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Electron microscopic studies of equine herpesvirus DNA revealed that single
strands that were allowed to reanneal formed single-stranded loops with double-
stranded stems only at one end of the molecule. These observations support
restriction enzyme analyses which indicate that the 92-megadalton DNA molecule
exists as a long region of unique sequences covalently linked to a short region.
The short region is comprised of an internal unique sequence, which forms the
loop during reannealing of single strands, and two terminal inverted repeat
sequences that bracket the unique sequence and form the double-stranded stem
structure observed upon reannealing of single strands. Measurements of the
unique sequence and terminal inverted repeat subgenomic sequences indicate a
size of 6.4 megadaltons for each and thus fix the size of the short region at
approximately 19.2 megadaltons.

Equine herpesviruses have proved to be suit-
able for the study of the varied biological conse-
quences of herpesvirus infection as model sys-
tems have been developed to investigate cytoci-
dal infection in cell culture and animals (8),
persistent infection (9, 13; S. A. Dauenhauer, R.
A. Robinson, and D. J. O'Callaghan, J. Gen.
Virol. in press), biochemical transformation (1),
and oncogenic transformation (9-13). To eluci-
date which viral genes and gene products are
associated with each of these aspects of herpes-
virus infection, it is necessary that a detailed
understanding of the overall genomic structure
and arrangement of viral DNA sequences be
obtained. Recently, we defined the physical
structure of the equine herpesvirus type 1
(EHV-1) genome by restriction enzyme mapping
techniques and proposed that this herpesviral
DNA is a 92-megadalton (Md) molecule that is
comprised of a 71.6-Md long region and a 20.4-
Md short (S) region which contains inverted
repeat sequences that bracket a unique sequence
(Us) segment (6). Calculations of the size of the
inverted repeat sequences and Us segment were
based on a series of deductions made from data
concerning the location of restriction enzyme
sites within the S region. These calculations
indicated that both the repeats and Us se-
quences were approximately 6 Md. Our recent
finding that the genome of EHV-1 defective
particles with the capacity to mediate persistent
infection is comprised of reiterated copies of S-
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region sequences (9) prompted us to employ
electron microscopic methods to examine and
measure the Us and repeat segments of the S
region of the standard genome.
EHV-1 was propagated in L-M cell suspen-

sion cultures, and viral DNA was extracted from
purified virions as described previously (6). Vi-
ral DNA (1.5 ,ug/ml), suspended in 0.2 M Tris-
hydrochloride (pH 8.5)-0.001 M EDTA buffer,
was denatured by heating at 60°C for 10 min in
80% formamide (vol/vol, recrystallized). Buffer
(0.2 M Tris-hydrochloride, 0.02 M EDTA, pH
8.5) was added to reduce the formamide concen-
tration to 66%, and the DNA was then allowed
to self-anneal at 25°C for 2 h. After the self-
annealing step, fd phage and simian virus 40
form II DNAs were added as single-strand and
double-strand size markers, respectively. Final-
ly, cytochrome c was added to a concentration
of 0.3 mg/ml. The DNA was picked up from a
10% formamide hypophase (4) with Parlodion-
coated 200-mesh copper grids. The grids were
stained with uranyl acetate, rinsed with isopen-
tane, and rotary shadowed with gold-palladium
in an Edwards evaporator. Grids were examined
in a Zeiss EM 10A electron microscope and
photographed at a magnification of x9,800. Neg-
ative photographs of individual self-annealed
molecules were projected onto a blackboard
with a lantern slide projector, and the DNA
contour lengths were determined with a Keuffel
and Esser map measure. Double-stranded mo-
lecular weights for single- and double-stranded
regions of self-annealed EHV-1 molecules were
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FIG. 1. Electron micrographs of self-annealed EHV-1 DNA molecules. The arrows delineate the double-
stranded region corresponding to the inverted repeat. Bar = 0.5 ~±m.

calculated from the ratio of the observed EHV-1

DNA lengths and marker DNA lengths based on

sizes of 2.11 Md for fd DNA (2) and 3.4 Md for

simian virus 40 DNA (5).

Figure 1 shows electron micrographs of sec-

tions of EHV-1 self-annealed single strands.

Panels A and B illustrate structures containing a

single-strand loop contiguous to a double-strand

region which terminates in a single-strand

stretch. The double-strand region of the mole-

cule in Fig. lB is shorter than that in the

structure in Fig. 1A, and the single-strand tail is

quite short, indicating that the molecule con-

tained single-strand interruptions at these

points. Many (.:70%) of the molecules observed

appeared to have random single-strand breaks

either in the double- or single-strand regions or

in both. This result is in keeping with the fact

that alkaline sucrose gradient sedimentation of

EHV-1 DNA indicates the presence of numer-

ous, apparently random, single-strand breaks in
the DNA (D. J. O'Callaghan, U. A. Gentry, and
C. C. Randall, in B. Roizman, ed., Comprehen-
sive Virology, Series 2, in press). Molecules
which contained double loops and molecules
which contained loops less than one or greater
than two fd DNA contour lengths were not
observed.
Histograms of the double-strand molecular

weights calculated from the contour lengths of
the single-strand loops which correspond to the
Us region of the DNA and the linear double-
strand regions which correspond to the inverted
repeats are shown in Fig. 2. The average size
from this analysis of the segment of the S region
bounded by the repeats is 6.4 ± 1.1 Md. This
value is in agreement with the value of approxi-
mately 6 Md for the Us segment determined by
restriction enzyme analysis of the EHV-1
genome (6). The histogram of the measurements
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FIG. 2. Histograms of the double-strand molecular
weight of the loop (A) and double-strand repeat re-

gions (B) of self-annealed EHV-1 DNA. Note the
biphasic nature of the repeat histogram.

of the terminal repeat segment shows two popu-
lations with average sizes of 2.4 + 0.77 and 6.4
+ 0.89 Md. The size of the larger population is
similar to the value of approximately 6 Md for
the repeat size which has been determined by
restriction enzyme analysis (6). Intramolecular
annealing experiments were also carried out on a
second, separate isolate of EHV-1 DNA. Mea-
surements of 31 of the resulting structures yield-
ed a value of 6.5 + 1.1 Md for the Us region.
Sizes for the repeat region once again fell into
two groups, with means of 2.4 + 0.62 and 6.2 ±

0.76 Md. The second set of measurements is in
good agreement with the first and indicates that
the observed features are indeed indicative of
the structure of the EHV-1 genome.
Two possible explanations arise for the two

values obtained for the size of the repeat region:
(i) there exist two populations of EHV-1 DNA
molecules with different-sized repeat regions or
(ii) there exists a relatively localized single-
strand break(s) within the terminal repeat. Since
the molecules with differing repeat sizes appear
to be present in approximately equal amounts
(Fig. 2), the first explanation would require the
presence of two sets of submolar restriction
fragments in restriction enzyme digests of the
DNA. This is not the case. Only a single set of

0.5 M fragments corresponding to a repeat re-
gion of approximately 6 Md has been observed
during restriction mapping of the genome (6).
The value of the 2.4 Md for the shorter popula-
tion of repeats, therefore, probably indicates the
existence of a single-strand break or breaks
some 3.6 to 4.0 Md in from the end of the
terminal repeat.
Thus, electron microscopic measurements re-

veal that the S region is comprised of two 6.4-
Md inverted repeats and a 6.4-Md Us segment,
which would indicate that the S region is 19.2
Md; this supports the 20.4-Md calculation ob-
tained by restriction enzyme analyses (6). Con-
tour lengths of 20 native, well-extended EHV-1
DNA molecules with simian virus 40 form II
DNA as a size marker gave a size for the entire
genome of 90.6 + 7.8 Md, which is in good
agreement with the value of 92 Md obtained by
restriction enzyme mapping (6) and physico-
chemical measurements (14).
The work presented here shows that EHV-1

DNA has an internal structure similar to that of
pseudorabies virus (3, 7, 15) and varicella-zoster
virus (S. E. Straus, J. Owens, W. E. Ruyechan,
H. A. Takiff, T. A. Casey, G. F. Vande Woude,
and J. Hay, Proc. Natl. Acad. Sci. U.S.A., in
press) in that the sequences from one terminus
are repeated internally in an inverted form and
these repeats bound a short stretch of unique
DNA. These studies confirm earlier, unpub-
lished observations concerning the structure of
EHV-1 DNA (P. Sheldrick, personal communi-
cation) and corroborate recent restriction en-
zyme mapping of the EHV-1 genome (6). Lastly,
it should be mentioned that electron microscopic
and restriction enzyme mapping studies in our
laboratories have shown that EHV-3 DNA has a
structure similar to that of EHV-1 DNA and is
comprised of a fixed long region and an S region
that can invert due to the presence of inverted
repeat sequences (S. S. Atherton, D. C. Sulli-
van, S. A. Dauenhauer, W. T. Ruyechan, and D.
J. O'Callaghan, Virology, in press).
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