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The nucleotide changes that result in two restriction endonuclease polymorphisms that differentiate wild-type
varicella-zoster virus (VZV) from the vaccine strain were determined. Oligonucleotide primers that flank these
sites were used to amplify the intervening sequences with the polymerase chain reaction to identify VZV DNA
in clinical isolates. Restriction enzyme digestion of the amplification products distinguished vaccine and
wild-type genomes from one another. This study confirms the feasibility of amplifying VZV sequences so that
they may be detected in clinical specimens and provides a molecular epidemiological approach to strain

identification of VZV in vesicular lesions.

Varicella-zoster virus (VZV) is the etiologic agent of both
varicella (chicken pox) and zoster (shingles). A live attenu-
ated varicella vaccine was developed by serial passage of a
Japanese wild-type isolate (Oka) (19). In clinical trials this
vaccine was shown to be safe and efficacious in healthy
children (21), children with leukemia in remission (8), and
healthy adults (9). The vaccine strain latently infects ganglia
and on occasion reactivates to cause zoster (7).

In studies of varicella vaccine, it is essential to be able to
distinguish between wild-type and vaccine strains of VZV.
This has been accomplished by propagation of virus isolates
in tissue culture and restriction endonuclease digestion of
extracted purified viral DNA (6). Restriction endonuclease
cleavage of wild-type VZV DNA with Bgll yields a slowly
migrating 28,988-bp A fragment (1, 16). Restriction site
polymorphisms in this region of vaccine-type VZV DNA
result in the replacement of the A fragment with three
smaller fragments, B’, C’, and R’ (1). These fragments are
likely to arise as a result of single base changes at two sites
within the corresponding sequence of vaccine-type VZV.
One of these changes, which results in creation of the B’ and
C' fragments, was mapped to a 250-bp region within the
HindlIIl-BamHI fragment in BamHI fragment D (1).

The polymerase chain reaction (PCR) was used to amplify
DNA in VZV-infected cells and clinical specimens (vesicle
fluid). The amplified products were characterized on the
basis of the presence of specific restriction fragment length
polymorphisms (RFLPs), and their sequences were deter-
mined to reveal the molecular basis for the RFLPs present in
wild-type and vaccine strains of VZV.

MATERIALS AND METHODS

Specimens. VZV was propagated from clinical samples in
human embryonic lung fibroblasts until there was =90%
cytopathic effect (22). The infected cells were then collected
and stored in phosphate-buffered saline (5 X 10° cells per ml)
at —70°C. Cell free-virus was prepared from infected cells by
sonication (30 s at 20 kHz and 2.2 to 2.6 A) and brief
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cencrifugation. The supernatant was stored at —70°C. Vesi-
cle fluid was collected from patients with chicken pox or
zoster by gently unroofing vesicles with a sterile 50-pl
capillary tube, and the fluid was stored at —70°C.

DNA probe. A cloned copy of the VZV HindIII F fragment
in pBR322 from the Ellen strain of VZV was obtained from
Richard Hyman (11). The plasmid DNA was digested with
HindIIl, and the 8,616-bp HindIII F fragment was separated
from plasmid sequences by electrophoresis in a 0.8% aga-
rose gel. The viral insert was extracted from the gel (20) and
labeled with 32P to high specific activity by random priming
).

Preparation of VZV library and VZV clones. Genomic
DNAs from wild-type, Bgl* wild-type (Bgl* WT; see be-
low), and Oka (vaccine) VZV strains were digested to
completion with BamHI, and the resulting fragments were
ligated into the BamHI site of alkaline phosphatase-treated
plasmid pIBI31. The ligation mixtures were transformed into
competent Escherichia coli DH5a, and the resulting colonies
were screened for the presence of clones that contained the
BamHI D fragment by using the 3?P-labeled probe described
above and the method of Grunstein and Hogness (10) (Fig.
1). A 2,055-bp HindlIlI-BamHI fragment (positions 94,280 to
96,334) that was subcloned from the isolated BamHI D
fragment derived from Oka DNA by using standard proce-
dures (15) was shown to contain a novel Bgll site. This
HindIlI-BamHI subclone was digested with Xbal and Sphl,
and the Bgll site was localized within the 732-bp Xbal-Sphl
fragment. This same fragment was subsequently subcloned
from the BamHI D fragments of wild-type, Bgl® WT, and
Oka DNAs into M13, and the DNA sequences were deter-
mined as described below.

PCR. Two sets of primer pairs 20 bp in length were
selected (Fig. 1): Nla (GGAACCCCTGCACCATTAAA)/
Fok (TCCCTTCATGCCCGTTACAT) and Pst A (TTGAA
CAATCACGAACCGTT)/B (CGGGTGAACCGTATTCTG
AG). They were synthesized, purified, and stored at —20°C
at a concentration of 20 uM in TE buffer (1 mM Tris, 0.1 mM
EDTA). Homology between the primers and other regions of
the VZV genome and of the genomes of other sequenced
herpesviruses (Epstein-Barr virus, herpes simplex virus type
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FIG. 1. Strategy for the identification of the Bg/I and Pstl RFLPs in VZV DNA. (A) Schematic representation of the VZV genome (2).
UL and Ug are the 105-kbp unique long and 5.3-kbp unique short regions, respectively. TRg and IRg (7.3-kbp terminal and inverted repeat
regions, respectively) flank Us. TR, and IR (88-bp terminal and inverted repeat regions, respectively) flank U, . (B) The 7.1-kbp PstI OL
fusion fragment present in Oka DNA. (C) The 350-bp amplification product of the Pst A/B primer pair. Wild-type DNA has the PsiI site,
located in gene 38, depicted within this amplification product, whereas Oka DN A does not. (D) The 29-kbp Bgl/I A fragment in wild-type DNA.
(E) A 2.1-kbp HindIIl-BamHI clone derived from the 8.6-kbp BamHI D fragment. (F) The 732-bp Xba/Sph fragment derived from fragment
E. (G) Amplification product of the Nla/Fok primer pair. The Bg/l polymorphism is located in gene 54.

1, and cytomegalovirus) was excluded (Sequence Analysis
Software Package of the Genetics Computer Group, Univer-
sity of Wisconsin; GenBank data base). Optimal concentra-
tions of reaction mixture components (Perkin-Elmer Cetus
Corp., Norwalk, Conn.) were determined (1.5 mM MgCl,,
200 pM [each] deoxynucleotide triphosphate, 1 uM [each]
primer, 2.5 U of recombinant DNA polymerase). The reac-
tion mixture was overlaid with 100 l of mineral oil. Samples
to be amplified were denatured in a boiling water bath for 10
min, centrifuged to remove cellular debris, and stored on ice
until used. The sample (10 pl) was added to the reaction
mixture (final volume, 100 ul) below the level of the mineral
oil.

Thirty cycles of amplification were performed (denatur-
ation at 94°C for 1 min, annealing at 52°C for 1 min, and
extension at 72°C for 2 min) in a DNA thermocycler (Perkin-
Elmer Cetus). Ten microliters of the amplified product was
analyzed by gel electrophoresis in a 1.8% agarose gel con-
taining ethidium bromide (0.5 pg/ml), electrophoresed at 45
mA, and visualized with shortwave UV illumination of the
gel.

Restriction enzyme digestion. The remainder of the ampli-
fication product was divided and subjected to restriction
enzyme digestion with 16 U of Bgll or 20 U of PstI (New
England BioLabs, Beverly, Mass.) at 37°C overnight. The
digests were analyzed after ethanol precipitation and resus-
pension in 10 pl of TE buffer by electrophoresis in a 4%
agarose gel (three parts NuSieve GTG, 1 part Seaplaque
GTG agarose [both from FMC BioProducts, Rockland,
Maine]).

Sequence analysis. The DNA from the Xbal-Sphl sub-
clones of each strain of VZV were sequenced by the dide-
oxy-chain termination technique (18) with a T’Sequencing kit
(Pharmacia Inc., Piscataway, N.J.). Sequences were com-
piled and analyzed by using the DNASIS software package
(Pharmacia LKB, Bromma, Sweden) and an MS-DOS mi-
crocomputer.

RESULTS

Localization of restriction endonuclease polymorphisms in
Oka and wild-type VZV DNAs. Computer analysis of the
DNA sequence of the 28,988-bp Bg/l A fragment from
wild-type VZV reveals three nucleotide strings, which, upon
mutation of a single base, would generate Bgll recognition
sites within the 250-bp fragment to which the BglI site has
been mapped (1). A search of the VZV sequence (2) indi-
cated that these strings are located at positions 95,014,
95,242, and 95,251. A 732-bp Xbal-Sphl fragment containing
the Bgll restriction site was subcloned into M13 (Fig. 1).
Sequence analysis identified a T-to-C transition at position
95,242 that creates the novel Bgll site, resulting in the B’ and
C’ fragments. Two 20-bp oligonucleotides (Nla/Fok) flanking
this novel Bgll site were synthesized and used as primers to
amplify the intervening 222 bp in wild-type and Oka DNA.
The amplification product of wild-type DNA lacks a BglI site
and is therefore not cleaved after incubation with Bgll,
whereas the amplification product of vaccine-type DNA is
cleaved with Bgll, resulting in two fragments of 137 and 85
bp (Fig. 1).

However, Bgll cleavage of DNA from some VZV wild-
type strains results in the generation of B’, C’, and R’
fragments that comigrate with those of the vaccine strain (1,
6). Analysis of the amplified products from two of these Bgl™
WT strains containing additional Bg/I cleavage sites revealed
that their location and sequences are identical to that found
in Oka (data not shown). RFLP analysis was therefore
extended to other areas of the VZV genome to aid in the
differentiation between wild-type, Bgl® WT, and Oka
DNAs. A second primer pair (Pst A/B) was chosen to
amplify a 350-bp fragment that asymmetrically brackets a
Pstl site present in all wild-type isolates that we have
analyzed, including the Bgl* WT strain, but which is absent
from Oka (Fig. 1).
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FIG. 2. Simultaneous amplification with both primer pairs of
VZV DNA from various virus strains. Amplification products of
purified VZV DNA (1 pg) from WT, Bgl* WT, and Oka strains
(lanes 1 through 3, respectively), cell-free virus from WT, Bgl* WT,
and OKa strains (lanes 4 through 6, respectively), infected cells from
WT and Bgl* WT strains (lanes 7 and 8, respectively) and VZV
vaccine (Oka), and vesicle fluid from a patient with chicken pox
(lanes 9 and 10).

Analysis of DNA from clinical isolates. Simultaneous am-
plification of VZV sequences with both primer pairs was
performed on samples of purified VZV DNA, cell-free virus,
infected cells, vaccine, and initially from one vesicle fluid
specimen from a patient with chicken pox. Representative
examples are shown in Fig. 2. Control samples that did not
amplify included purified herpes simplex virus type 1 DNA

J. VIROL.

(1 and 100 pg), cytomegalovirus Towne strain DNA (100 pg),
and cellular DNA (100 pg) from cells infected with Epstein-
Barr virus, herpes simplex virus type 1 or 2, or cytomega-
lovirus (data not shown).

Twenty-four additional vesicle fluid samples (15 from
patients with varicella and 9 from patients with zoster) were
analyzed. VZV DNA was detected in 23 of the 24 samples
examined (Table 1). Vesicle fluid specimens from patients
with herpes simplex virus gingivostomatitis did not amplify
(data not shown). Virus culture and countercurrentimmuno-
electrophoresis (CIE) (5) for VZV had previously been
performed on some of these vesicle fluids (Table 1). Nine of
10 vesicle fluids that were both VZV culture and CIE
positive were also PCR positive. VZV DNA was detected by
PCR amplification in three instances when vesicle fluids
were culture negative but CIE positive.

The products of simultaneous PCR amplification were
digested with Bgll and PstI and analyzed by electrophoresis
in a 4% agarose gel. A schematic representation of the
digestion patterns of wild-type, Bgl* WT, and Oka DNAs is
shown in Fig. 3A. The 222-bp amplification product from
wild-type isolates is not cleaved by Bgll, whereas its 350-bp
amplification product is cleaved by Ps:l. In contrast, the 222-
and 350-bp amplification products of Bgl* WT isolates are
cleaved by Bgll and PstlI, respectively. The 222-bp Oka
amplification product is cleaved by Bgll, whereas its 350-bp
amplification product is not cleaved by Pstl. Representative
examples of clinical specimens with these restriction endo-
nuclease cleavage patterns are shown in Fig. 3B. When the
amplification products of vesicle fluids were digested and
electrophoresed, none exhibited the Oka pattern, 6 exhibited
the Bgl* WT pattern (4 from a single patient on successive
days of chicken pox in 1978), and 17 had the wild-type
pattern. It is possible that a recombinant virus with the

TABLE 1. Correlation of DNA amplification with virus culture and CIE*

. Amplifies with:
Spe:(l)men Day Diagnosis Culture CIE pre
. Nla/Fok Pst A/B
1 1 \" ND ND + +
2 2 \" ND ND + +
3 2 \'% + + + +
4 2 \" + + + +
5 3 \% + ND + +
6 3 \" + + + +
7 5 \% ND ND + +
8 5 A% + + - -
9 5 \' + + + +
10 6 \'% + ND + +
11 7 v ND ND + +
12 9 \% - + + +
13 ? \% ND ND + +
14 ? \" ND + + -
15 ? \" + ND + +
16 1 Z - + + +
17 1 V4 + + + +
18 2 Z + + + +
19 4 Z + ND + -
20 5 Z + + + +
21 9 Z - + + +
22 ? Z ND ND + +
23 ? Z ND + + +
24 ? Z + ND + _

“V and Z, clinical diagnosis of.varicella and zoster, respectively; Day, day the sample was obtained from the lesion; ND, not done. The number of positive
samples were 20, 3, and 0: respectively, with both primer pairs, only Nla/Fok, and only Pst A/B. Only one sample was negative with both primer pairs; this sample
was CIE and culture positive at the time it was procured but was found to be contaminated at the time of amplification (12 years later).
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FIG. 3. RFLP analysis of VZV DNA amplified by PCR. (A) Schematic representation of the predicted digestion patterns. The virus strain
designated Bgl™, Pst™ is a theoretical recombinant that we have not detected in these analyses. (B) Representative examples of amplification
products from wild-type (lanes 1 through 3), Oka (lanes 4 through 6), and Bgl* WT (lanes 7 through 9) strains that were undigested (U) or

digested with PstI (P) or Bgll (B).

wild-type 222-bp amplification product and a 350-bp Oka
product might arise and that these PCR products would not
be cleaved by either enzyme. This pattern was not identified
in any of the clinical isolates analyzed in this study.

DISCUSSION

Previous studies (12-14, 17) have demonstrated the utility
of the PCR as a diagnostic technique for the detection of
VZV DNA in clinical specimens. The present investigation
confirms the validity of this approach and extends its utility
to differentiation between strains of VZV without having to
propagate the virus. This approach is particularly useful for
the analysis of patients with minimal skin lesions or who
present for diagnosis in a late stage of illness after their skin
lesions have dried and infectious VZV is no longer present.

Amplification with the two primer pairs, Nla/Fok and Pst
A/B, demonstrated the presence of VZV DNA in all but one
of the clinical specimens from patients with VZV infection.
Amoplification was not successful in this instance because the
sample was contaminated with bacteria (culture and CIE had
been performed 12 years before the present study). Three
clinical samples were successfully amplified with Nla/Fok
but not with Pst A/B. If the amplification product of the
Nla/Fok primer pair exhibits the wild-type phenotype, the
strain type can still be identified. However, if the Nla/Fok
amplification product contains a Bgll restriction site and
there is no Pst A/B product to analyze, it would not be
possible to differentiate between Bgl* WT and vaccine
strains. We are therefore examining other RFLPs present in

all wild-type strains to address this problem. Although it
appears that CIE is as sensitive as the PCR, analysis was
biased in favor of CIE because only vesicular lesions were
sampled in the original CIE analysis (5). The PCR would be
expected to be more sensitive than CIE because vesicular
fluid is not required for successful amplification of VZV (13).

The PCR in conjunction with restriction enzyme digestion
of the amplified product successfully differentiated VZV
strains, identifying the isolates as either wild-type, Bgl* WT,
or vaccine strains. The specificity of this approach was
demonstrated by our inability to amplify DNA sequences
from any of the closely related herpesviruses, by generation
of PCR amplification products of the predicted size, and by
conservation of previously defined restriction endonuclease
sites within the amplified sequences. This approach obviates
the need to confirm the origin of the amplification products
by Southern blot hybridization.

The single base pair substitution responsible for the novel
Bgll polymorphism was present in approximately 20% of the
samples analyzed in this study. Although creation of this
novel Bgll restriction site by in vitro recombination between
vaccine and wild-type virus has been demonstrated (3), the
identification of this RFLP in clinical isolates from as early
as 1978, before the introduction of VZV vaccine into the
United States, indicates that this RFLP arose as the result of
a single-base-pair mutation.

ACKNOWLEDGMENTS

Studies in our laboratories were supported by Public Health
Service grant AI-124021 from the National Institutes of Health. We



1020 LARUSSA ET AL.

gratefully acknowledge the Perkin Elmer Foundation and Richard T.
Perkin for their generous support and interest in this project.

Purified DNAs were gifts of Paul M. Keller, Merck, Sharp &
Dohme Research Laboratories, West Point, Pa. (VZV); Edward
Mocarski, Stanford Medical Center, Palo Alto, Calif. (cytomegalo-
virus); and Elliott Kieff, Harvard Medical School, Boston, Mass.
(cellular DNA from Epstein-Barr virus-infected B95-8 cells). Some
sequence analysis was performed with the DNA Strider 1.1 program
for DNA and protein sequence analysis, Service de Biochimie, Bat.
142, Centre d’Etudes Nucléaires de Saclay, 91191 Gif-Sur-Yvette
Cedex, France.

REFERENCES

1. Adams, S. G., D. E. Dohner, and L. D. Gelb. 1989. Restriction
fragment differences between the genomes of the Oka varicella
vaccine virus and American wild type VZV. J. Med. Virol.
29:38-45.

2. Davison, A. J., and J. E. Scott. 1986. The complete DNA
sequence of varicella-zoster virus. J. Gen. Virol. 67:1759-1816.

3. Dohner, D., S. G. Adams, and L. D. Gelb. 1988. Recombination
in tissue culture between varicella-zoster virus strains. J. Med.
Virol. 24:329-341.

4. Feinberg, A. P., and B. Vogelstein. 1983. A technique for
radiolabeling DNA restriction fragments to high specific activ-
ity. Anal. Biochem. 132:6-13.

5. Frey, H., S. Steinberg, and A. Gershon. 1981. Varicella-zoster
infections: rapid diagnosis by countercurrent immunoelectro-
phoresis. J. Infect. Dis. 143:274-280.

6. Gelb, L. D., D. E. Dohner, A. A. Gershon, S. Steinberg, J. L.
Waner, M. Takahashi, P. Dennehy, and A. E. Brown. 1987.
Molecular epidemiology of live attenuated varicella virus vac-
cine in children and in normal adults. J. Infect. Dis. 155:633-
640.

7. Gershon, A. A., P. LaRussa, and S. Steinberg. Live attenuated
varicella vaccine: current status and future uses. Semin. Pedi-
atr. Infect. Dis., in press.

8. Gershon, A. A., S. Steinberg, L. Gelb, and the National Institute
of Allergy and Infectious Diseases Collaborative-Varicella-Vac-
cine-Study-Group. 1984. Live attenuated varicella vaccine: effi-
cacy for children with leukemia in remission. J. Am. Med.
Assoc. 252:355-362.

9. Gershon, A. A., S. Steinberg, and the National Institute of
Allergy and Infectious Diseases Collaborative-Varicella-Vaccine-
Study-Group. 1990. Live attenuated varicella vaccine: protec-
tion in healthy adults in comparison to leukemic children. J.
Infect. Dis. 161:661-666.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

J. VIROL.

Grunstein, M., and D. S. Hogness. 1975. Colony hybridization: a
method for the isolation of cloned DNAs that contain a specific
gene. Proc. Natl. Acad. Sci. USA 72:3961-3965.

Hyman, R. W. 1987. The molecular genetics of varicella-zoster
virus, p. 131-162. In R. W. Hyman (ed.), Natural history of
varicella-zoster virus. CRC Press, Inc., Boca Raton, Fla.
Kido, S., T. Ozaki, H. Asada, K. Higashi, K. Kondo, Y.
Hayakawa, T. Morishima, M. Takahashi, and K. Yamanishi.
1991. Detection of varicella-zoster virus (VZV) DNA in clinical
samples from patients with VZV by the polymerase chain
reaction. J. Clin. Microbiol. 29:76-79.

Koropchak, C., G. Graham, J. Palmer, M. Winsberg, S. Ting,
M. Wallace, C. Prober, and A. Arvin. 1991. Investigation of
varicella-zoster virus infection by polymerase chain reaction in
the immunocompetent host with acute varicella. J. Infect. Dis.
163:1016-1022.

Mahalingham, R., M. Wellish, W. Wolf, A. N. Dueland, R.
Cohrs, A. Vafai, and D. Gilden. 1990. Latent varicella-zoster
viral DNA in human trigeminal and thoracic ganglia. N. Engl. J.
Med. 323:627-631.

Maniatis, T., E. F. Fritsch, and J. Sambrook. 1982. Molecular
cloning: a laboratory manual. Cold Spring Harbor Laboratory,
Cold Spring Harbor, N.Y.

Martin, J. H., D. Dohner, W. J. Wellinghoff, and L. D. Gelb.
1982. Restriction endonuclease analysis of varicella-zoster vac-
cine virus and wild type DNAs. J. Med. Virol. 9:69-76.
Ozaki, T., H. Miwata, Y. Matsui, S. Kido, and K. Yamanishi.
1990. Varicella zoster virus DNA in throat swabs. Arch. Dis.
Child. 65:333-334.

Sanger, F., S. Nicklen, and A. R. Coulson. 1977. DNA sequenc-
ing with chain-terminating inhibitors. Proc. Natl. Acad. Sci.
USA 74:5463-5467.

Takahashi, M., T. Otsuka, Y. Okuno, Y. Asano, T. Yazaki, and
S. Isomura. 1974. Live vaccine used to prevent the spread of
varicella in children in hospital. Lancet ii:1288-1290.
Vogelstein, B., and D. Gillespie. 1979. Preparative and analytical
purification of DNA from agarose. Proc. Natl. Acad. Sci. USA
76:615-619.

Weibel, R., B. J. Neff, B. J. Kuter, H. A. Guess, C. A.
Rothenberger, A. J. Fitzgerald, K. A. Connor, A. A. McLean,
M. R. Hilleman, E. B. Buynak, and E. M. Scolnick. 1984. Live
attenuated varicella virus vaccine: efficacy trial in healthy
children. N. Engl. J. Med. 310:1409-1415.

Weller, T. H., and H. M. Witton. 1958. The etiologic agents of
varicella and herpes zoster: serologic studies with the viruses as
propagated in vitro. J. Exp. Med. 108:869-890.



