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Insertion mutants of herpes simplex virus type 1, containing a second copy of the sequences of BamHI
fragment L (map coordinates 0.706 to 0.744) inserted in inverted orientation into the thymidine kinase gene (at
map coordinate 0.315), have been further characterized. We -reported previously that, as a result of
intramolecular or intermolecular recombination between copies of the BamHI-L sequence at the normal locus
and inserted locus, a high proportion of progeny genomes exhibited either inversions of the unique sequence

flanked by these inverted repeats or other rearrangements. Now we report that a genetic marker (syn-l or

syn-1 +) originally present only in the inserted copy ofBamHI fragment L appears in progeny at both the normal
and inserted loci, and vice versa, at high frequency. Because these phenomena have not been observed with
other insertion mutants containing duplications of other sequences from unique regions of the genome, we

conclude that BamHI fragment L contains an element that enhances the rate of homologous recombination in
adjacent sequences, resulting in genome rearrangements and gene conversion-like events.

The genome of herpes simplex virus (HSV) (Fig. 1) is a
linear duplex DNA molecule of approximately 100 x 106
daltons and is composed of a long (L) and a short (S)
component. Each component is flanked by inverted repeats,
the ends of which (a sequence designated a) are common to
both segments and are repeated in direct orientation at the
ends of the genome (22, 27, 28). Recombination apparently
occurs between the inverted repeats, resulting in inversion
of the unique segments (UL and Us) flanked by the repeats.
Populations ofHSV genomes usually contain four isomers of
viral DNA, because UL and Us can invert independently of
each other (6, 23, 29).

Evidence has been presented that an element within the a
sequence promotes the recombinations that result in inver-
sions of the UL and Us components of the genome. Specif-
ically, insertion of an additional a sequence into the thymi-
dine kinase (tk) gene results in novel rearrangements of the
genome, consistent with inversion of any genome segment
bounded by inverted copies of the a sequence (2, 15-17, 24)
and deletion of genome segments bounded by direct repeats
(24). In addition, deletion of sequences containing a from the
junction between the L and S components prevents inver-
sions of the L and S components (18).
With one exception, duplication of other regions of the

genome by insertion of an extra copy into the tk gene or
elsewhere did not result in recombination between the
repeated sequences at a frequency high enough to detect
genomic rearrangements (deletions or inversions for direct
or inverted repeats, respectively) that would have resulted
(5, 12, 15). Duplication of sequences from BamHI fragment
L (map coordinates 0.706 to 0.744) in inverted orientation,
however, resulted in inversions of unique sequences be-
tween the duplications and possibly other genomic rear-
rangements, apparently due to a high frequency of
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intramolecular or intermolecular recombination between the
repeated sequences present at the normal and inserted loci
(20).
The interactions between two copies of the a sequence

that can result in recombination and genomic rearrange-
ments can also result in elimination of any differences in
nucleotide sequence in homologous sequences adjacent to
the a sequences (3, 7, 10, 11, 26). The subject of this report
is the finding that differences in nucleotide sequence be-
tween two copies of BamHI fragment L, one inserted in the
tk gene and the other at the normal locus, are eliminated at
high frequency, presumably by recombinations between the
two copies of the BamHI-L sequence that also result in
genomic rearrangements.
The cell fusion-inducing or syncytial (Syn) mutant, HSV

type 1 strain MP [HSV-1(MP)], differs from the related
wild-type strain HSV-l(mP) at several loci, one of which is
contained within BamHI fragment L. Mapping studies (1, 19)
and nucleotide sequence analysis (Pogue-Geile and Spear,
submitted for publication) have shown that the Syn pheno-
type of HSV-1(MP) results from a single nucleotide substi-
tution which also eliminates a ThaI restriction endonuclease
site present in HSV-1(mP) at map coordinate 0.737 (Fig. 1).
Thus, the presence or absence of this ThaI site identifies the
wild-type or mutant alleles, respectively, of the syn-J genes
in HSV-1(mP) and HSV-1(MP). The evidence for this iden-
tification is that, within the 710-base-pair (bp) fragment to
which the Syn mutation was mapped, nucleotide sequences
for the two virus strains differed only at the ThaI site, and in
recombinants of HSV-1(mP) and HSV-1(MP), all isolates
expressing the Syn+ phenotype had the ThaI site, whereas
all isolates expressing the Syn phenotype lacked this site
(Pogue-Geile and Spear, submitted).

[Debroy et al. (4) recently reported the nucleotide se-
quences, between the two rightmost PstI sites indicated in
Fig. 1, for HSV-1(MP) and, between map coordinates 0.732
and 0.745, for an unrelated wild-type strain designated
HSV-1(KOS). Their sequence for HSV-1(MP) differs slightly
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FIG. 1. Location of the mutation in HSV-1(MP) that causes the Syn phenotype and eliminates a ThaI site (Pogue-Geile and Spear,

submitted). The BamHl L fragment in the HSV-1 genome is represented as a crosshatched box and expanded below the genome, where the
black bar represents the 710-bp fragment that contains the Syn mutation (x). In ThaI digests of mP DNA, two fragments (233 and 979 bp)
would be detected by a probe prepared from the Pstl-Hincll fragment in which the mutation is located. In ThaI digests of MP DNA, only one
fragment (1,212 bp) would be detected. Ba, BamHl; Ps, Pstl; Hn, Hincll; Th, ThaI.

from ours, but not in the vicinity of the ThaI site (Pogue-
Geile and Spear, submitted). They detected nine differences
in sequence between HSV-1(MP) and HSV-1(KOS) within
part of the region to which the Syn mutation was mapped.
One difference is the same as described above for HSV-
l(MP) and HSV-l(mP), and the others appears to reflect
strain variability.]
We isolated mutants that contained BamHI fragment L

from HSV-l(mP) DNA inserted in inverted orientation into
the tk gene of the HSV-1(MP) genome (Fig. 2) and vice
versa. Construction of these insertion mutants was previ-
ously described along with evidence that, among progeny of
these mutants, a large fraction had genomic rearrangements
such as inversions of the unique squence between the
inverted repeats of the BamHI-L sequence (20). Multiple
phenotypes with respect to plaque morphology were ob-

HSV-lI (mP)
a b UL

served among progeny of the insertion mutants. For exam-
ple, most of the mutants derived from HSV-1(MP) by
insertion of BamHI fragment L from HSV-l(mP) DNA
initially formed plaques of mixed phenotype (partially Syn,
partially Syn') as shown in Fig. 3A. Both Syn (Fig. 3B) and
Syn' (Fig. 3C) variants, however, could be detected among
the progeny of these mutants. Viruses isolated from the
plaques of mixed phenotype (Fig. 3A) were heterogeneous
and included both the Syn and Syn' variants, as well as
viruses with mixed phenotype, whereas viruses isolated
from the Syn or Syn' plaques were homogeneous and bred
true.
An explanation for the multiple plaque phenotypes

emerged from Southern blot analyses of ThaI digests done to
determine which alleles of the syn-J gene were present in the
insertion mutants. The mutants as constructed should have
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FIG. 2. Location and orientation of BamHI-L sequences (crosshatched boxes) in the genomes of HSV-l(mP), HSV-1(MP), and insertion
mutants obtained by inserting the BamHl L fragment of HSV-l(mP) DNA into the tk gene of HSV-1(MP) DNA (20). The ThaI site (Th) is
a marker for the wild-type allele of the syn-J gene. This ThaI site is eliminated by the mutation responsible for the Syn plaque phenotype of
HSV-1(MP).
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the mutant allele at one position (normal or inserted locus)
and the wild-type allele at the other; ThaI digests of their
DNAs should contain three fragments capable of hybridizing
to the PstI-HincII probe described in the legend to Fig. 1 (the
1,212-bp fragment characteristic of the mutant allele and the
979- and 233-bp fragments characteristic of the wild-type
allele). If the differences in nucleotide sequences between
the mutant and wild-type alleles had been eliminated in
progeny of the insertion mutants, then only the 1,212-bp
fragment or two smaller fragments (979 and 233 bp) would be
detected in the ThaI digests. The results (Fig. 4) demon-
strated that DNAs of all the Syn variants isolated had only
the ThaI fragment characteristic of the mutant allele (1,212
bp), DNAs of the Syn+ variants had only the fragments
characteristic of the wild-type allele (979 and 233 bp), and
DNAs from the viruses of mixed phenotype had all three
fragments.

Several points about the results presented in Fig. 3 and 4
should be emphasized. First, with one exception, all the
mutants analyzed in Fig. 4 actually contain insertions of the
BamHI-L sequence in the tk gene, as determined by South-
ern blot analyses published elsewhere (20) or not shown in
the case of mP-TK133.5. Therefore, those mutants having
only one kind of allele of the syn-J gene must have two
copies of this allele. Second, some of the insertion mutants
isolated contained two identical alleles of the syn-J gene
(probably due to marker transfer at the normal or inserted
locus having occurred prior to isolation of the mutant).
However, most of the insertion mutants as originally isolated
contained two different alleles of the syn-I gene. These
mutants exhibited mixed plaque phenotype and, through
several rounds of plaque purification, continued to throw off
both Syn and Syn+ variants. Third, because both Syn and
Syn+ variants are produced during development of the
plaques of mixed phenotype, it is not possible to determine
the plaque phenotype of the original insertion mutant.
Fourth, in plaques producing both Syn and Syn+ variants of
the insertion mutants derived from strain MP, the mutant
and wild-type phenotypes appear to be codominant, in
contrast to the Syn+ phenotype of infectious centers pro-
ducing both HSV-1(mP) and HSV-1(MP) (9, 13, 14, 21).
Possibly some of the other genetic differences between
strains MP and mP (19) influence the results obtained in the
latter case.
We conclude that, during propagation of insertion mutants

of the kind described above, differences in nucleotide se-
quences between the inserted and normal copies of the
duplicated sequence are eliminated at high frequency. The
genomic rearrangements described earlier for these insertion
mutants (20) provided evidence that intermolecular or
intramolecular recombination between inserted and normal
copies of the BamHI-L sequence occurs at high frequency.
The elimination of nucleotide sequence differences could be
another consequence of these recombinations, provided that
multiple intermolecular recombinations occurred within the
BamHI-L sequence or that gene conversion occurred.
We conclude further that an element within the BamHI L

fragment must enhance the rate of homologous recombina-
tion (and perhaps also gene conversion) in adjacent se-
quences. Although a number of HSV-1 insertion mutants
containing duplications of other regions of the genome have
been analyzed (5, 12, 15), none except those having addi-
tional copies of the BamHI-L sequence (20) or the a se-
quence (2, 15-17, 24) have given evidence of high frequen-
cies of recombination between the repeated sequences. The
recombination-enhancing elements proposed to exist within

FIG. 3. Photomicrographs of plaques produced on Vero cells by
insertion mutants of the kind depicted in Fig. 2. Viruses isolated
from plaques of the kind shown in panel A were of three types with
respect to plaque phenotype: mixed (A); Syn (B), for derivative
MP-TK106.2H; or Syn+ (C), for MP-TK106.2A. Both of these
derivatives were isolated from stocks of MP-TK106.2. The Syn and
Syn+ derivatives breed true with respect to plaque phenotype.
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mechanisms are different. Only a small portion of the BamHI
L fragment has been sequenced, and, within this region,
there is no evident homology with the a sequence.
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FIG. 4. Southern blot analyses of ThaI-digested DNAs from
insertion mutants and the parental viruses, HSV-1(mP) and HSV-
1(MP). The DNA fragments were fractionated by electrophoresis on
a 2% agarose gel and transferred to Nytran. The single-stranded
radioactive probe was produced by synthesis in vitro, by using as
template the opposite strand of the PstI-HincII fragment indicated in
the legend to Fig. 1. The insertion mutants MP-TK106.2, MP-
TK106.3, MP-TK106.6, MP-TK106.7, MP-TK106.8, and MP-
TK106.11 were produced by cotransfection of HSV-1(MP) genomic
DNA with a plasmid containing the BamHI L fragment of HSV-
1(mP) DNA inserted into a cloned copy of the HSV-1 tk gene. The
derivatives designated B, A, F, and H were all plaque purified from
MP-TK106.2. The insertion mutants mP-TK133.2, mP-TK133.4,
and mP-TK133.5 were produced by cotransfection of HSV-1(mP)
genomic DNA with a plasmid containing the BamHI L fragment of
HSV-1(MP) DNA inserted into a cloned copy of the HSV-1 tk gene.
The mutant designated 6 was also isolated from progeny obtained
after this cotransfection; it proved to be a spontaneous TK- mutant,
however, and not an insertion mutant. The insertion mutants
designated MP-TK106.2, MP-TK106.5, MP-TK106.8, and MP-
TK106.11 and the derivative designated MP-TK106.2F all produced
the three types of plaques shown in Fig. 3. The insertion mutants
mP-TK133.2, mP-TK133.4, mP-TK133.5, and MP-TK106.7 and the
derivative MP-TK106.2H produced only Syn plaques (Fig. 3B). The
insertion mutant derivatives MP-TK106.2B and MP-TK106.2A, as
well as the spontaneous TK- mutant 6, produced only Syn+ plaques
(Fig. 3C). Sizes of DNA fragments detected by the radiolabeled
probe are given in base pairs. The 979- and 233-bp fragments were
consistently found together. Overexposure of the autoradiogram
(not shown) was necessary to detect the 233-bp fragment in every
instance.

the BamHI L fragment and the a sequence could be in some
ways analogous to other elements shown to enhance rates of
recombination in their vicinity, in both procaryotic and
eucaryotic systems (see, for example, references 8 and 25).
The question arises whether the BamHI L fragment of

HSV-1 DNA contains the same element causing enhanced
rates of recombination as does the a sequence. Lack of
recombination between the a and BamHI-L sequences may
signify only that homology is too limited and not that the
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