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We developed a single-tube rapid method for the detection and differentiation of varicella-zoster virus (VZV)
vaccine and wild-type strains that combines rapid-cycle PCR with wild-type-specific fluorescent probe melting
profiles for product genotyping. A region including the polymorphic site in VZV open reading frame (ORF) 62
was amplified in the presence of two fluorescence-labeled hybridization probes. During the annealing step of
the thermal cycling, both probes bound to their complementary sequences in the amplicon, resulting in
resonance energy transfer, thus providing real-time fluorescence monitoring of PCR. Continuous acquisition
of fluorescence data during a melting curve analysis at the completion of PCR revealed that loss of fluorescence
occurred in a strain-specific manner as the detection probe, which was fully complementary to the wild-type
VZV OREF 62 region, melted off the template. Use of this method allowed genotyping of samples within minutes
after the completion of PCR, eliminating the need for post-PCR sample manipulation. In addition to reducing
the time required to produce a result, this method substantially reduces the risk of contamination of the final
product as well as the risk of sample tracking errors. The genotypes of 79 VZV-positive samples determined
by this fluorescent resonance energy transfer (FRET) method were identical to the genotypes obtained by
conventional PCR and restriction fragment length polymorphism analysis. The genotyping of VZV strains by
the FRET method is a rapid and reliable method that is suitable for typing and that is also practical for use

for the processing of large numbers of specimens.

Varicella-zoster virus (VZV) is the etiologic agent of pri-
mary varicella (chicken pox) in childhood, establishing a latent
infection that may reactivate to cause herpes zoster (shingles).
VZV infections are usually benign, but serious and occasion-
ally fatal infections do occur (4, 13, 24). Before an effective
vaccine (Oka) was licensed, about 100 VZV-related deaths and
10,000 to 12,000 hospitalizations occurred annually in the
United States (1, 2, 30, 31). The Oka vaccine protects most
recipients (4, 6, 8, 27, 28, 30-32, 34), but mild breakthrough
infections have been documented (5, 7, 28, 32, 34).

Localized or disseminated rashes sometimes develop within
a few weeks after immunization. Rarely, secondary transmis-
sion of the Oka vaccine strain from vaccinees has occurred (18,
28). The vaccine strain occasionally reactivates to cause zoster
(7,9, 19).

Methods that reliably distinguish vaccine VZV strains from
wild-type strains are needed to effectively monitor vaccine-
related adverse events. Such methods are crucial for studies of
duration of immunity and breakthrough infections and for
analysis of VZV outbreaks. PCR amplification of selected
VZV DNA sequences, followed by restriction enzyme diges-
tion for detection of sequence variations, is a sensitive and
reliable approach (10, 12, 16, 17, 22). VZV DNA can be am-
plified from vesicular fluid, scabs, papular scrapings, peripheral
blood lymphocytes, and cerebrospinal fluid (15-17, 26), and
PCR combined with restriction fragment length polymorphism
(RFLP) analysis is the preferred method for VZV identifica-
tion. Similar methods, such as long-distance PCR (33), single-
strand conformation polymorphism analysis (22), fluorogenic
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PCR (TagMan assay) (11), and other methods, can also dis-
tinguish between vaccine and wild-type strains of VZV. All
these methods require postamplification processing (electro-
phoresis, enzyme-linked immunosorbent assay-based product
detection), and many PCR methods cannot distinguish all Jap-
anese wild-type strains from the Oka vaccine strain (10, 16, 22).

The single-step fluorescent resonance energy transfer
(FRET) genotyping method described here uses rapid-cycle
PCR coupled with resonance energy transfer with fluorophore-
labeled hybridization probes (35, 36). The assay is fast and
robust and differentiates the vaccine strain from wild-type
strains with a high degree of specificity.

MATERIALS AND METHODS

Specimen collection and DNA purification. VZV isolates (except those col-
lected by the authors) were provided by John Zaia (City of Hope Hospital),
Barbara Watson (Philadelphia Department of Public Health), Ann Arvin (Stan-
ford University), Dominic Dwyer (Westmead Hospital), and Yuan-Xiang Meng,
John Stewart, and Joe Esposito (Centers for Disease Control and Prevention).
Material from 79 specimens was available for testing. Isolates originated from
various geographic locations, including Japan (25 specimens), the United States
(26 specimens), Australia (9 specimens), Democratic Republic of Congo (5
specimens), Chad (5 specimens), Nepal (5 specimens), China (3 specimens), and
France (1 specimen), and were collected between 1976 and 1999. VZV DNAs
from cells infected with the Oka vaccine strain (VARIVAX; Merck & Co., Inc.,
Rahway, N.J.) and three laboratory VZV strains (strains Webster, VZV11, and
ROD) were also examined. Fifty of the DNA preparations were purified from
virus isolates propagated in tissue culture. The remaining 29 clinical specimens
were provided by general practitioners and infectious disease physicians and
consisted of vesicular fluid air dried onto glass slides or cotton swabs or from
scabs crusted over lesions that contained primary isolates of nonviable VZV.
Genomic DNA was isolated from clinical samples with NucleoSpin Tissue Kits
(CLONTECH Laboratories Inc., Palo Alto, Calif.). Purification of DNA from
lysates of VZV-infected cells was performed as described previously (29, 33, 37).
The DNA was resuspended in distilled water or 10 mM Tris (pH 8.0) per liter.
DNA that was not used immediately was stored at 2 to 8°C for not longer than
1 week or was frozen at —20°C. To evaluate the FRET method, DNAs from
VZV specimens that had been genotyped as wild-type strains by RFLP analysis
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106021 ACGGTGTATG CGACGTTCCC ACCGCGGCAC AAACACAGGG GTTGTTCGCC CGGGTACAGG TTGGCAAACG

5" AA CTCGCTGGCC CAAAGGTG
106081 CAGTCTCGAT ACGAGCAAAA CTCGCTGGCC CAAAGGTGCG CGACGATGCA AACACGGCCC GGGCGAGTCC
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FIG. 1. Relative orientations of the fluorophore-labeled anchor, the detection probe, and the PCR primer. The detection probe (De) spanning the polymorphic
nucleotide at position 106262 of VZV ORF 62 was labeled at the 5' end with LightCycler Red 705 and was phosphorylated at its 3' end to block extension. The anchor
probe (An) was labeled with fluorescein at its 3' end. During annealing, both probes hybridize to the complementary sequence of the antisense strand. The proximity
of the LightCycler Red 705 and fluorescein labels results in FRET, which is monitored at the end of each annealing step during PCR and continuously throughout
recording of the melting curve (28). The ORF 62 polymorphism is a result of a T-to-C substitution at nucleotide 106262 in the Oka vaccine strain. This polymorphism
creates an A-C mismatch between the antisense strand and the detection probe in the case of the Oka vaccine strain. This mismatch destabilizes the hybrid, which results
in a decrease in the probe’s melting temperature. In contrast, complete matching of the detection probe and the antisense strand results in a higher melting temperature

of the hybrid for wild-type strains.

of open reading frame (ORF) 62 (3, 21) amplicons were analyzed by the new
method.

Design of primers and fluorogenic probes. Primer PKVL2L (5-GTG TCC
GCT TTG AAC GCC CG-3'; positions 106409 to 106390, which are the corre-
sponding positions of reference Dumas strain genome; GenBank accession num-
ber X04370) and primer PKVL7U (5'-AAC TCG CTG GCC CAA AGG TG-3"
positions 106109 to 106128) were used to amplify a 301-bp fragment of VZV
OREF 62, which includes the polymorphic site at position 106262 (replacement of
T with C in the Oka vaccine strain). The amplification primers were synthesized
by standard phosphoramidite chemistry. The detection probe was an 18-mer
oligonucleotide, labeled at the 5' end with LightCycler Red 705 and modified at
the 3' end by phosphorylation to prevent extension. The sequence 5-AGG TGG
CCC AGG GAT GGA-3' was complementary to the antisense strand of VZV
OREF 62, with the polymorphic nucleotide 9 bases from the 3' end (see Fig. 1).
The 3'-fluorescein-labeled anchor probe was a 27-mer that binds at a distance of
4 bases 5' to the detection probe (5'-GTT GCT GGT GTT GGA CGC GGT
GGC CCT-3"). Both fluorophore-labeled probes were synthesized on an ABI
model 394 DNA synthesizer (PE Biosystems, Foster City, Calif.) and were
purified by reverse-phase high-pressure liquid chromatography. The amplifica-
tion primers were described previously (21), and the base sequence for the Oka
parental strain was published by Argaw et al. (3).

Amplification and mutation detection protocol. PCR was performed by rapid
cycling in a reaction volume of 20 ul with each primer at a concentration of 0.25
1M, detection probe at a concentration of 0.2 wM, 0.4 uM anchor probe, and 50
ng of genomic DNA. The LightCycler DNA Master Hybridization Probe buffer
was used as a reaction buffer (Roche Molecular Biochemicals, Mannheim, Ger-
many). This buffer was provided as a 10X stock solution containing nucleotides,
Tag DNA polymerase, and 10 mM Mg?". The final Mg®" concentration in the
reaction mixture was adjusted to 3 mM. The samples were loaded into glass
capillary cuvettes (Roche Molecular Biochemicals, Mannheim, Germany) and
were centrifuged to place the sample at the capillary tip before capping. To
ensure a hot start for PCR, 0.32 pl of anti-Taq polymerase antibodies (Clontech
Laboratories, Inc., Palo Alto, Calif.) was added to each reaction mixture. After
an initial denaturation step and antibody inactivation at 94°C for 2 min, ampli-
fication was performed by using 40 cycles of denaturation (95°C for <1 s),
annealing (57°C for 7 s), and extension (72°C for 15 s) on a LightCycler fluoro-
metric thermal cycler (Roche Molecular Biochemicals, Mannheim, Germany).
Fluorescence was measured at the end of the annealing period of each cycle to
monitor the concentration of amplicon. After amplification was complete, a final
melting curve was recorded by heating to 95°C for 2 min and then cooling to
50°C, followed by a 35-s hold before heating slowly at intervals of 0.2°C until a
temperature of 80°C was attained. Fluorescence was measured continuously
during the slow temperature rise to monitor the dissociation of the LightCycler
Red 705-labeled detection probe. The fluorescence signal (F) was plotted in real
time against the temperature (7) to produce melting curves for each sample (F
versus 7). Melting curves were then converted to melting peaks by plotting the
negative derivative of F with respect to T against 7 (—dF/dT against 7). The
entire process required approximately 60 min (23).

Genotyping by RFLP analysis. For confirmation of VZV wild-type genotypes,
RFLP analysis was performed as described elsewhere (21). A 268-bp fragment
encompassing a mutation in the Oka vaccine VZV strain was amplified from
genomic DNA by using the primers described below. For fragment amplification,
each oligonucelotide primer at a concentration of 0.1 pM (upper primer,
PKVL_6U [5-TTC CCA CCG CGG CAC AAA CA-3'], VZV genome position
106036; lower primer, PKVL_IL [5-GGT TGC TGG TGT TGG ACG CG-3'],

VZV genome position 106284) was used in a 100-ul reaction mixture containing
PCR Gold buffer (50 mM KCI, 15 mM Tris-hydrochloride [pH 8.0]), 2.5 mM
MgCl,, dATP, dCTP, dGTP, and dTTP each at a concentration of 200 uM, and
2.5 U of AmpliTaq Gold DNA polymerase (PE Biosystems and Roche Molec-
ular Biochemicals, Indianapolis, Ind.). For amplification, 500 ng of a total DNA
preparation from VZV-infected HLF cells was used as a template. For clinical
specimens, PCR assays used a 1:100 portion of the DNA purified from a single
lesion (scab or swab). An initial 15-min PCR hot-start step of 96°C was followed
by 30 cycles of amplification (1 min at 94°C, 1 min at 72°C) and a final extension
step at 72°C for 3 min. Reactions were performed in a Mastercycler gradient
thermocycler (Eppendorf Scientific Inc., Westbury, N.Y.). The amplicons were
resolved by electrophoresis in precast 4 to 20% gradient polyacrylamide gels in
Tris-borate-EDTA buffer (Novex, San Diego, Calif.) and were stained with
ethidium bromide to visualize the DNA. Restriction reactions were performed
with 5 to 10 pl of the PCR product adjusted in the recommended endonuclease
buffer and 10 U of Smal (New England Biolabs, Inc., Beverly, Mass.). Endonu-
clease-cleaved DNA products were separated by gel electrophoresis as described
above. For DNA size reference markers, 50- and 100-bp DNA ladders (Life
Technologies Inc., GIBCO BRL, Gaithersburg, Md.) were used.

RESULTS

Detection and differentiation of vaccine from wild-type
strains of VZV. To assess the ability to detect and distinguish
the ORF 62 sequence heterogeneity between the Oka vaccine
strain and wild-type strains of VZV, 40 cycles of amplification
were performed with genomic DNAs from two laboratory
strains of VZV (strains Webster and VZV11), six clinical spec-
imens (specimens 64N, 868N, 123J, S09N, 99-1-6, and VZV
DR), and the Oka vaccine strain with the FRET detection
system and the sequences described in Fig. 1. A template-free
control specimen was also tested. Resonance energy transfer
occurs during the annealing phase of each cycle as the fluoro-
phore-labeled probes hybridize to the antisense strand of the
amplicon. The process of hybridization and melting of the
detection probe to the target coincides with the acquisition and
the loss of the fluorescence signal, since the donor and accep-
tor probes are in close proximity only when the probes have
annealed to the amplicon DNA. The fluorescence signals in-
creased with each cycle in direct proportion to the accumula-
tion of specific PCR product and generally rose above the
background levels after 10 to 20 cycles (data not shown). By
plotting the negative derivative of the fluorescence signal with
temperature versus temperature (—dF/dT versus T), peaks
were obtained at the respective melting temperatures (Fig. 2).
Heteroduplex annealing of ORF 62 DNA from the Oka vac-
cine strain with the ORF 62 detection probe occurred at be-
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FIG. 2. Genotyping of VZV with a fluorescent probe by derivative melting curve plot. Following amplification, a melting curve analysis was immediately performed.
Data for the plot were obtained during the melting transition of the LightCycler Red 705-labeled detection probe from the amplified fragment.

tween 59 and 60°C. In contrast, annealing of the detection
probe with DNA from any of the wild-type and laboratory
strains took place at between 65 and 67°C. As such, the differ-
ences in ORF 62 probe annealing temperatures were more
than sufficient to permit unequivocal differentiation of the Oka
vaccine strain and other strains of VZV.

No increase in fluorescence signal was observed in the ab-
sence of template. The assay is also VZV specific, since no
signal developed with tissue culture material containing DNA
from any of the following human herpesviruses: Epstein-Barr
virus, cytomegalovirus, herpes simplex virus types 1 and 2,
human herpesvirus 6 variants a and b, and human herpesvirus
8 (data not shown).

Comparison of FRET-based strain discrimination with
RFLP methods. To evaluate the practicability and reliability of
the fluorescence genotyping in a clinical routine setting, 79
clinical and tissue culture-grown VZV samples were genotyped
by the Smal RFLP method and by the FRET-based method
(Table 1). The PCR products and fragments obtained by RFLP
analysis were of the expected sizes (data not shown). The
specimens collected for this study represent circulating VZV
strains from five of the six inhabited continents. Positive (wild-
type and vaccine strain) DNA and negative controls were in-
cluded in each test run. The genotypes determined by both
methods were in complete concordance. The virus in 1 sample,
which is thought to come from a patient with a vaccine-related
case of varicella, was typed as the Oka vaccine strain, while the
viruses in 78 samples were determined to be wild-type strains.
For all 79 wild-type or laboratory strains, the detection probe
annealed to the DNA template at between 65 and 67°C, indi-
cating that the region complementary to the probe is exceed-
ingly stable, apart from the single point mutation that defines
the Oka vaccine strain.

Serial dilution of DNA specimens revealed that FRET-
based melting curve analysis was more sensitive than conven-
tional RFLP analysis (with UV transillumination) by as much
as 40-fold (data not shown).

DISCUSSION

Amplification of targeted regions of the VZV genome fol-
lowed by specific restriction endonuclease digestion (RFLP
analysis) has become the most reliable and effective means for
discrimination of the Oka vaccine strain and wild-type strains,

TABLE 1. Comparison of FRET-based PCR with conventional
RFLP analysis

Genotype
Origin of isolate Method Wild-type Oka vaccine
\7AY% strain VZV
United States FRET 25 1
RFLP 25 1
Japan FRET 25 0
RFLP 25 0
Australia FRET 9 0
RFLP 9 0
Chad FRET 5 0
RFLP 5 0
Nepal FRET 5 0
RFLP 5 0
Congo FRET 5 0
RFLP 5 0
China FRET 3 0
RFLP 3 0
France FRET 1 0
RFLP 1 0

“ FRET, FRET-based PCR with the ORF 62-based probes and primers de-
scribed in Fig. 1; RFLP, Smal digestion of the ORF 62 amplicon by RFLP
analysis, as described in Materials and Methods.
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an ability essential to the characterization of breakthrough
infections among VZV vaccinees (5, 34). Nonetheless, the time
required to complete such assays (usually, 2 full working days)
has limited their usefulness in the reporting of test results for
clinical specimens. In the present study we used probe hybrid-
ization and FRET to monitor specific product accumulation
during rapid-cycle DNA amplification as a means for discrim-
ination of vaccine and wild-type VZV strains. In contrast to
conventional RFLP analysis, these assays can be completed in
5 h or less, depending on the time required to prepare the
DNA from a specimen.

In this study we looked at only a single specimen of the Oka
vaccine strain obtained from a lot of commercial vaccine, rais-
ing the possible concern that the ORF 62 mutation at nucle-
otide 106262 is not consistently maintained in the vaccine.
However, others have examined VZV from a variety of Oka
vaccine lots and consistently detected this mutation (3; N.
Kraiouchkine, personal communication). In addition, the virus
in one U.S. specimen, obtained from a vesicular lesion on a
child who developed varicella several weeks postvaccination,
was identified as a vaccine strain by the two methods used in
the present study as well as by the RFLP method described by
LaRussa et al. (16).

Several PCR-based methods have been used to genotype
VZV strains (5, 7, 28, 32, 34), but each of the methods has
some drawbacks. A limited number of point mutations in the
vaccine strain or wild-type strains of VZV that can be detected
with specific restriction endonucleases have been identified,
and primers that amplify these regions have been described
(11, 16, 29, 33). Some of these are more effective than others
at discriminating vaccine strain from wild-type virus (16);
among the most useful are mutations identified in ORFs 38
and 54 and, more recently, in ORF 62 (3, 16, 21). Preferen-
tional homoduplex formation is time-consuming, and reliable
results are crucially dependent on the quality of the PCR
products and the hybridization conditions (25). The single-
strand conformational polymorphism method has also been
used by some laboratories for genotyping, but this method is
laborious and yields results that are sometimes difficult to
interpret. Most of the protocols currently in use require addi-
tional steps for product detection and identification, increasing
the time and expense of the assay. In addition to the inherent
risk of false-positive amplification, the performance of the
sequence-specific primers in these assays must be assured by
amplifying internal control fragments. Techniques based on
RFLP analysis need PCR conditions of sufficient specificity to
produce a clean amplification product that can be enzymati-
cally digested and unambiguously analyzed by electrophoresis.
Furthermore, the interpretation of results by this approach
may be complicated by incomplete digestion of amplimers. The
ligase chain reaction technique (14), while combining high
degrees of sensitivity and specificity with the potential of au-
tomation, still requires several postamplification procedures,
including a ligation reaction and in some protocols subsequent
enzyme-linked immunosorbent assay-based detection.

The FRET-based PCR method described here is performed
in a single reaction vessel, with no further manipulation of the
amplified product required. The sequence heterogeneity is de-
tected directly, in real time, by using a short DNA probe that
overlies the point mutation. Since the reaction is carried out in
a single step in a closed system, there is no risk of carryover
contamination following PCR amplification. As such, by con-
ducting the DNA extraction step and preparing PCR master
mixtures in separate locations and by using conventional pre-
cautions, such as wearing disposable gloves and gowns, the risk

J. CLIN. MICROBIOL.

of sample DNA contamination can be virtually eliminated in
this procedure.

The FRET-based PCR equipment used for this study uses
capillary reaction vessels, with adjustment of the cycling tem-
peratures done by alternating heated and ambient air. The
result is that cycling times are substantially faster than those
achievable with a block or water-based thermocycler. Because
of the high surface area-to-volume ratio of the capillaries,
combined with the rapid temperature shifts made possible by
this method, a single PCR cycle can be accomplished in less
than 1 min. A complete run of 40 cycles can be completed in 30
min. The fluorescent probes hybridize to the amplified product
during the annealing phase, which allows real-time collection
of the FRET signal. Sequence heterogeneity can be distin-
guished by melting point temperature analysis post-PCR am-
plification.

The detection of the VZV ORF 62 mutation at the nucleic
acid level without restriction enzyme digestion represents a
novel approach to VZV genotyping by PCR. The robustness
and reliability of fluorescence genotyping was documented by
the complete concordance of the genotypes determined by
conventional ORF 62-based RFLP analysis and the new pro-
tocol for all 79 specimens tested. Amplification of viral DNA
extracted directly from vesicular fluid or scabs eliminates the
need for virus isolation and requires only a small quantity of
material. The benefits of homogeneous detection systems have
long been recognized, but such systems have not been com-
mercially available. Recently, several fluorescence-based meth-
ods for the typing of biallelic systems have been described (20).
Using the approach described here, we were able to genotype
32 VZV specimens in 60 min without restriction enzyme di-
gestion or electrophoresis. This FRET-based method com-
bines simple routine processing and rapid analysis and there-
fore affords both high-throughput genotyping and rapid
results. Furthermore, as the hands-on time is shorter than that
for any other technique used so far, this method results in
VZV genotyping in an economic manner in laboratories
equipped to perform FRET-based assays. The feasibility of
specific PCR product detection without electrophoresis or re-
striction endonuclease digestion makes this method attractive
for studies of the molecular epidemiology of VZV.
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