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The 32P-labeled DNAs from seven different clinical isolates of human varicella-
zoster virus (VZV) were independently digested with five site-specific restriction
endonucleases, EcoRI, HindIII, SmaI, BamHI, and AvaI. The digestion products
were analyzed by electrophoresis on 0.5% agarose gels followed by autoradiogra-
phy of the dried gels. Evaluation of the restriction enzyme cleavage patterns
revealed small variations among the VZV DNAs. The VZV DNAs were also
compared based on their buoyant densities in CsCl. No significant buoyant
density differences were detected among the VZV DNAs.

Varicella-zoster virus (VZV) is the causative
agent of chickenpox (varicella) and shingles
(herpes zoster) in humans (26). VZV infection of
human embryo fibroblast cells in culture results
in a characteristic focal cytopathological reac-
tion in which the virus remains cell associated.
Since isolation of VZV DNA from purified viri-
ons is inefficient, we used a version of the Hirt
procedure for VZV DNA isolation (12, 20). In
previous publications, we reported that the
EcoRI and HindIII restriction patterns of the
DNAs from five VZV isolates were indistinguish-
able (19) and that the CsCl buoyant densities of
the VZV DNAs showed slight variations among
the isolates (13). In the present communication,
we examined the DNAs of three of the previous
VZV isolates and four new VZV isolates with
respect to variation in restriction endonuclease
cleavage patterns and CsCl buoyant densities.
Several important improvements have been
made in the experimental techniques. For re-
striction enzyme cleavage analysis, horizontal
gels were used instead of vertical gels because of
greater stability. X-ray intensifying screens were
used to enhance autoradiography (24). For CsCl
buoyant density analyses, artificial mixtures of
[3H]thymidine ([3H]TdR)- and [14C]TdR-la-
beled herpes simplex virus (HSV) DNAs were
added to each gradient as internal controls for
isotope effects (6). In this context, the term
"isotope effect" refers to a change in buoyant
density solely due to a change in mass because
14C is inherently heavier than "2C. Based on
these improvements in technique and the use of
new VZV isolates, we now report differences
among VZV DNAs on the basis of their restric-
tion endonuclease cleavage patterns. The slight
differences in CsCl buoyant density found

among the VZV DNAs were not more than can
be ascribed to the isotope effect.

MATERIALS AND METHODS

Cells and virus stocks. Flow 5000 cells (Flow
Laboratories, Inc., Rockville, Md.) were propagated at
37°C in Dulbecco medium containing 10% fetal calf
serum with 0.075% NaHCO3. The VZV isolates used
in this study are presented in Table 1. VZV (Ma) and
(Rc) were generously provided by L. Rasmussen, Stan-
ford University Medical Center, Stanford, Calif. VZV
(Ma) was isolated from a 7-year-old female with fatal
generalized varicella and an underlying nucleoside
phosphorylase deficiency disease. VZV (Rc) was iso-
lated from a 9-year-old female with generalized vari-
celUa and acute lymphocytic leukemia. VZV (Caufield),
(Ludwig), and (Jab) were obtained in Hershey, Pa.
VZV (Kawaguchi) and (Oka) were generously pro-
vided by M. Takahashi (1, 25).

Radioactive labeling and purification of VZV
DNA. 32P-labeled VZV DNA was prepared as follows.
Twelve hours after mixing VZV-infected and unin-
fected cells at an infected-to-uninfected cell ratio of 1:
3 in T-75 or T-150 flasks (Falcon Plastics, Oxnard,
Calif.), the medium was decanted, and 15 ml of phos-
phate-free minimal essential medium containing 2%
dialyzed fetal calf serum, 100 11Ci of [32p]p; per ml
(New England Nuclear, Boston, Mass.), and 0.5,Ci of
[3H]TdR per ml (40 to 60 Ci/mmol, New England
Nuclear) was added. The infection was allowed to
progress for 24 to 36 h or until the cytopathic effect
was greater than 80%. The VZV [32P]DNA was then
purified as described (13, 19, 20). VZV DNA from the
peak fractions of the glycerol gradient was dialyzed
against two changes of 0.01 M Tris (pH 8.0)-0.001 M
EDTA (TE buffer) overnight at 4°C. The VZV DNA
was concentrated to about 5 ml by dialysis against
Aquacide (Calbiochem, La Jolla, Calif.). The VZV
DNA was deproteinized by treatment with Proteinase
K (100 Lg/ml) for 2 h at 37°C, extracted with phenol
(saturated with TE buffer), and then extracted with
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VARICELLA-ZOSTER VIRUS DNA 813

TABLE 1. Sources andpassage numbers of VZV isolates
Passage no.

VZV isolate Origin Source Restriction Buoyant
enzyme density
cleavage

(Ma) VSV-infected skin biopsy L. Rasmussen, Stanford 10 14
Univ. Medical Center,
Calif.

(Rc) Vesicular fluid from child L. Rasmussen, Stanford 9 13
with chickenpox Univ. Medical Center,

Calif.
(Kawaguchi) Vesicular fluid from child M. Takahashi, Osaka Univ., 47 48

with chickenpox Japan
(Oka) Vesicular fluid from child M. Takahashi, Osaka Univ., 18 18

with chickenpox Japan
(Caufield) Vesicular fluid from adult Hershey Medical Center, 13 14

with herpes zoster Hershey, Pa.
(Ludwig) Vesicular fluid from adult Hershey Medical Center, 36 40

with herpes zoster Hershey, Pa.
(Jab) Vesicular fluid from adult Hershey Medical Center, 23 14

with herpes zoster Hershey, Pa.

chloroform-isoamyl alcohol (24:1). The VZV DNA, in
the aqueous phase, was precipitated by ethanol, dis-
solved in TE buffer, and centrifuged twice to equilib-
rium in CsCl buoyant density gradients. 3P-labeled
HSV type 1 (HSV-1) strains KOS and Patton and
HSV type 2 (HSV-2) strain 333 DNAs, prepared es-
sentially as described (19), routinely had specific activ-
ities of 0.5 x 106 to 1.0 x 106 cpm/4g. [3H]TdR and
I'4C]TdR labeling ofVZV and HSV DNAs was accom-
plished by including either [3H]TdR at 10 uCi/ml (40
to 60 Ci/mmol) or [14C]TdR at 1 uCi/ml (40 to 60
mCi/mmol) in the medium (13, 15).
Endonuclease digestion and gel electrophore-

sis. All restriction endonucleases were purchased from
New England Biolabs (Beverly, Mass.) and were used
essentially as described by the manufacturer. The
DNA sample (2 x 104 cpm), 0.002 ml of 1Ox salts,
water, and the specific enzyme (5- to 10-fold enzyme
excess) were added together to yield a final volume of
0.020 ml. The reaction vessels were sealed and incu-
bated at 37°C for 2 h. Reactions were terminated by
adding 0.005 ml of loading buffer (30% [wt/vol] Ficoll-
0.06 M EDTA-0.5% [wt/vol] sodium dodecyl sulfate-
0.2% [wt/vol] bromophenol blue-0.25 M Tris
[pH 8.0]). The samples were mixed gently, heated at
55°C for 3 to 5 min, and centrifuged at 50 x g for 1
min to concentrate all material into the bottom of the
reaction tube. Samples were loaded into preformed
slots on a 0.5% horizontal agarose slab gel (18).

Electrophoresis-grade agarose (BioRad Laborato-
ries, Richmond, Calif.) was prepared in E buffer (0.04
M Tris base-0.005 M sodium acetate-0.001 M EDTA,
adjusted to pH 7.9 with glacial acetic acid) (21). Elec-
trophoresis was conducted at 3.2 V/cm for 14 h at
22°C. Gels were dried on Whatman 3-mm filter paper,
placed in contact with Kodak RPX-omat R or L film,
and sandwiched between two Cronex intensifying
screens (E. I. duPont de Nemours, Wilmington, Del.).
Photoscans of autoradiographs were made using a
Transidyne 2955 scanning densitometer with comput-
ing integrator capability.

RESULTS

Comparison ofVZV DNAs by CsCl buoy-
ant density centrifugation. [3H]TdR DNA
and [14C]TdR DNA were prepared for each of
the seven VZV isolates. All 49 possible twofold
comparisons of the buoyant densities of these
VZV DNAs in CsCl were accomplished. As in-
ternal controls for isotope effect, HSV [3H]TdR
DNA and HSV [14C]TdR DNA were included in
each gradient. In each case, the HSV DNAs had
a density of 1.727 g/cm3. Only representative
CsCl gradients will be shown. The buoyant den-
sities ofVZV DNAs of the varicella isolates were
compared (data not shown); no significant dif-
ferences were observed. Comparisons of the
buoyant densities of 14C- and 3H-labeled VZV
DNAs from herpes zoster isolates were made
(data not shown); no significant differences were
observed. The final part of the buoyant density
studies was a comparison ofVZV DNA from the
varicelia isolates with VZV DNA from the
herpes zoster isolates. Figure 1 shows that the
"4C-labeled DNA had the slightly greater buoy-
ant density. The buoyant density difference be-
tween VZV ['4C]DNA and VZV [3H]DNA was
never greater than the density difference ob-
served between HSV [14C]DNA and HSV [3H]-
DNA within the same gradients (Fig. la, f, g,
and h). Thus, we conclude from all these buoy-
ant density measurements (Fig. 1 and other data
not shown) that the observed slight differences
in the CsCl buoyant densities for VZV DNAs
were not larger than can be accounted for by the
isotope effect, and that therefore the CsCl buoy-
ant density of VZV DNA is indistinguishable for
all clinical isolates.
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FIG. 1. CsCl buoyant density analysis of VZV DNAs. VZVs isolated from clinical infections were propa-
gated in Flow 5000 cells and independently labeled with [3dH]TdR or[1C]TdR, and the VZV DNAs were
purified as described (13, 19, 20). Flow 5000 cells, infected with HSV-1 (KOS) at a multiplicity of infection of
5, were labeled with either ["C]- or [3H]TdR, and HSV DNA was purified from the Hirt supernatant of
infected cells by CsCl density gradient centrifugation. All gradient analyses represent artificial mixtures of
3H-labeled and "C-labeled VZV DNAs, radiolabeled and purified before these reconstitution measurements.
HSV-1 (KOS) ["C]- and[c H]TdR DNAs were included in all reconstitution experiments as an internal
control for isotope effect and, in each panel, are the DNAs of density 1.727 g/cm3 (the left-most bands). The
total mass ofDNA in each gradient never exceeded 2 pg. Isopycnic centrifugation was carried out at 35,000
rpm for 65 h at 20'C in a Beckman 50.3 rotor. Gradients were fractionated from the bottom by pumping.
Volumes of each fraction were precipitated on filter disks and counted in a liquid scintillation counter. The
refractive index of certain fractions was measured. Using standard tables, refractive index was converted to
density. To avoid cluttering the figure, the density values are plotted only for the gradient at the top of each
column. Density increases from right to left. A small amount of contaminating cell DNA is seen as the lightest
(shoulder) DNA for [3H]DNA in panels a, c, d, e, and g and for [14C]DNA in panels b, c, d, e, f, and h. (a)
VZV (Jab) [3H]DNA and VZV (Oka) [14C]DNA; (b) VZV (Oka) [3H]DNA and VZV (Jab) [14C]DNA; (c) VZV
(Ludwig) [3H]DNA and VZV (Oka) [14C]DNA; (d) VZV (Oka) [3H]DNA and VZV (Ludwig) [14C]DNA; (e)
VZV (Caufield) [3H]DNA and VZV (Ma) ['4C]DNA; (f) VZV (Ma) [3H]DNA and VZV (Caufield) [14C]DNA;
(g) VZV (Caufield) [3H]DNA and VZV (Kawaguchi) [14C]DNA; (h) VZV (Kawaguchi) [3H]DNA and VZV
(Caufield) [14C]DNA. Symbols: *, 14C counts per minute; Ol, 3H counts per minute.

The buoyant density in CsCl of all seven VZV ment with the values published by Ludwig et al.
DNAs was 1.705 g/cm3, as determined both by (17) and Iltis et al. (13).
refractive index measurements and interpola- Analysis of EcoRI-generated VZV DNA
tions based on the gradient positions of HSV-1 fragments. Molecular weight standards (re-
DNA (density of 1.727 g/cm3) (14) and cell DNA striction enzyme-cleaved HSV DNA) were in-
(density of 1.695 g/cm3). This value is in agree- cluded in all gels in at least two different posi-
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tions to account for possible discontinuities
within the horizontal slab gel. As a control,
uncleaved VZV DNA was also electrophoresed
in all gels (data not shown). The uncut VZV
DNA always migrated as a single, broad band
with a slower mobility than all the restriction
endonuclease-derived bands. To save space, usu-
ally only one set of molecular weight standards
is shown in each figure. Plots of distance mi-
grated versus log molecular weight for HSV
DNA fragment markers were linear between 1
and 10 megadaltons (Mdal) in all gels analyzed
(data not shown).
VZV DNAs from each of the seven VZV clin-

ical isolates were individually digested by re-
striction endonuclease EcoRI. The specific DNA
fragments were separated by electrophoresis on
an agarose gel. The EcoRI-generated VZV DNA
fragments are shown in Fig. 2. The molecular
weight standards were HSV-1 (KOS) DNA di-
gested by EcoRI (Fig. 2, track 1) and by HindIII
(Fig. 2, track 8). The EcoRI cleavage patterns of
VZV (Kawaguchi) (Fig. 2, track 4), (Oka) (Fig.
2, track 5), and (Jab) (Fig. 2, track 7) DNAs
were indistinguishable from our previously pub-
lished patterns (19) with the exception of the
low-molecular-weight bands (M, N, 0, and P),
which are now visualized by use of intensifying
screens. The single most important point in Fig.
2 was that the EcoRI cleavage patterns for VZV
DNAs were obviously very similar for all seven
isolates (Fig. 2, tracks 2 to 7). The EcoRI cleav-
age pattern of VZV (Caufield) DNA was indis-
tinguishable from the pattern of VZV (Oka)
DNA (data not shown). The VZV (Rc) DNA
cleavage pattern (Fig. 2, track 2) showed the
most variation compared to the cleavage pat-
terns of the other VZV DNAs (Fig. 2, tracks 3 to
7). This observation is attributed to the presence
of the A1 fragment (Fig. 2, track 2) and the
absence of the B and E fragments for EcoRI-
cleaved VZV (Rc) DNA. These patterns were
confirmed by two independent DNA prepara-
tions for each VZV isolate as well as by electro-
phoresis on 0.3% agarose gels. The designation
of infrequently appearing bands in the cleavage
pattems was by capital letters followed by a
number. The infrequently observed bands in the
EcoRI cleavage patterns ofVZV DNAs were the
Al band ofVZV (Rc) DNA, the Fl band ofVZV
(Oka) DNA, and the Hi bands of VZV (Oka),
(Ludwig), and (Jab) DNAs (Fig. 2, tracks 2, 5, 6,
and 7, respectively).
For quantitation of the EcoRI cleavage pat-

terns ofVZV DNA, autoradiographs such as Fig.
2 were first scanned with a densitometer. To
save space, the densitometer scans will not be
shown. Quantitative analysis of the [3P]DNA

content within each restriction fragment, de-
rived from both automatic and graphic integra-
tion of densitometer scans, revealed both molar
and submolar fragments (Table 2). The calcu-
lated relative molar yields among comigrating
fragments of EcoRI-cleaved VZV DNAs were
very similar, again reflecting homogeneity
among the VZV isolates (Table 2). The molec-
ular weights of the EcoRI-generated VZV DNA
fragments ranged from 11 to 0.40 Mdal for VZV
(Ma), (Kawaguchi), (Oka), (Caufield), (Ludwig),
and (Jab) DNAs (Table 2). The VZV (Rc) DNA
fragments ranged from 25 to 0.40 Mdal (Table
2). Because the relative molar yields cannot be
interpreted unambiguously in terms of a model
for the organization of the VZV genome (see
Discussion), the calculation of relative molar
yield is presented only for the EcoRI-digested
VZVDNA and not for the subsequent restriction
enzyme digestions.
Analysis ofHindi-generated VZV DNA

fragments. The DNAs from the seven VZV
isolates were individually cleaved with HindIII
and analyzed by electrophoresis on 0.5% agarose
gels. Improved experimental procedures allowed
a substantial improvement in the technical qual-
ity of these patterns compared to our previously
published patterns (19). The autoradiographs of
the HindIII cleavage pattern (Fig. 3) indicate a
high degree of similarity among the DNAs of
the seven VZV isolates. Based on the HindIII
cleavage patterns, three qualitatively distin-
guishable groups are present among the seven
VZV DNAs examined. The most frequently ob-
served HindIII cleavage pattern of VZV DNA
was indistinguishable for VZV (Kawaguchi),
(Caufield), (Ma), and (Rc) DNAs and is shown
for VZV (Ma) and (Rc) DNAs in Fig. 3 (tracks
2 and 3, respectively). The second HindIII cleav-
age pattem was observed for VZV (Ludwig) and
(Jab) DNAs (Fig. 3, tracks 5 and 6, respectively).
The VZV (Ludwig) and (Jab) DNA pattern dif-
fers from the VZV (Ma), (Rc), (Kawaguchi), and
(Caufield) DNA pattem by the presence of 6.2-
Mdal fragment D in the former and not in the
latter (Fig. 3, tracks 5 and 6, cf. tracks 2 and 3).
VZV (Oka) DNA possessed the third HindIII
cleavage pattern which was distinguishable from
all the others by the presence of band D and
absence of band E (Fig. 3, track 4). The HindIII
fragments of VZV DNAs ranged in molecular
weight from 13 to 0.9 Mdal and comprised both
molar and submolar populations (Table 3).
Analysis of SmaI-generated VZV DNA

fragments. DNAs from each VZV isolate were
individually digested with SmaI, and the result-
ing fragments were separated by electrophoresis
on 0.5% agarose gels. Autoradiography of the
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FIG. 2. Autoradiographs showing the EcoRI digestion patterns of VZVDNAs. The seven VZVDNAs were

each radiolabeled in vivo with [32P]Pj and purified from the Hirt supernatant as described (13, 19, 20). Each
VZVDNA was digested by EcoRI. After electrophoresis of the cleavage fragments on a 0.5%1, agarose gel, the
gel was dried and autoradiography was performed. Variously exposed autoradiographs are combined to
achieve comparable contrast among the samples. The nomenclature for the restriction enzyme cleavage
fragments of VZV DNA follows the convention adopted for HSV DNA: the specific DNA fragments are
designated by capital letters of the alphabet in order of increasing electrophoretic mobility (decreasing size).
An infrequently appearing fragment of VZV DNA is designated by the letter of the analogous frequently
appearing fragment followed by the number 1. (Track 1) HSV-1 (KOS) DNA cleaved by EcoRI. This pattern
is indistinguishable from the pattern published by Skare and Summers (22) and uses their nomenclature.
(Track 2) VZV (Rc) DNA cleaved by EcoRI. (Track 3) VZV (Ma) DNA cleaved by EcoRI. (Track 4) VZV
(Kawaguchi) DNA cleaved by EcoRI. (Track 5) VZV (Oka) DNA cleaved by EcoRI. The EcoRI cleavage
pattern of VZV (Caufield) DNA was identical to the EcoRI cleavage pattern of VZV (Oka) DNA and, to save
space, is not shown. (Track 6) VZV (Ludwig) DNA cleaved by EcoRI. (Track 7) VZV (Jab) DNA cleaved by
EcoRI. (Track 8) HSV-1 (KOS) DNA cleaved by HindlIII This HindIII cleavage pattern of HSV-1 DNA is
indistinguishable from the analogous pattern for HSV-1 (strain 17) DNA published by Wilkie (28), with the
exceptions of the additional presence of band Gl and the absence of band 0.

J. VIROL.
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TABLE 2. Molecular weights and relative molar
yields of VZVDNA fragments generated by EcoRI

digestiona

Frag- Relative molar yield
ment Mol wt

designa- (Mdal) VZV VZV VZV VZV
tion (Ma)" (Re) (Oka)' (Jab)d
Al 25.0 NPe 0.39 NP NP
A 11.0 0.27 0.29 0.10 0.13
B 10.0 0.59 NP 0.60 0.47
C 9.0 1.70 1.33 1.34 1.23
D 8.1 1.16 0.80 1.07 1.18
E 7.9 0.2 NP 0.1 0.28
Fl 6.1 NP NP 0.51 NP
F 5.9 2.10 2.51 1.57 2.0
G 5.6 1.43 1.55 1.10 1.41
H 5.0 1.1 0.99 0.73 0.91
Hi 4.8 NP NP 0.08 0.08
I 4.6 0.71 0.74 0.73 0.63
J 3.4 1.0 1.0 1.0 1.0
K 2.9 0.80 0.95 0.88 0.92
L 2.7 0.64 0.77 0.78 0.74
M 1.0 0.92 NP NP 0.81
Ml 0.9 NP 0.71 0.86 NP
N 0.58 0.30 0.41 0.43 0.29
0 0.50 0.77 1.05 0.95 0.67
P 0.39 0.45 0.20 0.20 0.30

a Band designations are described in the legend to
Fig. 2. To calculate the mass in arbitrary units of each
band, graphical and automatic integrations were per-
formed for two traces for each of two autoradiographs
such as Fig. 2 for each VZV DNA preparation. For the
calculation ofmolar yield relative to band J, the known
molecular weights of the bands of the EcoRI-cleaved
HSV-1 (KOS) DNA (11, 22, 23, 28) and HindIII-
cleaved HSV-1 (KOS) DNA (22, 28) were used to
construct a graph of log molecular weight versus dis-
tance migrated (data not shown). This curve was linear
between 1 and 10 Mdal. Molecular weights outside the
linear region must be taken as approximate. The mo-
lecular weights of the bands of EcoRI-cleaved VZV
DNAs were then determined. The mass in arbitrary
units for each band was divided by its molecular
weight to give the molar yield in arbitrary units. As
band J was clearly separated from other bands in the
gel (Fig. 2), it was taken as reference. The molar yield
in arbitrary units for each band was divided by the
molar yield in arbitrary units for band J to give the
molar yield relative to band J.

b The data for the fragments of VZV (Ma) DNA
were also representative of the fragments of VZV
(Kawaguchi) DNA with the exceptions of the absence
of band M from and the presence of band Ml in the
EcoRI-digestion pattern of VZV (Kawaguchi) DNA.

C The data for the fragments of VZV (Oka) DNA
were indistinguishable from the data for VZV (Cau-
field) DNA, which are, therefore, not shown.

d The data for the fragments of VZV (Jab) DNA
were representative of the data for the fragments of
VZV (Ludwig) DNA, with the exceptions that bandM
appears only in the EcoRI-digestion pattern of VZV
(Jab) DNA and band Ml only in the pattern of VZV
(Ludwig) DNA.
eNP, Not present.

dried gels revealed three distinct cleavage pat-
terns (Fig. 4, tracks 2 to 4). VZV (Rc), (Oka),
(Caufield), and (Ludwig) DNAs had indistin-
guishable SmaI cleavage patterns (Fig. 4, track
4). The C and D fragments (Fig. 4) were ob-
served as distinct species after visualization of
underexposed autoradiographs. The SmaI cleav-
age patterns for VZV (Ma) and (Jab) DNAs
(Fig. 4, tracks 2 and 3, respectively) were dis-
tinct. The Jl and P1 fragments (Fig. 4, track 2)
were both unique to VZV (Ma) DNA. The P1
and P fragments (Fig. 4) had similar but distin-
guishable molecular weights. The Ki band in
the SmaI cleavage pattern of VZV (Ma) DNA
(Fig. 4, track 2) was not observed in other di-
gests, although it could be hidden within the K
band. The only qualitative difference between
patterns for VZV (Jab) and (Ludwig) DNAs was
the presence of the Hi band (Fig. 4, track 4) in
VZV (Ludwig) DNA. The molecular weights of
the SmaI fragments of VZV DNA are given in
Table 3.
Analysis of BamHI-generated VZV DNA

fragments. The seven VZV DNAs were di-
gested with BamHI and subjected to agarose gel
electrophoresis. Figure 5 is an autoradiograph of
one gel. All the BamHI cleavage pattems of
VZV DNAs were subsets of the VZV (Ludwig)
DNA pattern (Fig. 5, track 3), differing at most
by three bands. The BamHI digestion pattems
for VZV (Rc), (Kawaguchi), and (Oka) DNAs
were qualitatively indistinguishable from the
pattern for VZV (Jab) DNA (Fig. 5, track 4)
with the single addition of band F (4.4 Mdal;
Table 3). The VZV (Ma) DNA cleavage pattern
(Fig. 5, track 2) was indistinguishable from the
VZV (Jab) DNA pattern (Fig. 5, track 4) except
for the presence of fragment P for VZV (Ma)
DNA. The VZV (Ludwig) and (Caufield) DNA
patterns were superimposable except for the
presence of submolar band Cl for VZV (Ludwig)
DNA. The BamHI digestion products of VZV
DNA ranged from 8.8 to 0.8 Mdal (Table 3).
Analysis of AvaI-generated VZV DNA

fragments. The seven VZV DNAs were di-
gested with the restriction endonuclease AvaI,
and the resulting fragments were separated by
agarose gel electrophoresis. Figure 6 is an auto-
radiograph of one gel. The AvaI cleavage pat-
terns ofVZV DNAs were indistinguishable with
respect to the number and molecular weights of
the bands and are represented by the VZV (Lud-
wig) DNA pattern (Fig. 6, track 2). The AvaI
enzyme produced VZV DNA fragments which
ranged from 8.7 to 0.3 Mdal (Fig. 6). Several
very broad DNA bands were observed (Fig. 6,
track 2: bands, D, E, G, L, M, and N). These
could not be explained on the basis of an over-
exposed autoradiograph, since very faint expo-
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digestion patterns of VZV DNAs. 32P-labeled VZV
DNAs were cleaved with HindIII, and the resulting
fragments were separated by agarose gel electropho-
resis. Autoradiography of the gel was performed.
Track 1 is the standard: HSV-1 (KOS) DNA cleaved
by HindIII (22, 28). Selected VZV isolates are: (track
2) VZV (Ma) DNA; (track 3) VZV (Rc) DNA; (track 4)
VZV(Oka) DNA; (track 5) VZV(Ludwig) DNA; (track
6) VZV (Jab) DNA.

TABLE 3. Molecular weights of VZVDNA
fragments generated by restriction enzyme digestion

Fragment Mol wt (Mdal)'
designation EcoRI HindIII SmaI BamHI

A 11.0 13 29 8.8
B 10.0 9.4 9.7 6.0
C 9.0 7.4 7.7b 5.3
D 8.1 6.2 7.7b 4.9
E 7.9 5.8 5.2 4.7
F 5.9 5.3 4.4 4.4
G 5.6 4.7 3.3 3.8
H 5.0 3.7 2.6 3.4
I 4.6 3.3 2.1 2.6
J 3.4 2.6 1.6 1.9
K 2.9 2.5 1.4 1.8
L 2.7 2.2 1.2 1.6
M 1.0 1.9 1.15 1.3
N 0.58 1.5 0.9 1.2
0 0.50 1.1 0.81 1.1
p 0.39 0.9 0.64 1.0
Q NPc NP 0.55 0.92
R NP NP 0.46 0.85
S NP NP 0.42 0.80
T NP NP 0.38 NP

a Molecular weights were calculated as described in
the legend to Table 2.

bBecause bands C and D of the SmaI digestion
pattern were very close together, only an average
molecular weight could be determined.

cNP, Not present.

sures revealed the same broad bands. A likely
explanation is that the broad bands are multiple
overlapping bands due to the presence of a large
number of AvaI cleavage sites on VZV DNA.

DISCUSSION
VZV is propagated by serial passage of tryp-

sinized, infected cells mixed with uninfected
cells. Infectious cell-free VZV is absent in these
VZV-infected cultures. Plaque purification to
eliminate possible defective virus is not possible
at present. Evaluation of the buoyant density
results and the restriction endonuclease cleavage
patterns for VZV DNA must be prefaced with
an awareness that some unknown portion of the
VZV population may contain defective DNA.

Synthesis of defective herpesvirus DNA after
serial, undiluted passage of virus has been re-
ported for several herpesviruses: pseudorabies
virus (2), equine herpesvirus (5), Herpesvirus
saimiri (7), and HSV (4, 8, 10, 16, 27). Defective
HSV DNA populations can have a higher buoy-
ant density than wild-type HSV DNA (4). Ben-
Porat et al. (2) have described a population of
defective pseudorabies virus DNA that has a
lower buoyant density than wild-type DNA. Dis-
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FIG. 4. Autoradiographs showing the SmaI diges-
tionpatterns of VZVDNAs. SmaI cleavage and anal-
ysis of seven VZV [32PJDNAs were conducted as

described in the legend to Fig. 2. Representative SmaI
cleavage patterns for VZVDNAs are: (track 2) VZV
(Ma) DNA; (track 3) VZV (Jab) DNA; (track 4) VZV
(Ludwig) DNA. The molecular weight standards were
produced by EcoRI cleavage of HSV-2 (333) [32p]_
DNA (track 1) (11, 23).

crete DNA regions of low-passage-derived her-
pesvirus DNA can be tandemly repeated in de-
fective DNA molecules (2, 9, 16). Comparison of
restriction endonuclease cleavage patterns from
low-passage and high-passage (defective) HSV
DNA revealed major changes in the cleavage
patterns of defective HSV DNA (11, 16).

IfVZV propagation is analogous to HSV prop-
agation, then accumulation of defective VZV
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FIG. 5. Autoradiographs showing the BamHI
digestion pattern of VZV DNAs. The BamHI cleav-
age and analysis of 32P-labeled VZV DNAs were

conducted as described in the legend to Fig. 2. Rep-
resentative BamHI cleavage patterns for VZVDNAs
are: (track 2) VZV (Ma) DNA; (track 3) VZV (Ludwig)
DNA; (track 4) VZV(Jab) DNA. HindIII digestion of
HSV-1 (KOS) DNA generated the molecular weight
standards (track 1) (22, 28).
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I.

FIG. 6. Autoradiograph of VZV (Ludwig) [32P]-

DNA after cleavage with AvaI and gel electrophore-

sis. Track 1 is the standard: HSV-1 (Patton) DNA

digested by HindIII (22, 28). The AvaI cleavage pat-

tern of VZV (Ludwig) DNA (track 2) is representative

of the AvaI cleavage profiles for the DNAs from all

seven clinical VZV isolates.

DNA may occur during the course of serial VZV

passage. Comparison of the buoyant density of

early passage VZV (Jab) DNA (passage 0 to 5;

reference 13) with the buoyant density of later-

passage DNA (passage 14; Fig. 1) demonstrates
no change in buoyant density (1.705 g/cm3). In
addition, buoyant density analyses of VZV
DNAs from seven separate clinical isolates
whose passage levels ranged from 13 to 48 re-
vealed no differences among the VZV DNAs
(Fig. 1 and other data not shown). Comparison
of the EcoRI cleavage pattern and molar yields
for VZV (Kawaguchi) DNA at passage 30 (ref-
erence 19) with those presented here at passage
47 demonstrated no detectable differences. Anal-
ogously, no changes have been observed in the
EcoRI cleavage patterns ofVZV (Jab) and (Oka)
DNAs (Fig. 2 and reference 19). These data can
be interpreted to mean that (i) defective VZV
DNA has a buoyant density indistinguishable
from wild-type VZV DNA, (ii) VZV DNA, as
early as it can be examined during in vitro pas-
sage, is already composed of greater than 90%
defective DNA and this percentage is not re-
duced during serial passage, or (iii) VZV DNA
as isolated is predominantly wild type. There is
no means at present to distinguish among these
possibilities.
VZV DNAs from seven different clinical iso-

lates were examined by cleavage with five differ-
ent restriction endonucleases followed by sepa-
ration of the resulting fragments on the basis of
electrophoretic mobility. For each enzyme, the
cleavage patterns were highly similar for all
seven VZV DNAs and, in many cases, were
qualitatively and quantitatively indistinguisha-
ble. For example, comparison of the EcoRI-gen-
erated VZV DNA cleavage patterns for VZV
(Ma) DNA at passage 10 and VZV (Kawaguchi)
DNA at passage 48 (Fig. 2, tracks 3 and 4,
respectively) revealed no significant variation in
either the number and molecular weights of
fragments or in the relative molar yields of com-
parable fragments (Table 2). The EcoRI cleav-
age pattern for VZV (Rc) DNA (Fig. 2, track 2)
demonstrated a 25-Mdal fragment (Al) which
was absent in the patterns for all other isolates
(Fig. 2, tracks 3 to 7). The B and E fragments
(10 and 7.9 Mdal, respectively) were absent in
the VZV (Rc) DNA cleavage pattern. The Al
fragment could theoretically be the sum of the
B and E fragments (within experimental error),
and, therefore, the presence of fragment Al
could be accounted for by a single base change.
As a second example, the HindIII cleavage pat-
terns of VZV DNA (Fig. 3) were very similar,
supporting our previous observations (19). The
only qualitative differences among the HindIII
cleavage patterns were the additional presence
of a single DNA fragment (band D; 6.2 Mdal) in
the VZV (Ludwig), (Oka), and (Jab) DNA pat-
terns and the absence of band E in the VZV
(Oka) DNA pattern (Fig. 3, track 4). As a final
example, AvaI digestion of the seven VZV DNAs

J. VIROL.
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produced fragment patterns which were quali-
tatively indistinguishable (Fig. 6, track 2). We
originally choseAvaI to evaluate the VZV DNAs
for possible differences attributable to the pres-
ence of 5-methylcytosine (3). However, no dif-
ferences were observed.

In summary, the two major conclusions from
our data are as follows. (i) There was no signifi-
cant difference in the CsCl buoyant density of
VZV DNA among different clinical isolates. The
slight differences observed earlier (13) are now
attributed to isotope effect. (ii) The restriction
endonuclease cleavage patterns presented here
for the DNAs from seven clinical VZV isolates
exhibited a large degree of homogeneity among
isolates for each specific enzyme. The cleavage
patterns among VZV DNAs studied thus far
have not shown the variability demonstrated
among HSV DNAs (11, 23).
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