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A heteroduplex mobility assay was used to identify variants of varicella-zoster virus circulating in the United
Kingdom and elsewhere. Within the United Kingdom, 58 segregating sites were found out of the 23,266
examined (0.25%), and nucleotide diversity was estimated to be 0.00063. These are an order of magnitude
smaller than comparable estimates from herpes simplex virus type 1. Sixteen substitutions were nonsynony-
mous, the majority of which were clustered within surface-expressed proteins. Extensive genetic correlation
between widely spaced sites indicated that recombination has been rare. Phylogenetic analysis of varicella-
zoster viruses from four continents distinguished at least three major genetic clades. Most geographical
regions contained only one of these three strains, apart from the United Kingdom and Brazil, where two or
more strains were found. There was minimal genetic differentiation (one or fewer substitutions in 1,895 bases
surveyed) between the samples collected from Africa (Guinea Bissau, Zambia) and the Indian subcontinent
(Bangladesh, South India), suggesting recent rapid spread and/or low mutation rates. The geographic pattern
of strain distribution would favor a major influence of the former. The genetic uniformity of most virus
populations makes recombination difficult to detect. However, at least one probable recombinant between two
of the major strains was found among the samples originating from Brazil, where mixtures of genotypes

co-occur.

Genetic variation among strains of human herpesviruses has
been used to distinguish viral genotypes and to conduct epide-
miological studies (7, 14, 33, 40, 45-51). Variation results pre-
dominantly from single nucleotide polymorphisms (SNPs) or
from alteration in the composition and number of repeat ele-
ments present either within the internal and terminal repeat
regions or within tandem direct reiterations scattered through-
out the genome (7, 8, 27, 35). Genetic variation in varicella-
zoster virus (VZV) has been defined by the presence or ab-
sence of restriction sites, such as a PstI site in gene 38 (25) and
a Bgll site in gene 54 (1), or differences in the number of repeat
elements within the five repeat regions in the VZV genome (5,
20, 24, 25, 26, 28, 43, 44). These methods were found to dis-
tinguish viruses from different geographic regions and have
been used to differentiate between the live attenuated Japa-
nese Oka vaccine strain and wild-type viruses circulating in the
United States and United Kingdom (17, 21, 23, 29, 47). Dis-
tinctive restriction enzyme patterns have also allowed differ-
entiation between epidemiologically unrelated viruses, while
viruses occurring in a single outbreak have been shown to be
identical (20, 41). The establishment of latency by the virus in
the dorsal root ganglion does not appear to affect the geno-
type, as evidenced by the identical restriction enzyme profiles
of the infecting and reactivating strain from a single individual
(42). Restriction enzyme profiles have also been shown to
remain stable on serial passage in tissue culture (20).

Using these established methods, we have previously shown
a mixture of genetically distinct strains to be circulating in the
United Kingdom, most particularly in the East End of London,
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where the proportion of VZV strains carrying the Bgll restric-
tion endonuclease site in gene 38 increased from 10% in the
early 1980s to more than 30% in the 1990s (22). Sampling of
viruses from outside the United Kingdom showed a 90 to 100%
prevalence of Bgl/I-positive viruses in Asian and African coun-
tries, while the United States was similar to the United King-
dom (4). More recently several groups, including ours, have
identified additional SNPs which can be used to genotype VZV
strains (3, 12; V. N. Loparev and D. S. Schmid, Abstr. 26th Int.
Herpesvirus Workshop, abstr. 3.15., 2001). Using the SNP map
we have generated, estimates of VZV variation have been
derived. In this report we use phylogenetic and population
genetic analysis, which has enabled us, for the first time, to
examine the evolutionary relationships between genotypes and
to analyze the putative mechanisms by which VZV evolution
and spread are likely to occur in the future.

MATERIALS AND METHODS

Samples. The polymorphic map was developed using 10 VZV isolates ran-
domly selected from around the United Kingdom. These data were used to
estimate the time since the common ancestor of the major clades (see below).
This calculation does not require a large sample size, because of the redundancy
of information from similar sequences of the same clade, but it does benefit from
the extensive sequence survey. The most informative sites were selected for
further analysis (Fig. 1). We proceeded to test further 10 United Kingdom
samples for the whole set of primers to verify this choice and to establish that
these were SNPs and not rare variants or PCR/sequencing artifacts. A larger
sample, made up by an additional 67 strains typed at the phylogenetically infor-
mative loci, was used to survey the global distribution of genetic diversity. These
comprised an additional 25 United Kingdom samples, collected from patients
with varicella and zoster in East London, and 42 non-United Kingdom samples
(Fig. 1).

DNA extraction and amplification. DNA was extracted from 200 pl of each
vesicle fluid sample using the QIAamp Blood Mini Kit (Qiagen Ltd., Crawley,
United Kingdom). Viral DNA from each sample was initially genotyped at four
loci by methods previously established (3). The 56 sets of primers shown in Table
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FIG. 1. Alignment of nucleotide polymorphisms in strains of VZV from around the world. The country of origin of the virus is shown in the first column (Netherlnd, The Netherlands; G.
Bissau, Guinea Bissau; B’desh, Bangladesh; S. India, South India; UK, United Kingdom). The regions which contained SNPs among the original 10 United Kingdom viruses typed are shown.
Shaded boxes represent ORFs in which nucleotide changes were nonsynonymous. Regions within ORFs 1, 21, 50, and 54 which show fixed differences between genotypes were used to type
additional strains from the United Kingdom and around the world; P indicates recombinant virus. Letters A, B, and C refer to different genotypes as defined by phylogenetic analysis (see Fig.

2). Virus originating in the United Kingdom (blue), Brazil (brown), Zambia or Guinea Bissau (orange), South India or Bangladesh (yellow), and Japan (magenta) are shown.
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1 were designed to amplify 500-bp regions at 3,000-bp intervals (3). DNA am-
plification reactions were performed in 100-ul reaction volumes using 1 U of
AmpliTaq Gold DNA polymerase enzyme (Perkin-Elmer). The mixture com-
prised PCR buffer II (Perkin-Elmer), 200 pM concentrations of each de-
oxynucleotide triphosphate, each primer at a concentration of 0.2 uM, 1 pul of
test or control DNA extract, and an optimal MgCl, concentration. The optimum
magnesium concentration was determined for each primer pair by titration from
1 to 4 mM MgCl, using the positive control DNA extract (3). Thermal cycling
included an initial hot start at 95°C for 12 min, followed by 30 to 40 cycles of 94°C
for 1 min, the annealing temperature for 1 min, and then 72°C for 1 min, with a
final extension at 72°C for 10 min. PCR products were visualized by gel electro-
phoresis in agarose containing ethidium bromide, alongside a 100-bp ladder
(Gibco BRL).

HMA. The heteroduplex mobility assay (HMA) was optimized using PCR
products spanning a BglI site in gene 54 from samples with and without the
restriction site polymorphism. The method used has been previously described
(3). Briefly, 2 ul of each PCR product was mixed with 2 pl of gel loading buffer
and denatured by heating at 98°C for 5 min, followed by 68°C for 30 min, and
then held at 4°C. The samples were then mixed with 7.5 pl of gel loading buffer
(45% formamide, 30% ecthylene glycol, 10 mM EDTA, 5% Ficoll, and 0.05%
bromophenol blue and xylene cyanol). Samples were electrophoresed on a 6%
polyacrylamide gel, with 0.6 g of piperazine/liter in Tris-taurine-EDTA (TTE)
buffer containing 10% ethanediol and 13.75% formamide. After electrophoresis,
the gel was fixed and stained by immersing it sequentially in 0.1% silver nitrate
for 15 min, followed by 1.5% sodium hydroxide-0.3% formaldehyde solution for
approximately 5 min until bands were just visible. The gel was fixed in 5 to 6%
glacial acetic acid for 5 min and removed from the silane-coated glass plates by
immersion in 1.5% sodium hydroxide for 20 min.

DNA sequencing. Polymorphisms identified by HMA were confirmed and
characterized by nucleotide sequencing of PCR products using the relevant PCR
primers in an ABI Prism dRhodamine terminator cycle sequencing reaction mix
(Perkin-Elmer Applied Biosystems) according to the manufacturer’s instruc-
tions. Cycle sequencing reactions were electrophoresed on an ABI 377 Analyser
(Applied Biosystems Inc.). Sequences generated were analyzed using Sequence
Navigator (Applied Biosystems Inc.) and compared to that of the published VZV
(strain Dumas) sequence (9, 11) in order to identify sequence polymorphisms.

Phylogenetic analysis. Aligned SNPs identified in 10 United Kingdom VZV
strains were analyzed by the DNAPARS program within the Phyllip package
(13), using the Dumas strain sequence as an outgroup (3). The primer pairs
found to flank informative SNPs were used to analyze additional strains from the
United Kingdom and other countries (Fig 1). The analysis was conducted using
the PAUP 4.0b8 program. A neighbor-joining tree was calculated to illustrate the
distribution of intergenotype differences. The support for the branching pattern
was assessed by bootstrapping, using maximum parsimony as the criterion. Evi-
dence of linkage disequilibrium was evaluated using Fisher’s exact tests to com-
pare the frequency of allelic combinations at pairs of loci with the frequencies
expected under free recombination. The data were also used to calculate the
nucleotide diversities within populations and between populations and the net
difference between populations (mwx, Txy, ) using the methods of Nei (34).

Time since branching of the major clades. The estimate of the time since the
splitting of the major clades depends on the mutation rate, p. The maximum
likelihood value for the time can be calculated from the number of substitutions
(x = 12) using the Poisson likelihood function, L(x|w,f) « N*e*, where \ is the
expected number of synonymous substitutions in b bases (A = pb2 f). Similarly
the range of plausible values could be calculated as a likelihood curve. The
synonymous substitutions and their rate were used, as this varies less between
genes and taxa.

The 95% limits (the posterior 95% equiprobable interval) were calculated
from this equation by using the mutation rate of p = 1.0 X 10~ substitutions per
nucleotide per year, obtained from a study of related alphaherpesviruses (31).
The calculation assumed a uniform prior on the time (). The distribution could
therefore be obtained directly by numerical integration of the distribution for a
range of mutation rates. These were normally distributed around this mean for
w, with a standard error of 20% to allow for uncertainty in the estimate and in
extrapolation between viruses (but see Discussion).

Estimate of mutation rate. An alternative method of analysis is to assume that
the major clades diversified at or before the major human migrations 100,000
years ago (100 kya), as has been suggested for alphaherpesviruses. An estimate
of w can be obtained by substituting rates in the likelihood function and exam-
ining the relative support for times exceeding 100 kya. We use the criterion that
5% of the distribution should exceed 100 ky (equivalent to a 5% probability
under a uniform prior probability distribution).
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TABLE 1. Primers used to amplify and sequence viruses

Primer name

Position (5" — 3")

Size (bp)

Sequence (5" — 3')

VZV-1F
VZV-1R
VZV-4 F
VZV-4 R
VZV-6 F
VZV-6 R
VZV-1F
VZV-71R
VZV-10 F
VZV-10 R
VZV-11 F
VZV-12 R
VZV-13 F
VZV-13 R
VZV-14a F gC
VZV-14a R
VZV-14b F gC
VZV-14b R
VZV-15 F
VZV-15 R
VZV-17 F
VZV-17 R
VZV-19 F
VZV-19 R
VZV-20 F
VZV-20 R
VZV-21 FOR
VZV-21 R
VZV-22a F
VZV-22a R
VZV22b F
VZV-22b R
VZV-24 F
VZV-25 R
VZV-28 F
VZV-28 R
VZV-29a F
VZV-29aR
VZV-29 F
VZV-29 R
VZV-30 F
VZV-30 R
VZV-3la F gB
VZV-31a R
VZV-31b F gB
VZV-31b R
VZV-31c F gB
VZV-31c R
VZV-31d F gB
VZV-31d R
VZV-3le F gB
VZV-31le R
VZV-31f F gB
VZV-31f R
VZV-32 F
VZV-32 R
VZV-34 F
VZV-34 R
VZV-37F
VZV-37R
VZV-37a F gH
VZV-37a R
VZV-37b F gH
VZV-37b R
VZV-37c F gH
VZV-37¢c R
VZV-37d F gH
VZV-37d R

427-450
932-911
3270-3291
3727-3706
60666087
6520-6500
8723-8743
9208-9189
12423-12447
12915-12894
15898-15919
16397-16378
19017-19039
19492-19470
19434-19454
19947-19925
19925-19947
20447-20425
21709-21730
22230-22211
24402-24424
24888-24865
27209-27232
27705-27682
30027-30049
30522-30500
33497-33518
33999-33976
37007-37027
37515-37489
40507-40528
40998-40973
43985-44006
44495-44476
47506-47525
48014-47992
51043-51060
51549-51526
52795-52814
53336-53315
56314-56335
56826-56804
56988-57008
57500-57480
57480-57500
57986-57967
57967-57986
58480-58463
58463-58482
58977-58959
58935-58956
59289-59268
59268-59289
59680-59657
59798-59819
60300-60278
63291-63312
63799-63780
66787-66806
67302-67277
66036-66055
66543-66526
66527-66544
67037-67014
67007-67028
67520-67502
67440-67460
67869-67851

506
506
458
458
455
455
487
487
493
493
500
500
476
476
514
514
523
523
522
522
487
487
497
497
496
496
503
503
509
509
492
492
511
511
509
509
507
507
542
542
513
513
513
513
507
507
514
514
515
515
355
355
413
413
503
503
509
509
516
516
508
508
511
511
514
514
430
430

TCAGCTGGCTTTTCTAAGAATTCG
TATTTTTGGGATCCGCAATGTC
GCAGACTCCAACGCTTCAATCA
AATCGAAGACGGCGTCCTACAA
CAACAAATCCCCGTTCCAGCAA
CATGCGAGCATTTCGTCATGG
AGAGGCTTTAACCGCTGTGAA
CGCCTCCGATTTAATAGGTGA
CTGGAACGAGGATTTATTCTCATGT
TGCAGATTGACTGGCGTACAAA
TGAACTTCCGTTTTGTGGGATT
CGGGCGTTGGAATAAGACAT
AACGGTGAATTATCCTGCCAAGT
TCCTTGGGACATTGGGTCTTATC
TGAACAGCAACGGATGCATAG
AATTCCACAGCAAAAACAAATGG
CCATTTGTTTTTGCTGTGGAATT
TGGTTTACGCGTCACCTTATAGA
CGTTTAAGGGTCCGGGAACTTT
TTCGGGGTTATGGCCAACAT
GTTGTACAGACGGCCCATTATCA
TCACAGCCCATGAAGAGTAAATCA
TCCATGCTTGTTTTCATTGTCTCA
TCTTCTGTTCCCATTCAAGATATC
TCAGATGGATGACGAAGGATTAA
GATAGTACCACGTCACGATTGCA
TAATGAATTGAGGCGCGGTTTA
CACGTGTAGCTCCAAAAACCTAGG
GGTAACCGGTTTTGTGGGACT
GTAATTCAGTCAACTTATGGGTATTCG
AGGCCAATGTCGATGCAGTTAC
ATATACCCGAATCTGTAGCCATATGC
TCCTGCGTTCACTCCGTACATA
AGGGCCCGCGATTTAATTAC
GGGGCCACAATAACATAAGG
GCACATATAATTTCAACGGCTCT
GCGGTGGTTTCTGGAGCA
GGTGTTATAAAAGGGTGTTGGGTA
TTCGAAGCCACCCATTCAAT
CGAGGAAATAACAGGCCGTGAA
CGGCCTTTGATGCACATAGATT
GGGGACATGTTTCTTCGTACGTT
GCTTTTTATGCATATTTTCTA
CTTCAACTTTGTGGTTATTTC
GAAATAACCACAAAGTTGAAG
GAAAATTGTGTGCATACTCA
TGAGTATGCACACAATTTTC
AAATAGTCCGCTCCAAAG
CTTTGGAGCGGACTATTTCC
CGGCGTTGAATTTCACTGT
TGCGGGATACAGGATTACTAGA
AGTGGATATAATGCCTTCATCG
CGATGAAGGCATTATATCCACT
AATGGAGACACATGAGTAACGTAA
ACCGTCGTCTATCGCACATCAT
ATTCATAAAAGGCGTGTTTGGTT
TTCATAAACGTACGGGAAATGC
GCTCCCGCGTTTGAGTTAAC
CGGTTCGGTGCTTCTCACAA
ATCCGCATTAAAATGTAATTAAGGAA
AACGTTGCGGTGATATTGTA
AGGGGGTTTGGTGGGAAC
TTCCCACCAAACCCCCTT
CATGCTTTGAAAAATTCATATCCA
CGTGGGTTGGATATGAATTTTT
GCCTGGCGAGAGAAAGTGC
ATGAAGCCCGTGATCAACTAA
CGTGTTGGTATTGCCGACA

Continued on facing page
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TABLE 1—Continued

Primer name Position (5" — 3") Size (bp) Sequence (5" — 3')*
VZV-37e F gH 67851-67869 438 TGTCGGCAATACCAACACG
VZV-37¢e R 68288-68268 438 CCCCCGTGGTTAGATACCTAA
VZV-37f F gH 68252-68272 327 TGCGGAAGTGTTTTTCTTAGG
VZV37f R 68578-68558 327 ATATTCTCGAAGGCGGGAATT
VZV-38 F 70295-70320 490 TTAAAGCGTTTATCGGAACATTAACC
VZV-39 R 70784-70761 490 TCACCCCCATACGATAACATAACC
VZV-40 F 7377173793 512 GGATGACACGTTTATTGCACCTA
VZV-40 R 74282-74260 512 CTTGTAGTGTGAGCAATGCATCA
VZV-42 F 77260-77283 500 AACTGTTGTGCTATAGCCAACGAT
VZV-42 R 77759-77741 500 AAGCCGGTTTTCATCACAA
VZV-44 F 80747-80765 513 AAGAACCCGATCGCGTACC
VZV-44 R 81259-81240 513 TGCGGTAATGCGAGGATTTT
VZV-47TF 84247-84266 513 GATTGATCTTTATGCATTGG
VZV-48 R 84759-84741 513 TTTTACAAAAGGGTGCTGT
VZV-50 F 87736-87756 515 CGCACCCAAAGTGAACATCAT
VZV-51 R 88250-88227 515 TCTCGGATGTCAAATATGTTACGA
VZV-52 F 91226-91247 495 GCTTGGTTCTTAGTGGCAATCG
VZV-52 R 91720-91699 495 CAGGCTGTTTGAAGACGGTAGA
VZV-54 F 94172-94194 505 GGGTGGCCCGTAATATGAATGAA
VZV-54 R 94676-94654 505 TCCGGAACAACAAACGTTCAAAG
VZV-54Bgll F+ 95005-95027 497 CGTAATGCATAACAGGCCAACAC
VZV-54Bgll R+ 95501-95479 497 GAAACCTGGCGTCAAACATTACA
VZV-55 F 98505-98523 496 CCATGTCGCGTACGGTCTCTC
VZV-56 R 99000-98982 496 TTGCGTGGGGTTTGTCCTG
VZV-60 F gL 101156-101176 522 CCGATAGTTTCATTTCATTGG
VZV-60 R 1011677-101656 522 GTCGTAGTGAAGGGAAAACACA
VZV-62a F 105497-105514 502 CCGCCTGGGTTTCTGACG
VZV-62a R 105998-105982 502 ACCCGCGTCCCCCTGTC
VZV-62 F 107299-107320 527 CGGTCGTATCGACGGCTCATAG
VZV-62 R 107825-107804 527 GGGCGCCAGAGACAGAAATCAT
VZV63 F-O* 110512-110529 515 TTCGTCCGATTCATAACG
VZV63 RI* 111026-111008 515 CTATGCAAAGGAACATTCG
VZV64 F 111512-111531 661 GCTGGTTTGAACGTCTCCAT
VZV64 R 112172-112151 661 CAGTACGCTTTTATCCGGTGTA
VZV-6INC F gl 114480-114502 508 GCCTCATTTAATCGCGATGTTTT
VZV-67 R 114987-114963 508 ATTTACACCAAGAATGAAACCATCG
VZV-67b F gl 114930-114954 522 ACTTCTTGTTCGGTTAGACCATAGC
VZV-67b R 115451-115430 522 TGTATGCCCCTTCTTGTTTTTG
VZV-68NC F gE 115798-115819 515 CGCCTGTAATATGGGGACAGTT
VZV-68 R 116312-116292 515 GGCCTTGGGGTTTTGGATTAA
VZV-68b F gE 116245-116268 511 TGTAAATGTGGACCAACGTCAATA
VZV-68b R 116755-116735 511 CAAAAACGTGGCGTAGGTAGA
VZV-68c F gE 116717-116732 507 CGCGGCTCCGATGGTA
VZV-68c R 117223-117199 507 CAAACTCTCGGGTGTATCTACAAAC
VZV-68d F gE 117174-117191 522 TACACGACGGGGGCACCA
VZV-68d R 117695-117680 522 TCGCCCGGTTCGGTGA

RESULTS

The HMA does not identify polymorphisms within the ter-
minal 50 bases of the PCR product (15). Allowing for this,
approximately 23,266 nucleotides (18.6% of the genome) were
screened in 10 United Kingdom viruses. Fifty-eight polymor-
phic positions were identified (0.25%), and nucleotide ()
diversity was estimated to be 0.00063 (standard error, 0.00018).
This agrees with previous estimates obtained by restriction
fragment length polymorphism analysis (44). Sixteen of the
nucleotide differences coded for an amino acid change (3), and
the open reading frames (ORFs) in which they were located
are shown in Fig. 1.

There were highly significant nonrandom associations (link-
age disequilibrium) between alleles at widely separated loci. Of
the 351 pairwise comparisons between loci, 73 showed associ-

ations that were significant at the 1% level. Under the null
hypothesis of linkage equilibrium, only 3.51 comparisons
would be expected to show this level of significance (Table 2).
This result suggested that recombination had little effect on the
evolution of the genotypes, and so phylogenetic methods were
used to represent the relationships between the genotypes. The
United Kingdom genotypes fell into three major clades (Fig.
2), designated A, B, and C.

To map the worldwide distribution of genotypes, we used a
subset of informative markers. Four regions, located in ORFs
1, 21, 50, and 54, which contained fixed differences between the
major clades were selected manually and used to analyze a
further 25 United Kingdom viruses (Fig. 1). This restricted
marker set gave distinct genotypes, consistent with the previ-
ously identified clades. Genotyping additional informative
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TABLE 2. Nucleotide diversities estimated from the four regions of 1.9 kb typed worldwide”
Origin of Nucleotide diversity in comparison with populations from:

virus UK Brazil G. Bissau Zambia Bangladesh S. India Japan
UK 0.0005 0.0001 0.0007 0.0007 0.0007 0.0008 0.0008
Brasil 0.0006 0.0005 0.0008 0.0007 0.0008 0.0009 0.0009
G. Bissau 0.0009 0.0011 0.0000 0.0000 0.0000 0.0001 0.0003
Zambia 0.0009 0.0011 0.0000 0.0000 0.0000 0.0001 0.0003
Bangladesh 0.0009 0.0011 0.0000 0.0000 0.0000 0.0001 0.0003
S. India 0.0011 0.0012 0.0001 0.0001 0.0001 0.0000 0.0005
Japan 0.0011 0.0012 0.0004 0.0004 0.0004 0.0006 0.0002

“ Diagonal (bold) values, within-population diversities (px); above diagonal values, net nucleotide diversity between populations (pA); below diagonal values, mean
proportion of pairwise differences between populations (pxy). The 1.9-kb subset had higher than average diversity, so the values in Table 2 are adjusted accordingly
(by a factor of 0.277). UK, United Kingdom; G. Bissau, Guinea Bissau; S. India, South India.

markers located in ORFs 55, 20, and 47 did not reveal further
genotypes (data not shown). Additional genotyping of 42 vi-
ruses from Africa, Asia, Europe, and South America (Fig. 1
and 2) using the four informative regions was therefore under-
taken. Phylogenetic analysis of all of the viruses at the above

Neth Dum
UK 317
UK 317+
UK Uz
UK UZ6+
—— UK UZ2135
Brasit 179
UK 308
UK 308+
UK UZ35
UK UZ356+
Brasil 118
Brasil +
Uk 338
Sind D46
B Shhd  +
UK 188
UK Z46
UKk 117
UK 123
ZAMB ZK132
ZAMB +
C A GiBis GBSEY
GBis +
o6 s _‘ zang BAN?
ang  +
UK U328
Jap JK242
—L———Jap JK244
Jap JK241
Jap JK245
UK Uz42
UK U242+
— 0.5 changes

FIG. 2. Phylogenetic tree of varicella-zoster virus strains by the
neighbor-joining method. The countries from which specimens were
obtained are shown: Bang, Bangladesh; Brasil, Brazil; Jap, Japan; GB,
Guinea Bissau; Neth, The Netherlands; Sind, South India; ZAMB,
Zambia. Bootstrap values separating clades A, B, and C are shown. +
denotes additional viruses with identical sequence.

four regions, representing 1,895 bp, is shown in Fig. 2. A
bootstrap analysis using the maximum parsimony criterion was
used to assess the support for the major clades. The number of
inter- and intrapopulation nucleotide differences at these sites
ranged from 0 to 13 and 1 to 12, respectively. These values
were standardized as gross and net nucleotide diversities, using
the methods set out by Nei (34), and are shown in Table 2.
The estimated time since the common ancestor of the major
clades was 3,000 to 19,000 years, assuming the mutation rate
derived from other alphaherpesviruses. The upper limit on the
mutation rate that remains consistent with a divergence time of
100,000 years was one-seventh of the value for herpes simplex
virus (HSV) type 1 and alphaherpesviruses (1.4 X 107%).

DISCUSSION

Evolutionary inference from the phylogenetic data. Our es-
timate of genetic diversity of VZV is 0.00063, which is 10 times
lower than that obtained for HSV and 40 times less than
estimated for cytomegalovirus (CMV) (36, 51). This difference
could be due to a lower mutation rate, a more recent common
ancestry, or a combination of the two. Most striking is the
genetic uniformity within and between samples from Guinea
Bissau, Zambia, Bangladesh, and Southern India. In pairwise
comparisons between genotypes from these localities, a maxi-
mum of one substitution was found in the 1.9 kb surveyed.
Although small samples were obtained from each locality, the
broad geographical scope precludes a sampling artifact. The
human populations in these countries are not thought to have
a particularly recent common ancestry (6), so the low differ-
entiation of VZV indicates possible spread subsequent to the
initial colonization of these areas. The contrasting higher level
of diversity in the United Kingdom and Brazil may be ex-
plained by the history of recent human migration. There is
clear evidence from the United Kingdom in support of the
hypothesis of viral spread associated with migration. In East
London, the frequency of clade A viruses among cases of
varicella has increased with time, during a period when immi-
grants from the Indian and African subcontinents have come
to make up more than 25% of the population (22). Clade A
viruses are characterized by a Bgll restriction site in gene 54
and are ubiquitous in Asia, Africa, and the Far East but gen-
erally make up fewer than 10% of British strains (22).

One way of interpreting the differentiation between popu-
lations is to make use of it to estimate the time of divergence.
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This estimate is conventionally obtained from the net accumu-
lation of nucleotide diversity (w,) after subtracting an estimate
of the diversity within the ancestral populations, which is ob-
tained from the current diversity (34). Unfortunately, this cal-
culation is not appropriate for VZV, as we have evidence that
the high diversity of current populations may be a consequence
of mixing, which has not yet reached equilibrium. We instead
obtain an alternative estimate of the time (¢) since the splitting
of the major clades rather than populations, from the number
of synonymous substitutions that have accumulated between
them. This calculation requires an estimate of the mutation
rate. One possible approach is to make use of estimates of
mutation rates obtained from related viruses. For example, a
synonymous mutation rate of 10”7 (per year) has been ob-
tained from differentiation between HSV type 1 strains from
different parts of the world. It would imply that differentiation
was initiated at the time of human dispersal out of Africa
around 100 kya and is also consistent with rates estimated from
other alphaherpesviruses (31, 32, 36). When this rate is applied
to the VZV data, it leads to a much more recent estimate,
implying that the currently circulating strains of VZV have
spread in the past 3,000 to 19,000 years.

This interpretation is somewhat at odds with established
estimates of varicella-zoster dispersal (19, 31, 32). Although
the calculation allowed for some error on the estimate of the
mutation rate (standard deviation, 20%), an alternative expla-
nation is that the mutation rate of VZV is substantially lower
than that of other alphaherpesviruses. Our calculations showed
that if the rate were one-seventh of that of other alphaherpes-
viruses, then the different clades could date back 100,000 years.
Is such a low rate plausible? Given the similar biology of the
alphaherpesviruses, a lower mutation rate per division seems
unlikely.

Is it then possible that VZV has a smaller number of divi-
sions per year than other herpesviruses? The natural history of
varicella is of primary infection in childhood following which
the virus remains quiescent before reactivating once in adult-
hood, although recent evidence has confirmed observations
that subclinical reactivation of VZV is not uncommon (30).
The number of replication cycles before latency is established
could be as low as 20 (19), and viral shedding is limited to the
duration of lesions (approximately 5 to 7 days). By contrast,
herpes simplex virus is known to have multiple reactivation
episodes, which give rise to both symptomatic and asymptom-
atic viral shedding. Similarly CMV is 40 times more variable
than VZV (51). This virus appears to be more distantly related
to VZV than the alphaherpesviruses (32), but it is not suffi-
ciently different that it is likely to be subject to a higher mu-
tation rate per division. Instead, the same two explanations
that we discussed for HSV may explain its higher diversity: a
more ancient ancestry or a higher number of divisions since the
common ancestor. The more ancient ancestry could be again
explained by the mode of infection, which typically involves
close contact. Furthermore, although CMV may be latent in
mononuclear cells, there are long periods of asymptomatic
shedding which suggest a high rate of division per unit time.

While the activity of VZV between varicella and zoster is not
quantified, it is instructive to calculate the effect on the number
of divisions per year under the assumption that this is an
essentially quiescent period. The relevant transmission dynam-
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ics can be assessed using the parameters estimated by Schuette
and Hethcote (39), which indicate that the majority of infec-
tions along any evolutionary lineage will be from varicella case
to varicella case. The proportion of zoster episodes in the
evolutionary history will be lower, first because of the lower
relative infectivity (0.07) and second because only around 15%
of cases reactivate as zoster. The latent period for varicella is
only around 14 days, whereas the mean quiescent period be-
fore zoster activation is around 40 years. The ratio of time
spent quiescent along an evolutionary lineage is given by (n,, vt,
p, tn,t,p)(n,vt, +n,t,), where n, and n, are the proportion
of the population with zoster and varicella, respectively, £, and
t, are the periods between initial infection and transmission,
and p, and p, are the proportion of time spent quiescent
between infection and transmission (p, ~ 1 and p, ~ 0). The
infectivity of zoster (relative to varicella) is given by v. The
values of n depend on the population demographics and viral
epidemiology of the population, but we estimate that the pro-
portion of time spent quiescent is of the order of 96%. HSV
may spend less time quiescent, and since the infectivity and
interval of each episode are relatively constant, the proportion
of quiescent time along an evolutionary lineage will correspond
to that within an individual. It is plausible that the proportion
of time quiescent could be several times smaller than for VZV.
Although this explanation of low diversity in VZV may be
credible, the issue is most likely to be resolved by a more
accurate calibration of the difference in mutation rate between
VZV and other herpesviruses.

Although rapid spread and a low mutation rate could both
explain the low level of genetic diversity of VZV, the geograph-
ical distribution and relatedness of strains does suggest that the
spread of VZV subsequent to the major human migrations has
made a strong contribution to its geographic epidemiology.
The validity of this hypothesis is underlined by the recent
spread in London of clade A strains, which appears to coincide
with the major period of immigration from the Indian subcon-
tinent and Africa to the United Kingdom. Such rapid spread is
possible because VZV, uniquely among herpesviruses, is trans-
mitted by aerosolization of virus, resulting in airborne epi-
demic infection. Geographic spread may be particularly rapid
in warmer regions, where varicella occurs on average 10 years
later in life (16). In this scenario, the disease is transmitted
between individuals who are more mobile and who mix more
freely than the children who account for the majority of infec-
tious cases in more temperate climates.

Significant associations (linkage disequilibrium) between
SNPs that are widely spaced within the genome suggest low
recombination rates. Recombination rates, however, cannot be
calculated from population genetic data because there is evi-
dence of population subdivision, so that the different haplo-
types may not come into contact. This study revealed that two
geographic areas, London in the United Kingdom and Rio de
Janeiro in Brazil, are populated with mixtures of strains. One
haplotype originating with Brazil (Fig. 1) is most parsimoni-
ously explained as a recombinant between A and C strains
which coexist in the region. At least two other strains, UZ 42
and UZ 42+ (Fig. 1 and 2) from London, are also likely to be
recombinants. Although in vitro recombination of the vaccine
vOka strain with a wild-type U.S. strain has been described
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(10), this is the first evidence of recombination between strains
occurring in vivo.

Recombination of wild-type strains may have consequences
for virulence and selection. For example, the MSP VZV strain,
in which a single nucleotide substitution results in an amino
acid change from aspartate to asparagine in glycoprotein E,
appears to be more virulent in the skin SCID-hu mouse model
(37, 38). Epidemic spread of VZV affords the opportunity for
repeated and widespread exposure of immune and na&iuml;ve
populations to circulating virus, and reinfection is well de-
scribed (2, 18). In these circumstances, cocirculation of distinct
wild-type genotypes, such as occurs in East London, will allow
measurement of the rate of recombination and assessment of
its contribution to VZV evolution. Such data may prove useful
in understanding the spread and pathogenesis of VZV, espe-
cially against a background of mass immunization with the
attenuated Oka vaccine.
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