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Canine parvovirus type 2 (CPV-2) is a severe enteric pathogen of dogs, causing high mortality in
unvaccinated dogs. After emerging, CPV-2 spread rapidly worldwide. However, there is now some evidence
to suggest that international transmission appears to be more restricted. In order to investigate the
transmission and evolution of CPV-2 both nationally and in relation to the global situation, we have used
a long-range PCR to amplify and sequence the full VP2 gene of 150 canine parvoviruses obtained from a
large cross-sectional sample of dogs presenting with severe diarrhea to veterinarians in the United
Kingdom, over a 2-year period. Among these 150 strains, 50 different DNA sequence types (S) were
identified, and apart from one case, all appeared unique to the United Kingdom. Phylogenetic analysis
provided clear evidence for spatial clustering at the international level and for the first time also at the
national level, with the geographical range of some sequence types appearing to be highly restricted within
the United Kingdom. Evolution of the VP2 gene in this data set was associated with a lack of positive
selection. In addition, the majority of predicted amino acid sequences were identical to those found
elsewhere in the world, suggesting that CPV VP2 has evolved a highly fit conformation. Based on typing
systems using key amino acid mutations, 43% of viruses were CPV-2a, and 57% CPV-2b, with no type 2 or
2c found. However, phylogenetic analysis suggested complex antigenic evolution of this virus, with both
type 2a and 2b viruses appearing polyphyletic. As such, typing based on specific amino acid mutations may
not reflect the true epidemiology of this virus. The geographical restriction that we observed both within
the United Kingdom and between the United Kingdom and other countries, together with the lack of
CPV-2c in this population, strongly suggests the spread of CPV within its population may be heteroge-
neously subject to limiting factors. This cross-sectional study of national and global CPV phylogeographic
segregation reveals a substantially more complex epidemic structure than previously described.

Sequence analysis has revolutionized our knowledge of the
spatial and temporal dynamics of infection, allowing a greater
understanding of the evolution and molecular epidemiology of
pathogens. This is particularly important for rapidly evolving
pathogens, such as RNA viruses (e.g., feline calicivirus [9], foot
and mouth disease virus [8], and influenza virus [33]) and also
for certain single-stranded DNA viruses with high mutation
rates, such as canine parvovirus (CPV) (37).

CPV type 2 (CPV-2) consists of a 5.5-kb single-stranded
linear DNA genome (5) encoding nonstructural (NS1 and -2)
and capsid (VP1, -2, and -3) proteins at the 5� and 3� ends,
respectively (1). The three structural proteins are derived from
the same open reading frame (ORF) by proteolytic cleavage
and alternate RNA splicing, with the full, infectious capsid
consisting predominately of VP2 (34).

The virus first emerged as a new causative agent of severe

enteritis in dogs in 1978 (3, 21, 23) and rapidly spread worldwide.
This virus, which was named CPV-2 to distinguish it from the
unrelated parvovirus minute virus of canines (MVC), is thought
to have emerged from a related virus, feline panleukopenia
(FPV) (23), possibly via some wildlife intermediate, such as a fox
(44). This initial species jump was mapped to amino acid muta-
tions in VP2 compared to FPV, which resulted in a gain of
receptor affinity for the canine host. Subsequently, antigenic vari-
ants (CPV types 2a, 2b, and 2c) have been described based largely
on mouse monoclonal antibody reactivity, and the mutations re-
sponsible have been mapped to specific residues in VP2 (CPV-2a,
Met-87-Leu, Ile-101-Thr, Ala-300-Gly, Asp-305-Tyr, and Val-
555-Ile; CPV-2b, Asp-426-Asn and Ile-555-Val reversion; and
CPV-2c, Asp-426-Glu) (6). This has led to several experimental
studies showing that CPV vaccines based on CPV-2 or CPV-2b
are able to cross-protect against all four antigenic types, including
the newly emerged CPV-2c (38, 40). Mutations in VP2 have also
been shown to influence the host range (27), hemagglutination
spectrum (30), and affinity of receptor binding (26).

Currently, original CPV type 2 is thought not to circulate in
the general dog population, although it is present within cer-
tain live vaccines. The distributions of CPV types 2a, 2b, and 2c
seem to differ across different regions of the world (11, 14, 16,
19, 31, 35, 45). It has recently been suggested that the initial
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rapid global spread of CPV-2 was a feature of the naïve dog
population that it gained access to and is in contrast to the
current, more endemic phase of disease, where the interna-
tional range of new strains is more restricted (20).

While these studies are collectively improving our knowl-
edge of the spatial and temporal dynamics of CPV transmis-
sion, they are based generally on relatively unstructured sam-
pling strategies of national collections and/or are limited to
using only partial VP2 gene sequence analysis or typing by key
amino acid mutations (7, 10, 12, 16, 22, 46). In this paper, we
have used a cross-sectional study of clinically ill dogs and full
VP2 sequence analysis to investigate in depth the evolution
and spread of virus at national and local levels, and in relation
to the global situation, to specifically test the hypothesis that
currently there is limited international spread of CPV.

MATERIALS AND METHODS

Samples. Fecal samples were obtained from 25 People’s Dispensary for Sick
Animals (PDSA) Petaid hospitals across the mainland United Kingdom (Fig. 1)
from 373 clinically ill dogs presenting with diarrhea of unknown etiology that re-
quired more than conservative treatment. Clinical information and signalment were

supplied with the samples and presented elsewhere (18). In addition, 16 CPV-
positive samples from 11 different locations within the United Kingdom (1 postmor-
tem sample, 12 from a commercial diagnostic laboratory, and 3 potential vaccine
breakdowns) and viruses from the six commercial vaccines currently used within the
United Kingdom (coded A to F) were also obtained. All samples and vaccines were
collected over a 2-year period (2006-2008). Samples were stored at �80°C until used.

Amplification and sequence of VP2. DNA was extracted as described previ-
ously (13) with a slight modification. Briefly, samples were homogenized (10%,
wt/vol) in phosphate-buffered saline (PBS) and centrifuged for 15 min at 9,300
rpm. The supernatant was boiled for 15 min, chilled on ice, and then centrifuged
again as previously for 5 min. The supernatant was stored at 4°C. Primers were
chosen to amplify the full VP2 region, using both full genomes of CPV and FPV,
and VP2 sequences available on GenBank, aligned using CLUSTAL as imple-
mented in MEGA4 (42). Two primers, EF (2748 to 2765) (GCCGGTGCAGG
ACAAGTA) and JS2R (24) (4818 to 4799) (CAACCCACACCATAACAACA)
(all primer sequences numbered based on reference 33), were used to obtain the
full VP2 sequence. In order to minimize PCR inhibition, DNA extraction su-
pernatant was diluted 1 in 10 before being amplified by PCR (36). Amplification
was carried out in 25-�l reactions, consisting of 12.5-�l extensor PCR master mix
(Abgene), 8.5 �l of molecular water (Sigma), (12.5 pmol of primer EF, 12.5 pmol
primer JS2R) (24) and 2 �l DNA. Negative controls were processed alongside
fecal samples throughout all stages (1 negative control [water or PBS] per 2 fecal
samples). All samples were processed in the order of arrival at the laboratory and
not batched according to location. The PCR cycling conditions were 1 min at

FIG. 1. Phylogenetic analysis of the CPV VP2 DNA sequences in the United Kingdom. Highlighted are the geographical distribution of two
different sequence types, S34 (left) and S2 (right). The phylogenetic tree is based on maximum likelihood with bootstrap support for individual
nodes indicated at appropriate nodes (for clarity they are only included on the left-hand tree). In all trees, each sequence type is labeled with its
number followed by the number of identical sequences within that group (e.g., S3 (4), indicating that sequence type 3 contains 4 identical
sequences). On the map, a circle represents the approximate location in the United Kingdom of each individual hospital where a CPV-positive
sample was obtained (for key to hospital origin codes see Table 1). Lines connecting sequences to their geographical origin link the map to the
phylogeny. The classification of viruses as CPV-2, -2a, and -2b, as indicated by the shading on each tree, are a classification based on key amino
acid mutations (see text). To save space, the same tree is shown in mirror image on either side of the map.
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94°C, followed by 40 cycles of denaturation at 94°C, annealing at 52°C, and
extension at 72°C, followed by a final extension phase of 68°C for 10 min.

Amplicons were purified using the QIAquick PCR purification kit (Qiagen)
according to the manufacturer’s instructions. Sequencing of full VP2 was gen-
erated in three overlapping fragments using the two PCR primers (EF and JS2R)
and four internal sequencing primers MF (TACCATCTCATACTGGAACTA
GTGG [3441 to 3466]), ER (TGTTCCTGTAGCAAATTCATCACC [3581 to
3558]), 555F ([6] CAGGAAGATATCCAGAAGGA [4003 to 4022]), and MR
(GTATAGTTAATTCCTGTTTTACCTCC [4140 to 4118]). All sequences were
aligned into a double-stranded consensus sequence using Chromas Pro 1.41
(Technelysium Pty Ltd.). All external primer sites were removed, giving a final
consensus sequence of 1,755 bp. All sequences were homozygous, with no evi-
dence to suggest dual or mixed infections.

Sequence analysis. Consensus sequences were aligned by ClustalW. These
alignments included sequences available for feline panleukopenia virus
(GenBank accession number M24004) and also included published sequences for
two CPV-2 strains (M23255 and U22186). The most appropriate evolution model
was predicted using MODELTEST as implemented in Topali (25). The final model
for nucleotide substitutions chosen was the TrN model (43), which was used to infer
bootstrapped maximum likelihood trees using PHYML implemented on the ATGC
bioinformatics platform (20). Amino acid trees were drawn using MEGA4, rooted
using FPV, and drawn using the Dayhoff PAM matrix. The final alignment was
screened for evidence of recombination and selection using GARD and SLAC
available through the Datamonkey web server (32).

To seek correlations between the geographical origin of a particular sequence
and its position within the phylogeny, a posterior set of trees was obtained
through Bayesian Markov chain Monte Carlo (MCMC) analysis using BEAST,
v1.4 (17). This analysis implemented the most-favored model identified in the
earlier step (TrN � � � I; where � is the gamma-distributed rate heterogeneity
and I is the proportion of invariable sites); a comparison of alternative MCMC
models (HKY � � � I; GTR � � � I) by Bayes’ factor (41) confirmed that the
TrN model was also the most appropriate in a Bayesian MCMC context. We also
compared the fit of the strict and “relaxed” (uncorrelated exponential distribu-
tion [UCED]) molecular clock models; the UCED model provided a better fit.
Similarly, the constant population-size model was preferred over an exponential-
growth model (available on request). The MCMC trace was inspected in
TRACER, v1.5 (A. Rambaut and A. J. Drummond [http://beast.bio.ed.ac.uk
/Tracer]), for convergence. This posterior set of trees was subjected to Bayesian
tip-associated significance testing implemented by BaTS (28). In addition, Simp-
son’s equitability index (E) was also used as a measure of population diversity (4,

39): E �
1

�
i � 1

S P
2
i

�
1
S

, where Pi is the proportion of identical sequence types

(S) within the population and S is the total number of distinct sequence types
within the population. An E value of 1 equates to maximum diversity (all se-
quences different), whereas E tends toward zero as the diversity decreases and
the number of sequence types increases. In order to test for geographical clustering,
we examined the proportion of each sequence type in each sampling location. Since
many sites were negative for a given sequence we used a nonparametric analysis and
performed a separate Fisher exact test for each sequence type, using Bonferroni’s
method to correct for multiple tests. Analyses used Stata 11 (StataCorp, College
Station, TX), and significance was set at a P value of �0.05.

United Kingdom sequences were compared to worldwide sequences using the
BLAST software (2).

Analysis of clinical signs. As signalment and clinical details were available with
all the samples, we were able to evaluate possible associations between CPV type
(CPV-2a, -2b, or -2c) and clinical outcome (death or survival), severity of clinical
signs (as reported by the clinician), breed, age, sex, color, presence of vomiting,
and presence of hemorrhagic diarrhea.

RESULTS

Of the 373 samples obtained from the PDSA, 255 (68%)
were PCR positive (Table 1). Of these, a consensus VP2 se-
quence was obtained for 134 samples, selected to include one
or more sequences from each of the 25 hospitals that submit-
ted a positive sample. A sequence was also obtained from the
16 samples obtained from other sources (postmortem, com-
mercial lab, and potential vaccine breakdowns) and from the
six vaccines (A to F) currently used in the United Kingdom.

Prevalence of CPV types in the United Kingdom. Based on
key amino acid mutations, the 150 viruses were typed as 2a
(43%; n � 65) or 2b (57%; n � 85) (Table 1). No type 2 or 2c
was found. For those hospitals for which more than five se-
quences were available, the proportion of 2a/2b sequences
ranged from 92% type 2a in Huyton (11 of 12) to 91% type 2b
in Stoke (10 of 11) (Table 1), suggesting that types 2a and 2b
may have different distributions in different areas of the United
Kingdom. The vaccines consisted of two CPV-2b vaccines (A
and B) and four CPV-2 vaccines (C to F) (Fig. 1 and 2).

DNA sequence analysis. Considerable diversity was found
within the VP2 DNA sequences that we obtained, with 50
genetically distinct sequences, or sequence types (S), identified
among the 150 clinical samples sequenced (Fig. 1 and 2 and
Table 1). Thirty-one of the 50 different sequence types were
found only once, whereas some sequence types were quite
common; for example, 8 sequence types contained more than
5 sequences, and the most common (S34) comprised 30 se-
quences (Table 1 and Fig. 1). Of the 50 different sequence
types, 20 comprised type 2a viruses and the remaining 30 were
type 2b viruses (Table 1; Fig. 1), suggesting that type 2b might
be more variable in the United Kingdom.

The majority of sequences clustered separately depending
on their type (2a or 2b). However, neither CPV-2a or -2b
was monophyletic: S31 which typed as a 2a virus based on
key amino acid substitutions, grouped phylogenetically
within the 2b virus sequences (Fig. 1). In addition, S1 (type
2b) clustered close (2- to 8-nucleotide [nt] substitutions) to
S46 to 50 (type 2a). This may suggest possible 2a/2b inter-
mediates or parallel evolution. No evidence of recombina-
tion or positive selection was found within this data set (data
not presented).

Spatial range of sequence types in the United Kingdom. In
order to explore the spatial range of individual sequence types,
we calculated the number of hospitals in which each of these
sequences was found (Table 1). Some sequence types were
geographically restricted, as exemplified by S34, which was
found at seven hospitals clustered mostly in the Northwest of
England, including Liverpool, Everton, Huyton, and St. Helens
(left side of Fig. 1). Other sequence types were geographically
dispersed as exemplified by S2 which was again found in seven
different hospitals ranging, from the North (Glasgow) to the
South (Croydon and Hendon) (right side of Fig. 1). There was
statistical support (P � 0.05) for geographical clustering for
S34 (Everton and Huyton), S3 (Hull), S23 (Basildon and Bow),
and S42 (Coventry and Cardiff). However, for many areas,
sample numbers were small.

The finding of evidence of clustering for some sequence
types in particular geographic locations was confirmed using
Simpson’s index of diversity (Table 2). For example, Everton
had the highest number of viral sequences (n � 26) but showed
the lowest level of DNA (E � 0.1) and second-lowest amino
acid diversity (0.08). In other areas, for example, in Birming-
ham, sequence diversity was much higher (E � 0.86 and 0.3 for
DNA and amino acid sequences, respectively) (Table 2). Re-
sults of BaTS analysis also suggested in some cases that there
was an association between the hospital of isolation and phy-
logenetic clustering (Everton, Stoke, Bow, and Coventry),
whereas in other hospitals there was no evidence for this (Bir-
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mingham, Leicester, New Cross, and Cardiff) (Table 2). These
extremes of diversity for Everton and Birmingham can also be
represented phylogenetically (Fig. 2) and are shown in Fig. S1
to S4 in the supplemental material for the other hospitals in
Table 2.

Simpson’s index also showed that at the DNA level, the 2b
viruses had a higher level of diversity than the 2a viruses (E �
0.54 and 0.20, respectively) (Table 2). However, these relative
diversities were reversed at the amino acid level, due to the
merging of the majority of the 2b viruses into a single amino
acid sequence (amino acid group A) (Fig. 3).

Comparison of United Kingdom and worldwide sequences.
Almost all the sequence types that we identified were unique to
the United Kingdom at the DNA level, with only S40 being
found outside the United Kingdom, in China (GenBank ac-
cession number EF666069). The DNA distances between the
United Kingdom 2b viruses and those from the rest of the
world (as represented by GenBank) were relatively high (av-
erage, 7.23; standard deviation [SD], 1.4), compared to those

FIG. 2. Phylogenetic analysis of the CPV VP2 DNA sequences in the United Kingdom. The genetic diversity of CPV in Everton, on the left
(lowest diversity as measured by Simpson’s index and BaTS), and Birmingham, on the right (highest diversity as measured by Simpson’s index and
BaTS), are shown.The phylogenetic tree is based on maximum likelihood with bootstrap support for individual nodes indicated at appropriate
nodes (for clarity they are only included on the left-hand tree). In all trees, each sequence type is labeled with its number followed by the number
of identical sequences within that group (e.g., S3 (4), indicating that sequence type 3 contains 4 identical sequences). On the map, a circle
represents the approximate location in the United Kingdom of each individual hospital where a CPV-positive sample was obtained (for key to
hospital origin codes see Table 1). Lines connecting sequences to their geographical origin link the map to the phylogeny. The classification of
viruses as CPV-2, -2a, and -2b, as indicated by the shading on each tree, are a classification based on key amino acid mutations (see text). To save
space, the same tree is shown in mirror image on either side of the map.

TABLE 2. Support for geographical clusteringa

Type and/or
city

No. of
sequences (N)

DNA Protein P
(BaTS)S E S E

2a 65 20 0.2 10 0.04
2b 85 30 0.54 14 0.02
Birmingham 12 11 0.86 5 0.3 1
Stoke 12 8 0.8 5 0.04 0.04
Leicester 7 5 0.64 4 0.37 1
New Cross 7 5 0.64 3 0.33 1
Bow 10 6 0.45 4 0.19 0.03
Coventry 9 4 0.33 4 0.33 0.05
Cardiff 6 3 0.33 3 0.33 1
Huyton 12 3 0.12 3 0.12 0.06
Everton 26 7 0.1 3 0.08 0.01

a Simpson’s index of diversity, where S is the number of different sequence
types and E is the equitability index (where 1 is maximum diversity). This is
shown for CPV types 2a and 2b and for hospitals with more than five sequences.
P values calculated by BaTS (significant at �0.05), suggesting correlation be-
tween phylogeny and PDSA origin, are also indicated.
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for the United Kingdom 2a sequences (average, 3.75; SD, 2.8)
(data not presented). Formal evidence for geographical clus-
tering was sought using an expanded data set of 617 sequences
(accession numbers available on request) from 21 countries

using an alignment of 1,386 bases of VP2. A maximum likeli-
hood phylogeny for these sequences suggests that some of the
United Kingdom sequences are concentrated in certain areas of
the tree (see Fig. S5 in the supplemental material). Results of
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FIG. 3. A neighbor-joining amino acid tree of the same samples used for Fig. 1. Samples are labeled with the same sequence type number as
that used in the DNA tree. Brackets are used to indicate large amino acid groups which are referred to in the text (marked A to F). For A, D,
and F, where these sequences have been identified both in the United Kingdom (this study) and in other countries (based on GenBank data), the
other countries are listed next to the taxon name.
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BaTS analysis on this data set confirmed that there was strong
evidence for geographical clustering within this expanded world
phylogeny (association index and parsimony score � 0.001), with
significant (P � 0.01) clustering observed for 14 of the 21 coun-
tries represented, including the United Kingdom (data not pre-
sented).

Amino acid variability. When nucleotide sequences were
translated, the 50 United Kingdom DNA sequence types con-
verted to 30 different predicted amino acid sequences (14 type
2b, 16 type 2a), six of which contained more than one DNA
sequence type (A to F) (Fig. 3). The most prevalent was amino
acid sequence A, which contained 59 DNA sequences from 14
different DNA sequence types, with an average of 3.8 muta-
tions between them (data not presented). In total, 57% of the
viruses had predicted amino acid sequences identical to ones
also found elsewhere in the world (A, D, F, and another com-
prising only one DNA sequence type) (Fig. 3), and 32% were
different only by one amino acid.

When full VP2 consensus sequences were analyzed, two
specific mutations, Val-139-Iso (n � 35) and Arg-274-Lys (n �
8), were identified only within the United Kingdom samples
compared to those from the rest of the world via GenBank.
The mutation at position 139 is responsible for the formation
of nucleotide sequence type 34.

Clinical outcome in relation to sequence type. There ap-
peared to be no association between clinical signs and se-
quence either at the level of virus type (CPV-2a or -2b), DNA
sequence type, or at the level of individual specific amino acid
mutations (data not shown). Neither type 2 nor type 2b vaccine
virus was detected in fecal samples, although one type 2b field
virus (S1) was only two bases different from vaccines A and B
(Fig. 1 and 2).

DISCUSSION

Spatial and temporal dynamics of CPV-2 spread, based largely
on unstructured sampling techniques, may lead to a potentially
biased view of the diversity and types of virus circulating both
within and between countries. Here, we have used a cross-sec-
tional sampling strategy over 2 years, together with sequence
analysis of the full CPV capsid gene (VP2, 1,755 bp) to investigate
the spread and evolution of CPV-2 at both local and national
levels and to relate this to the global transmission of the virus.

We have found considerable diversity of CPV strains ob-
tained from across the United Kingdom, with 50 different
DNA sequence types identified within the 150 viruses ana-
lyzed. Interestingly, apart from one sequence previously iden-
tified in China, all VP2 sequence types appeared to be unique
to the United Kingdom. Phylogenetic analysis and Bayesian
tip-associated significance testing of an expanded set of pub-
lished global sequences showed some evidence for geographi-
cal clustering at an international level, suggesting that cur-
rently there are limited opportunities for global transmission,
as has previously been suggested by others (21). Despite this
observation, sequences from individual countries, as exempli-
fied by the United Kingdom, were generally not monophyletic,
implying that national diversity is produced by a combination
of local evolution occasionally supplemented by importation of
new sequence types. The relative significance of these two
processes remains to be determined.

There was less diversity at the amino acid level than at the
DNA level, with only 32 unique amino acid sequences identi-
fied. In contrast to the DNA sequences, the amino acid se-
quences were similar in the majority of instances (57% iden-
tical) (Fig. 3) to those found elsewhere in the world. This
apparent relative stability of the virus at the amino acid level is
likely due to high structural and functional requirements of the
capsid gene in this small virus and, in contrast to previous
studies (21), was associated with a lack of evidence for positive
selection in VP2. Two unique amino acid mutations were,
however, identified within the United Kingdom samples. Res-
idue 139 was mutated from valine to isoleucine in 35 samples
and forms part of the beta barrel inside the virus (34). Residue
274 was mutated from arginine to lysine in eight samples and
is found on the 3-fold spike, a region of high antigenicity (30).
At this point, we have no evidence to indicate whether these
mutations have any biological significance.

The variability in the full VP2 gene sequence enabled us to
investigate in depth the molecular epidemiology of these vi-
ruses at the national level. We showed that within the back-
ground of countrywide diversity, there was also evidence of
significant geographic clustering in some areas, as exemplified
by S34 (Fig. 1), which not only was the most predominant virus
in the Liverpool region (i.e., Everton, Huyton, St. Helens, and
Liverpool) but was also rarely found elsewhere. As this se-
quence type was present over a period of 2 years, it suggests
that we were not observing a short-term epidemic. Such spatial
clustering suggests that some CPV sequence types may have
restricted opportunities for spread, even within countries. This
geographical restriction of certain virus types highlights the
importance of rigorous, epidemiologically representative sam-
pling strategies for the study of viral molecular epidemiology.

Of the potential vaccine breakdowns which were included in
our study, none were identical to the sequences obtained from
vaccine used in the United Kingdom, suggesting that live vac-
cines are not causing disease in this population. However, one
sequence (S1) was only two nucleotides different in the VP2
region from two type 2b vaccines (vaccines A and B in Fig. 1
and 2), and several viruses classified as antigenic type 2a (S46
to S50) were also phylogenetically close to these vaccine se-
quences (equivalent to 2- to 8-nt substitutions). Whether these
field viruses represent the ancestor strains for these vaccines or
whether S1 may have evolved from the vaccine either in that
individual dog or in the wider dog population is unknown. In
addition, all of the potential vaccine breakdowns were distinct
and showed no consistent mutations, suggesting that there is
no group of viruses circulating within the United Kingdom
which is specifically capable of evading vaccine-induced immu-
nity. This is in agreement with a range of studies that have
shown that currently available vaccines protect against the full
range of antigenic types identified to date (38, 40).

The traditional typing of the viruses based on key amino acid
positions of CPV types 2a, 2b, and 2c showed that only CPV
types 2a and 2b were circulating within the United Kingdom
and is in agreement with a previous study (10). Decaro et al.
(14) found only one 2c virus circulating within the United
Kingdom, and this remains the only 2c virus identified in the
United Kingdom to date. Since many countries have high lev-
els of CPV-2c circulating (15), it might be expected that
CPV-2c would have reached the United Kingdom by now,
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unless the virus has some restrictions on its global spread (21).
No samples of ancestral CPV type 2 were found in our study,
confirming that it no longer appears to be circulating as an
important cause of disease.

Although the majority of viruses clustered on the basis of
these key amino acid mutations, neither 2a or 2b viruses ap-
peared to be monophyletic. Indeed there was some evidence to
suggest that in the United Kingdom at least, the 2a/2b pheno-
type is not that stable and may have evolved on several occa-
sions, as indicated by the S46-to-S50 group, S31, and S32 to
S45. Although 2a and 2b (and indeed 2c) clearly do have some
antigenic differences based largely on monoclonal antibody
reactivity (29), such lack of stability, together with no clear
evidence for clinical differences, may suggest that this classifi-
cation system needs revising. In this regard, it will be important
to further explore the historical diversification of this virus by
obtaining sequences for older viruses. In addition, as neither
the 2a or 2b type is monophyletic, results by real-time PCR
typing generally targeting a small part of the VP2 gene may
give a false impression of the epidemiology of this virus (12).
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