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We are reporting the physical location of parental DNA sequences in 28
recombinants produced by crossing herpes simplex viruses (HSV) 1 and 2. The
parental crosses were of two kinds. In the first, temperature-sensitive mutants
of HSV-1 and HSV-2 were crossed to produce wild-type recombinants. In the
second, temperature-sensitive mutants of HSV-1 rendered resistant to phospho-
noacetic acid were crossed with wild-type HSV-2, and recombinants that multi-
plied at nonpermissive temperature and were resistant to the drug were se-
lected. The DNAs of the recombinants were mapped with XbaI, EcoRI, HpaI,
HsuI, BglII, and, in some instances, KpnI restriction endonucleases. The results
were as follows. (i) We established the colinear arrangements of HSV-1 and
HSV-2 DNAs. (ii) There was extensive interchange of genomic regions, ranging
from the exchange or the entire L of S component of HSV DNA to substitutions
of regions within the same component. In some recombinants, the reiterated
sequences ab and ac bracketing the L and S components of HSV DNA were
heterotypic. Most recombinants grew well and showed no obvious defects. (iii)
The number of crossover events ranged from one to as many as six. Although
crossover events occurred throughout the DNA, some clustering of crossover
events was observed. (iv) Analysis of recombinants permitted localization of
several markers used in this study and appears to be a useful technique for
marker mapping. (v) As previously reported, HSV DNA consists of four popula-
tions, differing in relative orientation of the L and S components. All recombi-
nants could be displayed in one arrangement of L and S such that the number of
crossover events was minimized. The data are consistent with the hypothesis
that only one arrangement ofthe parental DNA participates in the generation of
recombinants.

In this paper we report on the DNA structure
and properties of recombinants produced be-
tween herpes simplex viruses (human herpes-
virus, HSV) 1 and 2. Pertinent to the design
and purpose of these studies are the following.

(i) The size of HSV-1 DNA has been shown to
be 95 x 106 to 100 x 106 in molecular weight, as
determined from measurements of contour
length (2, 11, 39), sequence complexity (10),
sedimentation velocity in sucrose gradients rel-
ative to that of T4 phage DNA (20), and sum-
mation of the size of restriction endonuclease
fragments (13, 14). Although HSV-2 DNA cose-
diments with HSV-1 DNA, summation of the
molecular weights of restriction endonuclease
fragments suggests that it may be larger than
HSV-1 DNA by 3 x 106 (G. S. Hayward, T.

t Dedicated to the memory of Maurizio Terni.

Buchman, and B. Roizman, manuscript in
preparation).

(ii) HSV-1 DNA consists of two covalently
linked components, L and S, each consisting of
unique sequences UL and Us bracketed by in-
verted repeats (34). Measurements in our labo-
ratory showed that the L and S components
comprise 82 and 18% of the DNA, respectively,
and that the inverted repeats bracketing the L
component, designated ab and b'a', each con-
tain 6% of total DNA, whereas the inverted
repeats of the S component, designated a'c' and
ca, each contain 4.3% of total DNA (28, 29, 39).
The sequence of regions identified in these
measurements is ab UL b'a'a'c' Us ca. These
measurements have since been confirmed (7).
Sequence a common to both L and S compo-
nents is arranged in tandem, as evidenced by
the fact that HSV-1 DNA circularizes after
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digestion with a processive exonuclease (11, 34,
38). Measurements of the a sequence suggest
that it is 400 to 600 base pairs in length and that
it contains a sequence d and its inverted repeat,
d' (16, 38). Restriction endonculease analyses of
HSV-2 DNA suggest that it has a similar struc-
ture (Hayward et al., manuscript in prepara-
tion).

(iii) On the basis of the observation that the
terminal regions of the L and S components are
repeated internally, Sheldrick and Berthelot
(34) suggested that L and S components could,
through legitimate recombination, invert rela-
tive to each other. Data reported from this labo-
ratory and based on partial denaturation pro-
files, identification of the termini of the DNA,
and restriction endonuclease analyses indi-
cated that HSV-1 DNA consists of equimolar
concentrations of four populations ofDNA mol-
ecules, differing solely in the relative orienta-
tion of L and S components (14, 28, 29). These
data have since been confirmed (6, 7, 35, 40, 42).
Restriction endonuclease studies of HSV-2
DNA show that it, too, consists of four popula-
tions differing in the arrangement of L and S
components. In our studies the four populations
have been designated P (arbitrary prototype),
IL (inversion ofL component), Is (inversion of S
component), and ISL (inversion of both S and L
components). One consequence of this arrange-
ment of HSV DNA pertinent to this study is
that restriction endonucleases that do not
cleave within the reiterated regions generate
three fragment classes. The first class, corre-
sponding in concentration to the molarity of
intact DNA, comprises fragments mapping be-
tween the first and last cleavage within the UL
and Us regions, respectively. The second class
comprises the four terminal fragments, each
present in 0.5 M concentration relative to the
molarity of the intact DNA. The third class
comprises 0.25 M fragments, which arise
through the joining of the 0.5 M L and S termi-
nal fragments across the b'a'a'c' junction in
consequence of inversions of L and S compo-
nents.

(iv) The purpose of these studies was twofold.
The first was to take advantage of the lack of
correspondence of HSV-1 and HSV-2 restriction
endonuclease cleavage sites and of the differ-
ences in the electrophoretic mobilities of HSV-
1- and HSV-2-specific polypeptides to map the
location of templates specifying the polypep-
tides by analyzing HSV-1 x HSV-2 recombi-
nants. This technique was used in an elegant
fashion to map adenovirus ts mutations and the
location of templates specifying polypeptides on
the physical map of the DNA (12, 23). The
second objective was to determine whether all

four arrangements of HSV DNA participate in
the generation of recombinants. The formation
of recombinants was predicted by the observa-
tion that HSV-1 and HSV-2 DNA show at least
47% homology, with good matching of base
pairs (4, 19). HSV-1 and HSV-2 ts mutants have
been shown to complement each other effi-
ciently, and, in fact, formation of HSV-1 x
HSV-2 recombinants has been reported (8). In
this paper we are reporting the DNA sequence
arrangements and some phenotypic properties
of recombinants obtained in four series of HSV-
1 x HSV-2 crosses. The location of the tem-
plates specifying viral polypeptides will be com-
municated in a subsequent paper.

MATERIALS AND METHODS

Virus and cells. The virus strains used in this
study were (i) HSV-1(KOS tsE6), a DNA' ts mutant
described elsewhere (1, 3, 32, 33); (ii) HSV-1(17 tsd),
a DNA- ts mutant (kindly provided by J. Subak-
Sharpe) whose properties have been described (22,
37); (iii) HSV-1(HFEM tsN102), a DNA- mutant
kindly provided by A. Buchan; (iv) HSV-2(186 tsB5),
a DNA- ts mutant described elsewhere (3, 26, 32);
(v) HSV-2(186), the parent strain of HSV-2(186 ts
B5); and (vi) HSV-2(GP6), a syn- mutant obtained
by Cassai et al. (5) from HSV-2(G) and kindly fur-
nished to us by M. Terni. Virus stocks were pre-
pared from plaque-purified seed by passage at low
multiplicity (0.01 PFU/cell) in Vero cells at 33.5°C.
The Vero and HEp-2 cells were originally obtained
from Flow Laboratories, Inc., Rockville, Md., and
subsequently propagated at the University of Chi-
cago. The procedure for titering stocks by the liquid
overlay plaque assay technique has been described
previously (31).

Construction of PAAr mutants. Phosphonoacetic
acid (PAA) (21, 25) was a gift of Abbott Laborato-
ries, North Chicago, Ill. HSV-1(17 tSJ) and HSV-
1(HFEM tsN102) were made resistant to PAA
(PAAr) by propagation in the presence of gradually
increasing concentrations of the drug. Three cycles
of plaque purification, each interspersed by five pas-
sages at low multiplicity in Vero cells, resulted in
the selection of genetically stable mutants resistant
to 100 jig ofPAA per ml of medium. Resistant virus
was plaque-purified under selective conditions, us-
ing an agarose overlay (0.5% agarose in mixture 199
supplemented with 1% calf serum), as described for
selection of recombinants. The ts mutants rendered
PAAr by this procedure retained their ts phenotype
throughout the serial passages.

Genetic crosses. Two basic selection schemes
were used to obtain intertypic recombinants. The
first involved infection with ts mutants of HSV-1
and HSV-2 and selection for progeny capable of
growing at nonpermissive (ts+) temperatures (8).
The second entailed selection of ts+ PAAr progeny
from cells doubly infected with a wild-type HSV-2
and an HSV-1 ts- PAAr mutant. In this procedure,
Vero cells were infected at a multiplicity of 3 PFU/
cell with each of the HSV serotypes. After adsorp-
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tion for 2 h, the inoculum was aspirated, and the
cells were overlaid with medium 199-1 (mixture 199
supplemented with 1% calf serum) and incubated at
33.50C for 18 to 20 h. For preparation of virus stocks,
the contents of the flask were frozen and thawed
three times and subjected to sonic treatment for 30 s.
Titrations were done at 33.5 and 38.50C under a
liquid overlay (31) in the presence and in the ab-
sence of 100 gg of PAA per ml of medium. Virus
dilutions that would yield approximately 1 to 10
PFU per dish were then plated under agarose over-
lay containing PAA and incubated at 38.50C for 2 to
3 days. For plaque purifications, the contents of
individual plaques were harvested, diluted in a mix-
ture of 50% medium 199-1 and 50% skim milk, and
subjected to sonic treatment. This stock was then
plated and plaque-purified two to six more times.
Final stocks were made by propagation at low multi-
plicity at 33.50C.

Labeling of viral DNA. For labeling viral DNA
with 32P, Vero cell flask cultures were treated as
follows. First, the cultures were incubated at 33.50C
for 8 to 10 h in a mixture of 1 part Eagle minimum
essential medium free of phosphate and supple-
mented with 1% calf serum dialyzed against low-
phosphate buffer to 2 parts phosphate-free minimum
essential medium supplemented with 1% inacti-
vated calf serum. Next, the cell cultures were
washed, replenished with phosphate-free minimum
essential medium containing 1% inactivated calf se-
rum, and reincubated for an additional 6 to 8 h.
Finally, the cell cultures were infected with recom-
binant or parental virus at a multiplicity of approxi-
mately 5 and adsorbed for 2 h. At the end of the
adsorption interval, the inoculum was aspirated and
the cells were incubated at 33.50C in phosphate-free
mimimum essential medium containing 1% inacti-
vated fetal calf serum and 60 ILCi of 32p (New Eng-
land Nuclear, Boston, Mass.) per ml for 24 to 30 h.

Purification of viral DNA. The contents of the
32P-labeled cultures were frozen and thawed three
times, poured into a 13-ml Corex tube, and cen-
trifuged at 8,000 rpm in a Sorvall RC2B centrifuge.
Polyethylene glycol (average molecular weight,
6,000) and NaCl were then added to the supernatant
fluid to a final concentration of 10% and 0.5 M,
respectively. The mixture was stored in wet ice
for 30 min and then centrifuged at 4VC and 15,000
rpm for 20 min in the Sorvall RC2B centrifuge. The
pellet was suspended in 1.0 ml of 0.01 M Tris-0.050 M
EDTA, pH 7.5, and subjected to sonic treatment for
20 s. Sodium dodecyl sulfate and Sarkosyl (ICN, K &
K Laboratories, Inc., Cleveland, Ohio), in final con-
centrations of 0.5% and 1%, respectively, were
added. The DNA was then extracted once with
phenol and precipitated at 0°C with 3 volumes of
ethanol in the presence of 0.3 M sodium acetate. The
precipitate was collected by centrifugation, sus-
pended in TE buffer (consisting of 0.01 M Tris and
0.001 M EDTA, pH 7.5), and dialyzed first against
TE containing 0.2 M NaCl and then extensively
against TE buffer.

Restriction endonucleases. Restriction endonu-
cleases are designated according the nonmenclature
of Smith and Nathans (36). EcoRI, BglII, HpaI,
HsuI, and XbaI were prepared from appropriate cell

pastes by standard purification procedures: precipi-
tation of DNA (streptomycin sulfate), fractionation
of protein (ammonium sulfate), molecular sieve
chromatography (agarose beads), and ion exchange
chromatography (phosphocellulose). KpnI was ob-
tained from New England Biolabs, Waverly, Mass.
All restriction endonuclease preparations were
shown to be free of contaminating exo- or endonucle-
ase activity before use.

Restriction endonuclease digestion. The DNA
was cleaved with restriction endonucleases by incu-
bation for 2 h at 37°C in a total volume of 100 to 200
,ul. For digestion with HsuI or HpaI the mixtures
contained 20mM Tris (pH 7.5), 20 mM MgCl2, and 20
mM NaCl. For digestion with BglII or XbaI the
mixtures contained 20 mM Tris (pH 7.5), 10 mM
MgCl2, and 10 mM NaCl. For digestion with EcoRI
the mixtures contained 30 mM Tris (pH 7.5), 20 mM
MgCl2, and 30 mM NaCl. The reaction was stopped
by the addition of 60 mM EDTA. Sucrose (20 ,lI, 60%
[wt/wt]) containing bromophenol blue was also
added to the reaction mixture at this time.

Agarose gel electrophoresis. The DNA fragments
in the limit digests were separated by electrophore-
sis through tubes (1 by 20 cm) containing 0.4% aga-
rose (Seakem, Marine Colloids, Inc., Rockland, Md.)
for 18 h at 2.25 V/cm in Tris-phosphate buffer (30
mM NaH2PO4, 36 mM Tris, 1.0 mM EDTA, pH 8.0)
(13, 14). After electrophoresis, the gels were sliced
longitudinally and dried on Whatman No. 1 filter
paper. The autoradiograms were made on Cronex
Medical X-ray film.

Designation of restriction endonuclease frag-
ments. Designation of the restriction endonuclease
fragments follows the agreement reached at the
Third Herpesvirus Workshop, Cold Spring Harbor,
September 1976, and differs from that published
previously by this laboratory (9, 13, 14). The prob-
lem that the revised nomenclature is designed to
solve arises from the fact that HSV DNA contains
four populations differing in the relative orientation
of the L and S components. Consequently, a restric-
tion endonuclease digest of HSV DNA contains, in
addition to four 0.5 M terminal fragments (two each
from L and S termini), four 0.25 M fragments arising
from the joining of the L and S terminal fragments
and containing, therefore, in various permutations,
the sequences present in the 0.5 M terminal frag-
ments. As illustrated in the KpnI map of HSV-2
DNA (Fig. 1), the four 0.5 M terminal fragments are
H, D, T1, and T2. The same sequences are also pres-
ent in the 0.25 M fragments spanning the junction of
L and S components. Thus, the 0.25 M fragment
arising from digestion of the DNA in the P arrange-
ment contains sequences of the D and T, fragments.
The D fragment, for example, is generated by the
cleavage of the DNA in the 'L and 'SL arrangement,
etc. The system of designation permits naming of all
fragments by single letters according to descending
size (A, B, etc.) or by double letters describing the
component parts. Thus the 0.25 M fragment can be
denoted either as fragment B or as fragment DT,.
Similarly, for the 0.25 M fragments in the Is, IL, and
ISL arrangements, the designations are C or DT2, F
or HT,, and G or HT2, respectively. We have chosen
to present all 0.25 M fragments by the double-letter
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FIG. 1. KpnI restriction endonuclease map of HSV-2 DNA shown in all four arrangements arising as a

consequence of inversion of the L and S components relative to each other. P-prototype arrangement, IL-
inversion of L component, Is-inversion of S component, and ISL-inversion of both L and S components.
The P arrangement shown is colinear with other restriction endonuclease maps, shown in Fig. 3, 5, and 7.
Data from Hayward et al. (manuscript in preparation).

designations. It should also be noted that enzymes
that cleave within the reiterated sequence generate
terminal fragments identical in size that comigrate.
Thus, KpnI cleaves within the ac sequence and gen-
erates two T fragments that comigrate. Because of
the possibility of microheterogeneity in these frag-
ments, we have chosen to designate them T, and T2,
in the order of their appearance in the prototype
molecules. In addition to KpnI, enzymes that cut
within reiterated regions are EcoRI (HSV-1 ac se-

quence) and HpaI (HSV-1 ab sequence). All repre-
sentations of the DNA in subsequent figures of this
paper show only one arrangement of HSV DNA,
selected as the prototype arrangement. All other
arrangements can be easily generated by inverting
L, S, or both L and S components.

RESULTS

Selection and biological properties of re-

combinants: construction of intertypic re-
combinants. The four series of intertypic re-
combinants analyzed in these studies were pre-
pared by infecting cells with selected strains of
HSV-1 and HSV-2 containing the markers
shown in Table 1. The doubly infected Vero
cells were incubated at 33.50C for 18 to 20 h. The
progeny was then plated under agarose overlay
and incubated at nonpermissive temperature
(38.50C). The progenies of series A, B, and C
were plated under overlay containing PAA (100
,ugIml).
The A, B, and C series were prepared by

crossing an HSV-1 ts parent made PAAr with
ts+ strains of HSV-2. Thus, in all instances the
progenies were selected for ts+PAAr. The se-

lected progeny was then analyzed for expres-
sion of the syn marker. In series A, the HSV-2
strain expressed syncytial plaque morphology
(syn-), whereas in series B and C, the HSV-2

strain was nonsyncytial (syn+). All crosses in
series A, B, and C were done at a multiplicity of
3 PFU/cell of each parent. In preliminary ex-

periments we analyzed the effect of multiplicity
on the production of virus capable of growing
under the selective conditions. In these experi-
ments the progeny of the cross was titered un-

der a liquid overlay. We observed that the frac-
tion of total yield represented by the selected
progeny decreased when the ratio of HSV-1 to
HSV-2 multiplicities was greater than 1 and
remained relatively constant at ratios ranging
from 1 to 0.25. The D series was prepared by
crossing ts parents and selecting for the ability
of the progeny to grow at nonpermissive tem-
perature as previously reported by Esparza et
al. (8).
Recombinants were isolated by picking

plaques from infected monolayers overlaid
with agarose and incubated under selective
conditions. In series A, B, and C, plaque iso-
lates of the initial cross were plaque-purified
repeatedly under selective conditions before
stocks were prepared. In preliminary experi-
ments we observed that approximately 0.5 to as
much as 3% of the progeny of doubly infected
cells plated under selective conditions. How-
ever, the progeny of many of the isolated
plaques segregated upon further passage into
parental types or a parental type and recombi-
nants. Some segregants were readily demon-
strable upon cultivation of progenies of individ-
ual plaques under selective and nonselective
conditions. Other segregants were identified by
analyses of the plaque morphology in HEp-2
cells. In some instances, the presence of paren-
tal and recombinant progeny became manifest
only after digestion with endonucleases in that
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TABLE 1. Phenotype and biological properties ofparental strains and intertypic recombinantsa

Parental strains and phenotypes Recombi- Recombi- Plaque mor- Efficiency

Series nant pheno- nant desig- phology in of plating
HSV-1 HSV-2 type selected nation vero cells 3385aC)

A 17 tsJ GP6 ts+ PAAr AlEl syn+ 1.0
(ts- PAArsyn+) (ts+ PAAssyn ) A1E2 syn+ 1.0

A2D syn+ 1.0
A4D syn+ 1.0
A5C syn+ 0.01
A6D syn+ 0.8
A1G3 syn+ 0.9
A7D syn- <0.01
AME syn+ 1.0

B 17 tsJ 186 ts+ PAAr BlE syn+ 1.2
(ts- PAAr syn+) (ts+ PAAs syn+)

C HFEM tsN102 186 ts+ PAAr C1D syn+ 1.0
(ts- PAArsyn ) (ts+ PAAssyn+) C2D syn+ 1.0

C3D1 syn- 1.0
C3D2 syn- 0.85
C4D syn- 0.1
C5D syn- 0.003
C6D syn- 0.06
C7D syn- 0.75

D KOS tsE6 186 tsB5 ts+ PAAS DlEl syn+ 0.01
(ts- PAAs syn+) (ts- PAAs syn+) D1E4 partial syn 1.0

D1E5 partial syn- 1.0
D3E1 syn+ *b

D3E2 syn+ *
D4E1 syn+ *
D4E2 syn+ *
D4E3 syn+ 4.0
D5E1 syn+ 1.0
D5E2 partial syn- 1.0

a ts-, ts+, Temperature-sensitive and wild-type phenotypes, respectively. PAAr, PAAS Genotypes confer-
ring resistance and sensitivity to PAA. syn-, Strain capable of inducing syncytial plaque morphology due to
the fusion of indicator cells to form polykaryocytes; syn+, virus has wild-type plaque morphology, i.e.,
plaques characterized by clumps of rounded cells.

b Plaques small at 38.5C and not readily seen at 33.5C.

both parental and recombinant fragments were
present in the same gel. The experimental pro-
cedure that minimized the selection of segre-
gating mixtures was to subject the cloned prog-
eny to sonic treatment before replating. The
number of plaque purifications of the recombi-
nants ranged from a minimum of three (one
recombinant) to a maximum of six. In series D,
virus stocks were prepared under nonselective
conditions after the second or third plaque puri-
fication. Consequently, the progeny selected on
subsequent recloning might have arisen from
additional rounds of recombination.

Biological properties of recombinants. The
recombinants selected from this study are listed
in Table 1. Each recombinant was designated
according to parental cross (series A, B, C, or
D), initial clone number (1, 2, etc.), and number

of plaque purifications (A, B, etc.). In some
instances segregation of a mixture of recombi-
nants did not occur until after several plaque
purifications, and these were designated by an
additional arabic number. Thus, recombinants
AlEM and A1E2 were derived from series A
(Table 1). The progeny of one plaque (no. 1)
produced under selective conditions by the
product of that cross was plaque-purified five
times and carries the designation E. In the last
plaque purification, the progeny of two plaques
was shown to contain different recombinants,
and these were designated 1 and 2.
Two biological properties of the recombinants

are of interest. First, we have noted that all but
one of the products of series A cross were syn+
even though HSV-2(GP6) is syn- (5). In the case
of series C, most of the recombinants expressed
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the syn- phenotype. In the case of cross D, most
of the progeny expressed the syn + phenotype of
the parents, and only three recombinants ex-
pressed a partially syn- phenotype. In the light
of the preponderance of evidence indicating
that the plaque morphology phenotype is de-
fined by the virus-specific glycoproteins (re-
viewed in reference 25) and that the syn pheno-
type is determined by at least two genes of
which one acts as a promoter and the other acts
as an inhibitor of fusion (R. Manservigi, P. G.
Spear, and A. Buchan, Proc. Natl. Acad. Sci.
U.S.A., in press), analysis of the genotype of
the recombinants will have to await studies on
viral glycoproteins.
The second biological property of interest in

the efficiency ofplating at 38.5 and 33.50C. Most
recombinants in all four series had ratios of
plating efficiencies characteristic of the wild
type. The ratios of plating efficiencies of two
series A and three series C recombinants were
significantly lower than that of the wild type
but higher than that of the ts parent, suggest-
ing either partial thermal sensitivity of a hy-
brid gene product or the existence of additional,
partially ts lesions in the DNA of that mutant.
Of considerable interest is the observation that
two recombinants (D4E1 and D4E2) formed
plaques poorly at both temperatures, whereas
recombinant D4E3 produced fourfold more
plaques at 38.5 than at 33.50C. In light of the
fact that these recombinants grew at 33.50C,
the absence or decreased efficiency of plaque
formation might reflect a nonlethal defect in a
viral gene product. Inasmuch as plaque forma-
tion by HSV is a consequence of alteration in
the social behavior of cells, the altered gene
product may be a virus-induced membrane
polypeptide.

Restriction endonuclease mapping of sites
of recombinational events: experimental de-
sign and data presentation. The parental
strains and recombinants were grown in Vero
cell cultures (2 x 106 cells) infected at a multi-
plicity of 5 PFU/cell and incubated in medium
containing 32p as described in Materials and
Methods. Viral DNA was extracted 24 h postin-
fection as described in Materials and Methods,
and aliquots were digested with XbaI, HsuI,
BglII, HpaI, and EcoRI restriction endonucle-
ases. In some instances the DNA was cut by
both HpaI and KpnI enzymes. After digestion,
the DNA fragments were separated by elec-
trophoresis and autoradiographed as described
in Materials and Methods.
Analyses of these results are presented in

Fig. 2 through 8. Figures 2 and 3 present the
autoradiographic images and maps for the
DNA of a recombinant resulting from a single

recombinational event. Figures 4 and 5 present
similar data for the DNA of a recombinant
resulting from two crossover events, whereas
Fig. 6 and 7 present the data for the DNA of a
recombinant formed by multiple crossover
events. Figure 8 presents the results of analy-
ses of all 28 recombinants examined in this
study. Pertinent to the presentations of data
are the following. (i) We have chosen to present
autoradiographic images rather than drawings
of the autoradiographic data even though the
resolution of the photographs is not as good as
that of the X-ray film. (ii) In presenting the
interpretation of the autoradiographic analy-
ses, it was desirable for the sake of simplicity to
present only one arrangement of HSV DNA,
specifically the one that displayed the mini-
mum number of crossover events. As discussed
later in the text, a single arrangement satisfied
all recombinants selected for this study. For
HSV-1 DNA, this arrangement differs from the
prototype arrangement published previously
(9, 13, 14, 18) and corresponds to the arrange-
ment previously identified as ISL. (iii) To enable
the reader to follow the reasoning that led to
the mapping of these recombinants, it was de-
sirable to juxtapose the colinear arrangements
of HSV-1 and HSV-2 DNAs. The colinear ar-
rangements shown in Fig. 3, 5, and 7 became
apparent and were verified only after a number
of recombinants had been analyzed. (iv) A mi-
nor problem bearing on the alignment ofHSV-1
and HSV-2 DNAs stems frornt the observation
that although HSV-1 and HSV-2 DNAs cosedi-
ment on velocity sedimentation in sucrose den-
sity gradients (20), the sum of the molecular
weights ofHSV-2 restriction endonuclease frag-
ments exceeds that of HSV-1 by 3 x 106 (Hay-
ward et al., manuscript in preparation). More-
over, it appears that the HSV-2 S component is
larger than the HSV-1 S component by a mo-
lecular weight of about 1 x 106. To simplify the
presentation of the data, we normalized the
fragment sizes of HSV-1 and HSV-2 DNAs to
yield the sum molecular weight of 100 x 106 and
aligned them at the junction of the L and S
components. Because of the difference in the
relative amounts of DNA in L and S compo-
nents, the juxtaposed maps shown in Fig. 3, 5,
and 7 appear to be staggered. It should be noted
that the error introduced by normalization of
the sizes of the DNAs did not materially affect
the analyses of the recombinants. Thus, al-
though in a few instances we were unable to
determine whether a particular cleavage site
was derived from HSV-1 or HSV-2 DNA,
analysis ofthe same DNA with another enzyme
produced unambiguous results. (v) The bound-
aries of the probable crossover sites were set
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IsL >1E S
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FIG. 3. Identification ofHSV-1 and HSV-2 parental sequences in AMEl recombinant DNA as determined
by each restriction endonuclease used in this study. The filled lines indicate the sequences identified by each
restriction enzyme as belonging to HSV-1 or HSV-2 parental DNA. The diagonal line linking the two maps
spans the boundaries of the crossover events. The steeper the diagonal line, the narrower are the boundaries.
The maps represent the prototype arrangement selected in this study. The two lower lines indicate map units
for HSV-1 and HSV-2 DNAs, respectively.

independently for each enzyme. Maximum
boundaries were determined by the map posi-
tions of the HSV-1 and HSV-2 cleavage sites
positively identified and bracketing the recom-
binational site. In some instances the bound-
aries defining the recombinational event could
be further narrowed (minimal boundaries) by
taking into account the absence of cleavage
sites that are present in one of the parental
DNAs between the positively identified cleav-
age sites.
Analysis of recombinant AlE 1, produced by

a single recombinant event. Pertinent to the
analysis of AlEM is the observation that the
parent strain HSV-1(17) and its ts mutant
HSV-1(17 tsJ) differ from our prototype strain
HSV-1(F) in that they lack the cleavage site
between HpaI fragments S and R (40; Hayward
et al., manuscript in preparation).

Digestion of the AlEl recombinant DNA
with XbaI yielded several fragments that comi-
grated with fragments of both parental DNAs.
The simplest interpretation of this pattern is
that a single crossover event had occurred
within the 0.25 M fragment HSV-2 GH, result-
ing in a new 0.25 M fragment, HSV-1 D-HSV-
2 H. Specifically: (i) fragments HSV-1 G, C, and
F and HSV-2 H, I, and J were present in appro-
priate molar ratios, as indicated by band inten-
sities, and HSV-1 bands D and E comigrated
with a broader band in the recombinant; (ii) if

the crossover occurred within the fragments
HSV-1 D[S] and HSV-2 GH it would be pre-
dicted that the recombinant DNA would gener-
ate a 0.5 M fragment comigrating with HSV-2
D and unique 0.25 M fragments with apparent
molecular weights of 26.9 x 106 (HSV-1 D-
HSV-2 H), 24 x 106 (HSV-1 D-HSV-2 I), 15.6 x

106 (HSV-1 G-HSV-2 H), and 12.7 x 106 (HSV-1
G-HSV-2 I). The 0.25 M 26.9 x 106-molecular
weight recombinant fragment would be ex-
pected to comigrate with the 1.0 M HSV-2 D
fragment and differ from it only in the relative
intensity of the band. The 0.25 M 24 x 106_
molecular weight fragment would be expected
to comigrate with 0.25 M HSV-1 G[S] and show
similar intensity. The 0.25 M 15.6 x 106-mo-
lecular weight fragment would comigrate with
the HSV-1 F fragment, and the 0.25 M 12.7 x

106-molecular weight recombinant fragment
would migrate close to the 0.5 M HSV-2 frag-
ment.
Analysis of the EcoRI digests confirmed and

further defined the recombinant boundaries de-
duced from analyses of the XbaI digests. Specif-
ically, the recombinant DNA digest contained
1.0 M fragments that comigrated with the
HSV-1 M, A, and I fragments and 0.5 M frag-
ments that comigrated with the HSV-1 J and
HSV-2 M fragments. More informative,
though, is the generation of a new set of 0.25 M
fragments, three (19.2 x 106, 17.0 x 106, and

AMEI
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C3DI " L >1- S
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H 0 1 J A K L D M N G HSV-I

I B N H E A 0 J M L K HSV-2
7.0 20.2 1.8 117 12.5 223 1.2 6.8 5.5 6.0 6.8
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6.6 27 1.5 23.7 18.0 6.4 18.3
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FIG. 5. Identification ofHSV-1 and HSV-2 parental sequences in C3D1 recombinant DNA, as determined
by each restriction endonuclease used in this study. The construction of this figure is the same as that
described in the legend to Fig. 3.

15.5 x 106) that comigrated with the 0.25 M
fragments HSV-2 HK, FM, and HM and a
unique 0.25 M fragment, 13.3 x 106 in molecu-
lar weight, which could have arisen from frag-
ments HSV-1 J and HSV-2 M. Because many
HSV-1 and HSV-2 fragments comigrated (HSV-
1 L and HSV-2 N; HSV-1 D, E, F, and G and
HSV-2 G, H, and I; HSV-1 I and HSV-2 K), the
remainder of the EcoRI pattern is not very
informative. However, ifthe recombination site
were different, we would have expected to see
the emergence of new fragments that were not
found in the digest. The left boundary of the
recombinational site is ambiguous because we
cannot determine whether the recombinant
DNA retained the cleavage site between HSV-1
fragments I and E or the cleavage site between
HSV-2 fragments L and H. However, the
boundary in the HSV-2 component must be to
the left of the HSV-1 K, H cleavage site.
The BglII digest of the recombinant DNA

contained fragments that comigrated with
HSV-1 F, G, I, J, K, M, N, 0, and P and HSV-2
L and M fragments. The digests also contained
0.25 M fragments with molecular weights of
19.2 x 106, 18.2 x 106, and 15 x 106. Fragments
produced from recombinational events in 0.25
M HSV-1 F-HSV-2 K, HSV-1 F-HSV-2 M, and
HSV-1 J-HSV-2 M fragments would explain
the observed pattern. The predicted 0.25 M
fragment with a molecular weight of approxi-
mately 16 x 106 migrated too closely to the 1.0
M HSV-1 D fragment to be readily detected.
Due to the presence of fragments expected to

comigrate, it was not clear whether the HSV-1
D and L or HSV-2 C and K DNA fragments
were present. Inasmuch as the HSV-1 F frag-
ment was present, the 0.5 M HSV-2 H fragment
could not be present, so the recombinational
boundary in the L component must be to the
right of the HSV-2 I, H cleavage site.
The HsuI digest contained recombinant DNA

fragments that comigrated with HSV-1 A, D,
H, I, J, K, L, and 0 fragments and HSV-2 J
and K fragments. Two new 0.25 M fragments,
with molecular weights of 14 x 106 and 15.2 x
106, were also generated. Because the 0.5 M
HSV-2 M fragment comigrated with the HSV-1
L fragment, its presence was only inferred.
Thus, (i) the HSV-1 G, M, and N fragments
were not present, and (ii) the 0.25 M fragments
present in the digest necessitate the existence
of a 0.5 M fragment 5.5 x 106 in molecular
weight. The observed migration pattern of 0.25
M fragments was consistent with the emer-
gence of recombinant fragments with molecu-
lar weights of 24.8 x 106 (HSV-1 D-HSV-2 K),
23.5 x 106 (HSV-1 D-HSV-2 M), 15.2 x 106
(HSV-1 H-HSV-2 K), and 13.9 x 106(HSV-1 H-
HSV-2 M). Because no 0.25 M fragment 12.3 x
106 in molecular weight was observed, the
HSV-2 J fragment must not be present in the
recombinant DNA. Accordingly, the site of re-
combination in the L component must be to the
right of the HSV-2 0, J cleavage site.

Finally, analysis of the HpaI digests showed
that the recombinant DNA contained all HSV-1
fragments except the 0.5 M G and D fragments

J. VIROL.
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FIG. 7. Identification ofHSV-1 and HSV-2 parental sequences in D1E5 recombinant DNA, as determined
by each restriction endonuclease used in this study. The construction of this figure is the same as that
described in the legend to Fig. 3.

and the resulting 0.25 M fragments associated
with them. A new band of appropriate molecu-
lar weight (22 x 106 to 23 x 106) arising from
the joining of HSV-1 L,-HSV-2 [SI and HSV-1
L2-HSV-2 [S] fragments was also present. This
clearly placed the recombinational boundary to
the right of the HSV-1 L2 cleavage site.
The right boundaries of the crossover event

were further defined by digesting the recombi-
nant DNA with KpnI and HpaI simultane-
ously. The rationale for this experiment was
based on the observation that HpaI does not
cleave HSV-2 S components but produces mul-
tiple cleavages within HSV-2 L and HSV-1 L
and S components. KpnI, on the other hand,
cleaves the HSV-2 S component only within the
reiterated sequences, producing two 0.5 M frag-
ments 1.2 x 106 in molecular weight and one
1.0 M fragment 16.2 x 106 in molecular weight.
Although the KpnI map of HSV-1 DNA has not
been constructed, none of the fragments was
greater than 8 x 106 in molecular weight. Con-
sequently, if the S component of the recombi-
nant arises from HSV-2 DNA, digestion of
DNA with both enzymes should produce only
one high-molecular-weight DNA band (16.2 x
106) and, irrespective of the structure of the
remainder of the DNA, numerous bands con-
taining small fragments arising from cleavage
of the L component and the terminal 1.2 x 106_
molecular weight fragment of the S component.
This is precisely what was found. These data
indicate that the crossover event occurred

within the b'a'a'c' region and that its bound-
aries are 1.2 map units to the right of the junc-
tion of L and S and 3.7 map units (HSV-1
HpaI P, L2 site) to the left of the junction.

Analysis of recombinant C3D1 DNA formed
by a double crossover event. Pertinent to analy-
sis of intertypic recombinants from series C
was the observation that the restriction endo-
nuclease maps of HSV-1(HFEM) differ in the
following ways from those presented in Fig. 5:
(i) a deletion of an approximate molecular
weight of 2 x 106 occurs in XbaI D, HsuI D,
BglII F, and EcoRI E fragments; (ii) several
fragments from the S component increase in
molecular weight (HsuI G and MN, BglII H
and L, HpaI D and G, and EcoRI H); and (iii)
the HsuI N, M cleavage site is missing, result-
ing in a fragment of a molecular weight slightly
greater than 8 x 106 (Hayward et al., manu-
script in preparation). HSV-2(186) gave the
same restriction endonuclease cleavage pattern
as HSV-2(GP6).
Digestion of recombinant DNA with XbaI,

HsuI, and BglII restriction endonucleases gen-
erated fragments that all comigrated with
HSV-2 fragments (Fig. 4 and 5). Inasmuch as
the 0.25 M fragments all comigrated with those
of the HSV-2 parental DNA fragments, any
recombinational event must have involved dou-
ble crossover events within either the L or S
components or both.

Digestion of recombinant DNA with EcoRI
generated fragments that comigrated with the

J. VIROL.
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FIG. 8. Summary of the DNA sequence arrange-

ments of all recombinants analyzed in this study.
The upper and lower line of each doublet represent
HSV-1 and HSV-2 DNAs, respectively. The heavy
line indicates the source ofparental DNA transposed
into the recombinant DNA. The diagonal line spans
the boundaries defined by the five restriction endonu-
cleases. Hatch marks at or near the diagonal line
identify the critical endonuclease cleavage sites that
define the boundaries of the crossover event. The
hatch marks with a knob identify the restriction
endonuclease cleavage sites retained in recombinant
DNA, whereas those without knobs represent se-
quences absent in the recombinant DNA. The boxes
on the map unit line indicate the reiterated sequences
ofL and S components ofHSV DNA.

HSV-1 M and A fragments and the HSV-2 F, H,
I, J, K, L, M, N, 0, and all 0.25 M fragments.
Pertinent to the mapping of the recombina-
tional event is the absence of the HSV-2 A
fragment. Accordingly, the simplest interpreta-
tion is that a double crossover occurred between
the HSV-2 A, P and HSV-1 L, A sites and

between the HSV-1 F, M and HSV-2 I, G sites,
as shown in Fig. 5.

Digestion of recombinant DNA with HpaI
generated fragments that comigrated with the
HSV-2 A, F[S], G[S], E, F, and G and HSV-1 H
and K fragments. A fragment that migrated
slightly faster than the HSV-1 B fragment was
also observed. Inasmuch as the recombinant
fragment that comigrated with the HSV-1 H
and HSV-2 F and G fragments was 1.0 M in
relative concentration and because the HSV-2
fragment was missing, the most likely interpre-
tation is that a double crossover event occurred
between the HSV-2 D, E and HSV-1 H, F sites
and between the HSV-1 B, H and HSV-2 H, D
sites. The consequences of such a recombina-
tional event would be to generate fragments of
molecular weights of 4.1 x 106, 6.6 x 106, and
11.5 x 106. The 4.1 x 106-molecular weight
fragment would comigrate with the HSV-1 K
fragment.

In summary, the results obtained with all
five enzymes indicate that the boundaries ofthe
double crossovers are defined by the HSV-2
HsuI H, E and HSV-1 EcoRI F, M sites and by
the HSV-1 HpaI H, F and HSV-2 HpaI D, E
cleavage sites, as shown in Fig. 5.

Analysis of recombinant DiES DNA formed
by multiple crossover events. Digestion of the
Houston strain of KOS DNA with the restric-
tion endonucleases used in this study yielded
the same DNA fragments as those previously
described for strain HSV-1 (17).

Digestion of D1E5DNA with XbaI generated
fragments that comigrated with the HSV-2 G,
H, I, J, and all 0.25 M fragments and the HSV-1
E fragment (Fig. 6). A unique fragment with an
approximate molecular weight of 6.5 x 106 was
also observed. Because fragments that comi-
grated with the HSV-2 0.25 M fragments were
present, this recombinant must have arisen
from multiple crossover events within either
the L or S components (Fig. 7). Inasmuch as the
HSV-2 D and HSV-1 C or G fragments were not
present, a crossover between the HSV-2 D, G
and HSV-1 E, D sites and between the HSV-1
F, E and C, F sites would explain the observed
migration pattern. This would generate frag-
ments that would comigrate with the HSV-2 0
and P fragments.
The HsuI digest contained fragments that

comigrated with the HSV-2 B, H, I, J, K, L, M,
N, and all 0.25 M fragments. Of significance
were the observations of the new fragment,
which migrated with an apparent molecular
weight of 10 x 10'i, the absence of the HSV-2 A
fragment, and the 1.0 M recombinant fragment
that comigrated with the HSV-1 L and HSV-2
M fragments. Inasmuch as the digest contained

VOL. 24, 1977



244 MORSE ET AL.

0.25 M fragments indistinguishable from HSV-
2 0.25 M fragments, the recombinant must con-
tain the HSV-2 M fragment. Accordingly, a re-
combinational event occurring between the
HSV-2 A, 0 and HSV-1 L, D sites and between
the HSV-1 A, K and HSV-2 H, E sites would
explain the observed fragment pattern.
The EcoRI digest contained fragments that

comigrated with HSV-2 F, J, I, M, N, 0, K, and
all 0.25 M fragments and HSV-1 A, I, and M
fragments. Of significance were the observa-
tions that the HSV-1 M fragment was absent
and the appearance of a new fragment with
an apparent molecular weight of 3.7 x 106. It is
not clear whether the HSV-2 L, H or HSV-1 I, E
site was present. However, because a fragment
that comigrated with the HSV-1 I fragment was
present, the crossover event most likely oc-
curred between the HSV-2 L, H and HSV-1 A, I
sites and between the HSV-1 0, L and HSV-2
G, L sites.
The BglII digest contained fragments which

comigrated with HSV-2 D, P, J, H, M, L, K, 0,
and all 0.25 M fragments. Inasmuch as HSV-2
C and HSV-1 D comigrated, it is not clear
which is present in the recombinant DNA.
Unique fragments with approximate molecular
weights of 8 x 106 and 14 x 106 were observed.
Because neither the HSV-1 J nor the HSV-1 F
fragment was present, a crossover between the
HSV-2 I, H and N, I sites must have occurred,
which would generate a fragment with an ap-
proximate molecular weight of 14 x 106. Inas-
much as the HSV-2 J and 0 fragments were
present, another crossover between the HSV-1
D, J and HSV-2 0, C sites must also have
occurred. Finally, because the HSV-2 G frag-
ment was absent and because a unique frag-
ment migrating with an apparent molecular
weight of 8 x 106 was generated, a small double
crossover between the HSV-2 G, J and HSV-1
P, N sites and between the HSV-1 P, N and
HSV-2 P, G cleavage sites most likely also had
occurred.
The HpaI digest contained fragments that

comigrated with HSV-2 G, F, A, GIS], FIS],
and HSV-1 H and F fragments. Unique frag-
ments with approximate molecular weights
corresponding to 10 x 106, 11.5 x 106, 14 x 106,
and 17 x 106 were also observed. Because the
HSV-2 E and HSV-1 E fragments were absent,
a crossover event must have occurred to the left
of the HSV-1 E, T site but to the right of the
HSV-2 D, E site. A fragment with an approxi-
mate molecular weight of 14 x 106 would be
generated if the HSV-1 F, E cleavage site were
present. Inasmuch as the HSV-1 H fragment
was present whereas the B fragment was not,
another crossover between the HSV-1 B, H and

HSV-2 H, D sites, generating a unique frag-
ment with an approximate molecular weight of
11.5 x 106, must have occurred. Finally, a small
double crossover between a portion of the HSV-
2 A fragment and the HSV-1 J, M site would
generate two unique fragments with apparent
moleular weights of 10 x 106 and 17 x 106,
consistent with the BglII fragment pattern.

In summary, the results obtained with all
five enzymes (Fig. 6) indicate that four recom-
binational events must have occurred. The
minimum boundaries of the crossover site ap-
pear to be between (i) the HSV-2 XbaI D, G and
HSV-1 XbaI E, D cleavage sites, (ii) the HSV-1
EcoRI F, M and HSV-2 HsuI H, E sites, (iii) the
HSV-2 BglII G, J and HSV-1 HpaI J, M sites,
and (iv) the HSV-1 HpaI J, M and HSV-2
EcoRI J, I sites. Figure 7 shows the map posi-
tions of the minimal boundaries.
Summation of recombinant analyses. Figure

8 shows the results of the restriction endonucle-
ase analyses of the intertypic recombinants iso-
lated in this study. Several points emerge from
this figure. (i) Although the experiments were
designed to ensure the isolation and analysis
of progeny of independent recombinational
events, there was segregation of recombinants
even after multiple plaque purifications. In
some instances, e.g., D4E1 and D4E2, the se-
gregants resembled each other, suggesting that
after the original recombinational event some
progeny within the clone underwent additional
recombinational events. For example, D4E1
and D4E2, which segregated only after five
plaque purifications, differ slightly and there-
fore may be clonally related. The same is proba-
bly true for A2D, A4D, D1E4, and DiE5. D5E1
and D5E2 may also be clonally related, even
though here the differences are more extensive.
However, DiEl is clearly different from D1E4
and D1E5, even though it segregated only after
five plaque purifications from the same original
clone. Therefore, DiEl is, most likely, the prod-
uct of a different recombinational event. We
have chosen to retain clonally related recombi-
nants in our summary because preliminary
polypeptide analysis has revealed at least one
polypeptide difference between some recombi-
nants with identical DNA maps, as far as we
have been able to detect.

(ii) Analyses of the recombinants permit
physical mapping of some markers used in this
study. For example, PAAr appears to map be-
tween map unit positions 0.43 and 0.52. This is
apparent from analyses of recombinant CiD
and C2D. The maps of all other recombinants in
which PAAr was used as a marker are consist-
ent with this interpretation. These data are
also consistent with genetic mapping data from
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two-factor crosses (33; J. Jofre, P. A. Schaffer,
and D. Parris, manuscript in preparation).
Similarly, we noted that PAAr and the syn
phenotype cosegregate. Several considerations,
including genetic crosses and marker rescue
(D. Knipe, W. Ruyechan, and B. Roizman,
manuscript in preparation), argue that at least
one of the two genes defining the syn marker
maps to the left of PAAr. In addition, tsJ must
map to the right of map unit position 0.78.
There is less certainty as to the position oftsB5,
tsE6, and tsN102, although the data may be
interpreted to indicate that tsB5 maps to the
right of 0.49.

(iii) There is an indication that there exist
preferential crossover sites. We have observed
the occurrence ofmany recombinational events
in regions defined by map units 0.40 to 0.45 and
0.60 to 0.70. In reviewing the parental pheno-
types, it is clear that the recombinants selected
for PAAr would have to include the HSV-1
DNA bounded by map positions 0.43 to 0.53. It
could also have been predicted that the recom-
binants selected for the PAAr marker would
exhibit random crossover events beyond that
locus in at least some of the parental crosses. It
is surprising, therefore, that the crossover
events in all parental cross series occur so fre-
quently at or near 0.42 map units to the left of
PAAr. Similar arguments hold for the fre-
quency of recombinational events occurring be-
tween map positions 0.60 and 0.70. Although
some of the recombinants with crossovers in
these positions are clearly clonally related in
the sense that they may have arisen from the
progeny of a recombinant that had undergone
additional recombinational events, clonal relat-
edness cannot explain the apparently preferen-
tial location of some crossover sites.

DISCUSSION
Sequence arrangement in HSV-1-HSV-2 re-

combinants. The major structural features of
the recombinants analyzed to date and summa-
rized in Fig. 8 are as follows.

(i) There is wide and extensive interchange of
genomic regions and components. These range
from complete interchanges of L and S compo-
nents to substitutions of regions within L and S
components. We should also note that within
the same component (L or S), the reiterated ab
or ac sequences can be heterogeneous, as in the
case of recombinants AMG3, A2D, D3E1, A4D,
D5E1, D5E2, and DlEM.

(ii) Subject to the limits imposed by the num-
ber of recombinants analyzed in this study,
crossover events seem to occur more frequently
in some areas, such as in regions defined by

map units 0.62 to 0.69 and around a region
defined by map unit 0.40.

(iii) Most recombinants were formed by more
than one crossover event. Double crossovers,
which resulted in transposition of stretches of
DNA, are of two kinds. The first involves long
and readily identifiable regions. The second
type involves transposition of relatively small
regions, as, for example, in recombinants A5C,
C6D, and clonally related D1E4 and DiE5. In
these recombinants the crossover events were
detected only because the transposed region
contained a recognized restriction enzyme
cleavage site. Small transposed DNA regions
that do not contain a restriction enzyme cleav-
age site would not be detected. Inasmuch as it
is unlikely that small transpositions invariably
occur around a known cleavage site, we must
conclude that they are much more numerous
than we detected in this study. However, perti-
nent to the conclusions to be discussed below,
all microtranspositions, by definition, involve
double crossover events.
The functional significance of the structures

of the recombinant DNAs stems from the fol-
lowing considerations. First, the interchange of
L and S components and of smaller regions
necessarily argues that the linear orders of the
genes of HSV-1 and HSV-2 essential for the
replication of the virus are, at least, grossly
identical. By this we mean that the genes con-
tained in a transposed region of the DNA must
specify the same functions as those in the re-
placed region. However, without additional
analysis of the large transposed regions, we
cannot be certain that the order of genes is
actually identical in all functionally homolo-
gous HSV-1 and HSV-2 regions. Second, be-
cause most recombinants analyzed in this study
appear to multiply as well as the parental types
and do not appear to have obvious defects, we
must conclude that, at least for the recombi-
nants selected so far, HSV-1 gene products can
complement and interact with HSV-2 gene
products and vice versa.
Of special interest, in the context of this con-

clusion, are the recombinants consisting of
HSV-1 L and HSV-2 S components. In the light
of the fact that HSV-1 a functions (15, 30) map
in both S and L components (18), it is notewor-
thy that the intermixing of HSV-1 and HSV-2
templates, both within and between coordi-
nately regulated genes, yielded viable progeny.

Finally, the observation that recombinants
contained preferred regions of crossover sites
may have several nonexclusive explanations.
Thus, the preponderance of the HSV-2 compo-
nent in the recombinants obtained so far might
be a reflection ofthe parental genotypes used in
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these studies. It might also reflect the possibil-
ity that the HSV-2 S component contains se-

quences that enhance the viability of the re-

combinants. The clustering of crossover events
in certain regions of the DNA might reflect the
conservation of type-specific structural or regu-
latory sites that enhance the viability of the
recombinants, non-colinearity ofsome essential
function, or simply a region that shows mini-
mal evolutionary divergence, which would fa-
vor legitimate recombination. Discrimination
among these various alternatives requires
analyses of the recombinants produced by
many more crosses. In any event, our data do
not contradict the conclusions of Oakes et al.
(24) that homologous regions are dispersed
throughout HSV-1 and HSV-2 DNAs.
Of the methods currently available for deter-

mining the positions and order of markers on

the viral genome (i.e., classical recombination
analysis, marker rescue, and intertypic recom-
bination), the usefulness of the first (32, 33) and
second (41; D. Parris and P. A. Schaffer, manu-
script in preparation) procedures have been
demonstrated in the HSV system. The present
study represents the first successful attempt to
locate markers on the HSV genome by inter-
typic recombination, as exemplified by the abil-
ity to identify the most probable boundaries of
some of the markers used in this study.

Significance of the structure of recombi-
nant DNA and its implications for the func-
tion of the various arrangements of HSV-1
and HSV-2 DNAs. The central question that we
wish to pose is whether all arrangements of
HSV-1 and HSV-2 DNAs could have partici-
pated in the generation of the recombinants
observed in this study. Our argument, illus-
trated in Fig. 9, is as follows. Let us assume
that parental types each have one marker in
either the L or the S component and that selec-
tion against the markers yields a recombinant
generated by a single crossover event in the L
component. As Fig. 9 illustrates, ifthe recombi-
nant event occurs in all arrangements of HSV-1
and HSV-2 DNAs and if all these recombinants
are then replicated, the display of the resulting
recombinants in the P arrangement should
show a single crossover event if the recombina-
tion occurred in the P and Is arrangement and a
double crossover event if the recombination oc-
curred in the IL and ISL arrangement. Similarly,
if the crossover event occurred in the S compo-
nent (not shown), rearrangement of the recom-
binant in the P arrangement should display a
single crossover if the recombination occurred
in the P and IL arrangement and a double cross-
over if the recombination occurred in the Is and
ISL arrangement. This argument can be ex-

Predicted structure of DNAs in P 'L Is ISLi

Parental DNAs in all arrongementI~I11_Ls

SINGLE CROSSOVER

Recombinants formed on all _ _ .............. . . ....... .... .......... .._
arrangements

Resuting fecombanon ts displayed ............_ . . ........... . ............

in P orrougemcent
DOUBLE CROSSOVER

Recombinants formed in, all _
arrangements

Resulthng recombinantsdispclayed H " ........ _ _

FIG. 9. Predicted recombinant DNA structure
generated by selection against markers in the L and S
components. The diagram illustrates the predicted
recombinant DNA structure for single or double
crossover events generated if all arrangements of
HSV-1 and HSV-2 DNAs could have participated in
the recombinational event. The X present in either
the L or S components ofparental DNAs indicates the
position of the hypothetical markers. The solid lines
represent a portion of DNA unique to one parent,
whereas the broken lines designate the DNA se-
quences of the second parent.

tended to any number of crossover events, pro-
vided that they are odd in number. In principle,
the argument predicts that if recombinational
events occur in all four forms of HSV DNA,
there should be no single arrangement of re-
combinant DNAs showing one or an odd num-
ber of crossover events. As noted earlier in the
text, all could be shown ini one arrangement
(Fig. 8) that displays the minimal number of
crossover events. Analysis of the recombinants
obtained so far indicates that they fall into two
classes. The majority (18 of 28) have an even
number of recombinational events, and (as
shown diagrammatically in Fig. 9) these
neither support nor contradict our argument.
Of the 10 that show an odd number of crossover
events, 4 nonclonally related recombinants
(A1G3, A2D, A1E2, and D5E2) could have
arisen from P or Is arrangements of parental
DNAs since the crossovers are entirely in L. At
least one (DiEl) could have arisen from the P
or IL arrangement of the parental DNAs, since
the crossover occurs in S. The common arrange-
ment to all is the P arrangement, in which we
have chosen to display our data.
The data presented in this paper support the

hypothesis that only one or, at best, two ar-
rangements of HSV DNA are replicated. The
strengths, weaknesses, and implications of this
hypothesis are as follows.

(i) The hypothesis that IL and ISL arrange-
ments do not participate in the generation of
recombinants is supported by the observation
that all four recombinants with an odd number
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of crossover events in unique sequences ofL are
best represented in either the P or the Is ar-
rangement. The hypothesis that Is and ISL ar-
rangements do not participate in the genera-
tion of recombinants is supported by only one
(DlEl) recombinant with a single crossover in
unique sequences of S and, therefore, is less
tenable.

(ii) Supporting the hypothesis that only one
form of HSV DNA replicates is the observation
that all mutants analyzed to date can be ar-
ranged in a single linear array both for
markers within either the L or S component
and for markers in L with respect to those in S
(3, 32, 33, 37). As indicated at the time that the
four arrangements ofDNA were shown to exist
(14), this should not be possible if all arrange-
ments are replicated.

(iii) The hypothesis that only one, or at most
two, arrangements of HSV DNA are replicated
has two significant implications. First, the hy-
pothesis implies that if only P and Is forms
replicate, the discriminatory signal must be in
the L terminus of the DNA, and, once DNA
synthesis is initiated, it will not discriminate
between P and inverted arrangements of the S
region. Similarly, if P and IL forms replicate,
the discriminatory signal must be in the S ter-
minus of the DNA. If only the P arrangement
replicates, the discriminatory signal must be at
the junction ofL and S components. Second, the
hypothesis implies that rearrangements of
HSV DNA occur during an obligatory, post-
DNA synthesis event for the simple reason that
a nonobligatory event could not account for the
equimolar concentrations of the four arrang-
ments of DNA. Current studies on the replica-
tion of HSV DNA have yielded information
that is consistent with the hypothesis that the
inversions of L and S regions are postreplica-
tion events associated with repair synthesis of
unit-length DNA excised from concatemers (17;
unpublished data). They do not specifically pin-
point the site of initiation of DNA synthesis
largely because of the difficulty in differentiat-
ing initiation of DNA synthesis and repair of
preexisting nicks and gaps. It should be noted,
however, that final proof of the hypothesis pre-
sented here requires three additional series of
experiments. First, additional recombinants
with odd numbers of crossover events in S are
required to determine whether, in fact, only P
or both P and Is participate in the generation of
recombinants. Second, additional studies are
required on the terminal sequences of the re-
combinants currently shown to have been
formed by an odd number of recombinant
events. The problem arises from the fact that
none of the restriction enzymes that have been

used to construct physical maps of HSV DNA
cleave within 1.2 x 106 in molecular weight
from the terminus of the S component of HSV-2
DNA, 3.5 x 106 in molecular weight from the
terminus of the S component of HSV-1 DNA,
6.4 x 106 in molecular weight from the ter-
minus of the L component of HSV-2 DNA, and
3.7 x 106 in molecular weight from the ter-
minus of the L component of HSV-1 DNA.
Therefore, a crossover event occurring within
the terminal region a or distal portions of ab
and ac regions would not be detected. Lastly,
the theoretical prediction regarding the site of
initiation ofDNA synthesis must be confirmed
by experimental studies. These studies are cur-
rently in progress.
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