T(x) side of the cleavage site
(Fig. 1), whereas probe 3 consisted of plasmid pMA34, con-
taining a HindIII-XhoI fragment of MCMV sequences sub-
cloned from pON432 (33), specific for the T(c) side of the
cleavage site (Fig. 1). As predicted, the T(x), J(P), and J(IS)
fragments hybridized to probe 2 but the T(c) and J(IL) frag-
ments did not (Fig. 3). Conversely, T(c), J(P), and J(IL) frag-
ments hybridized to probe 3 but T(x) and J(IS) did not (Fig. 3).
Analogous results were observed when the DNAs were di-
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gested with SacI instead of MluI (data not shown). These
observations indicate that the identities of these fragments
have been correctly assigned. Moreover, the nearly equivalent
signals from hybridization of probe 2 to J(P) and J(IS) and of
probe 3 to J(P) and J(IL) (Fig. 3) indicate that the P, IL, and

IS isomers are present in nearly equimolar amounts. Junctions
from the fourth isomer, ISIL, in which both the long and short
segments are inverted, cannot be detected by these probes but
have been detected in equimolar amounts using a terminal
sequence probe (not shown).

FIG. 1. Structures of recombinant viruses. The genome of virus RM4072 and the prototype (P), inverted-long (IL), and inverted-short (IS) isomers of RM4070 are
shown. Hatched boxes represent C- and X-terminal sequences inserted within the genome to generate internal repeats, and double-ended arrows at the top delineate
long and short segments created by the repeats. The relative orientations of the repeats are indicated by arrows over the C and X boxes. Sequences contained in
hybridization probes are indicated by diagonally hatched bars (probe 1), solid black bars (probe 2), or vertically hatched bars (probe 3). Ectopic terminal (T) and
junction (J) MluI (m) and SacI (s) fragments are indicated, with their predicted sizes (in kilobases) shown in parentheses.
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These results demonstrate that a herpesvirus that normally
lacks invertible segments can be converted to a complex ge-
nome structure having two invertible elements simply by intro-
duction of inverted repeats. However, because the inserted
sequences also contain a cleavage site, two of the four genome
isomers (i.e., P and ISIL) probably arise not by recombination
but, rather, by differential use of overlapping cleavage frames
(22). Even though cleavage does not appear to contribute to
inversion of the HSV-1 genome (26, 29, 67), cleavage could
become significant when small or inefficiently recombinagenic
sequences comprise the repeats. This is exemplified by a PrV
mutant in which translocation of terminal sequences created
1,400-bp inverted repeats and resulted in the apparent inver-
sion of the unique segment bordered by these repeats (25). The
translocation, however, also introduced an internal, alternative
cleavage site similar to those of the two MCMV mutants de-
scribed here. A 68-bp deletion both inactivated cleavage at this
site and eliminated inversion but did not significantly reduce
the size of the inverted repeats, strongly suggesting that cleav-
age rather than recombination was responsible for the appar-
ent inversion of the segment bordered by the repeats (25). In
our studies, the contribution of cleavage at the ectopic site
could at most account for the P and ISIL isomers; the IS or IL
isomers almost certainly result from inversion via homologous
recombination between one or both pairs of inverted repeats.

The presence of all four isomers in equimolar amounts indi-
cates that these comparatively small inverted repeats (543 and
1,359 kbp) are able to support efficient inversion, at least to an
extent sufficient to generate equimolar amounts of the isomers
during the viral propagation necessary to produce DNA for
analysis from a single viral particle.

The observation that MCMV, a virus that lacks invertible
elements, has the protein machinery necessary to mediate ef-
ficient segment inversion suggests that this property is probably
common to all herpesviruses. It is therefore unlikely that the
replication mechanisms or enzymatic machinery of viruses
such as HSV-1 have evolved unique activities that permit ge-
nome segment inversion. This further implies that the recom-
binagenisity of herpesvirus DNA replication did not evolve
strictly to support inversion but, rather, must be either an
essential component of the herpesvirus DNA replication pro-
cess or a de facto consequence of that process. One role that
has been postulated for recombination is the priming of new
replication forks by strand invasion (4, 64), as occurs during
bacteriophage T4 concatemer synthesis (40). However, be-
cause recombination between direct repeats generally results
in deletion of circular molecules, another attractive hypothesis
is that recombination serves to amplify templates for DNA
synthesis by deleting unit genomic or multimeric circles from

FIG. 2. DNA blot analysis of recombinant viruses. Virion DNAs were digested with MluI or SacI, separated by agarose gel electrophoresis, transferred to a nylon
membrane, and hybridized with probe 1 (Fig. 1). Terminal (T) and junction (J) MluI (m) and SacI (s) fragments are indicated, with their predicted sizes (in kilobases)
shown in parentheses.
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concatemers, which, irrespective of genome structure, consist
of directly repeated genomes.

With regard to the evolution of herpesvirus genomes, our
data suggest that viruses with one set of inverted repeats may
have obtained their present genome structures in a single step
by acquiring internal inverted duplications of sequences from
one terminus; viruses with two sets of inverted repeats could
then have evolved through a second duplication of the other
terminus. Once acquired, no enzymatic modifications to the
viral DNA replication machinery would have been necessary to
begin inversion of the segments bordered by the repeats. In
PrV, acquisition of an additional invertible segment (and an
internal cleavage site) provides a growth advantage in chicken
cells and in chickens and a disadvantage in rabbit cells and in
mice, apparently due to alternations in concatemer structure
and genome cleavage and packaging (45, 47); however, the
presence of invertible segments confers no apparent growth
disadvantage or advantage to HSV-1 (23, 42) or to MCMV
(this study) in vitro. Why these complex genome structures
have been retained and what advantages they confer in vivo are
as yet largely unknown.
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