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In this study, we have examined intratype human papillomavirus (HPV) sequence variation in a worldwide
collection of cervical specimens. Twelve different HPV types including HPV-18, HPV-33, HPV-35, HPV-39,
HPV-45, HPV-51, HPV-52, HPV-58, HPV-59, HPV-68 (ME180), MM9/PAP238A (recently designated HPV-73),
and a novel partial genomic HPV sequence designated MM4/W13B were analyzed in this study. Cervical
specimens were collected as part of epidemiological investigations conducted in New Mexico and an international study of invasive cervical cancer (IBSCC). Specimens from several countries including Argentina, Brazil,
Bolivia, Benin, Cuba, Colombia, Chile, Germany, Mali, Panama, Paraguay, Spain, Algeria, Uganda, Guinea,
Tanzania, Indonesia, Philippines, Thailand, and the United States were evaluated. Specimen DNAs were
subjected to amplification with the MY09/11 L1 consensus PCR system. The PCR products were cloned, and
an approximately 410-bp region in the L1 open reading frame was sequenced from 146 specimens (;60,000
bp). Within a single HPV type, nucleotide diversity varied between 0.2 and 2.9% (i.e., between any pair of
variants) and the majority of nucleotide changes were synonymous (amino acid conserving). These data
provide information pertinent to HPV diagnostic probe development and are potentially relevant to future
rational vaccine strategies. Similarly, amino acid diversity varied between 0 and 5.1%. Some of these amino
acid changes may represent markers of intertype evolutionary relationships. Presuming that HPVs have
evolved under the same constraints as their corresponding hosts, the limited genetic diversity observed for all
HPVs studied to date may reflect an evolutionary bottleneck occurring in both virus and host populations.
PVs are ubiquitous and have been detected in all human
populations studied to date (6, 28). They have also been identified in many animals including cows, horses, dogs, birds, deer,
and rabbits (55). Recent systematic sequencing efforts have
made PVs one of the best studied DNA virus families and a
resource for studies of viral evolution (9, 14). Studies of phylogenetic relationships and taxonomic grouping of these viruses have, however, still not clarified how the many different
types of PVs have evolved. The wide range of host-specific PVs
and the adaptation to cutaneous or mucosal epithelia support
the role of selection for HPV types and lineages specifically
adapted to different ecological niches. The large number of
types occupying similar ecological niches, on the other hand,
suggests that mutation and/or random extinction of lineages
must have played an important role in the development of the
current range of PV types as well.
PVs are host specific, and most evidence suggests that recombination between viral genomes is either nonexistent or
extremely rare event (30, 66). In addition, PVs are largely
dependent upon the host cellular machinery and use the host
DNA polymerase for the replication of their genomes. Therefore, it is reasonable to consider that resultant genomic diversity may be constrained similarly for both virus and host (10,
39, 50). As has been suggested in previous studies, PVs and
other persistently infecting small DNA viruses may represent
useful tools for studying the coevolution of virus and host (50).
An extension of this suggestion is that the limited polymorphism observed in our data from 12 different HPV types and
novel sequences reflects a previously proposed population bottleneck (45) occurring in the host population.

Human papillomaviruses (HPVs) constitute a group of viruses associated with benign and malignant neoplasia of cutaneous and mucosal epithelia (33, 67). To date, more than 70
different HPV types have been identified (16). Evidence from
partial sequences suggests the existence of at least 13 additional types that would qualify as novel HPVs (4, 5, 51), and it
is likely that unidentified HPVs remain. About half of the
reported HPVs are associated with mucosal lesions, including
cervical neoplasias (15, 61). A strong and consistent association has been found between infection with certain types of
HPV (e.g., HPV-16) and invasive cervical carcinoma (20, 36).
HPV-16 represents about 50% of cervical cancer-associated
HPV infections worldwide, although regional variations have
been reported (6).
Papillomaviruses (PVs) are defined by genomic sequence
similarities rather than by classical serology. An HPV genome
is defined as a new type if it is separated by a Hamming
distance or dissimilarity of more than 10% in its nucleotide
sequence compared with other known HPV types in the E6,
E7, and L1 open reading frames (ORFs) combined (15, 61).
Isolates within the same type differing by 0 to 2% in their
nucleotide sequences compared with the reference sequence
are referred to as variants, and those differing by 2 to 10% are
referred to as subtypes.
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MATERIALS AND METHODS
Clinical specimens, DNA preparation, and reference sequences. Specimens
included invasive cervical tumor biopsy specimens (n 5 135) (6) or cervical cells
(n 5 11) (3, 64). Crude proteinase digests were prepared and specific HPV types
were determined as previously described for each epidemiological investigation.
This study included the analysis of HPV-18, HPV-33, HPV-35, HPV-39, HPV45, HPV-51, HPV-52, HPV-58, HPV-59, HPV-68 (ME180), MM4/W13B (novel
partial genomic sequence), and MM9/PAP238A (recently designated HPV-73).
The number of specimens analyzed for each HPV type and novel sequence is
shown in Table 1. Sequences for all reference HPVs were obtained from GenBank and have recently been published as part of a compendium (37).
PCR and DNA sequencing. Amplification of a ;450-bp HPV-specific segment
from the L1 ORF was performed as described previously, with the MY09/11 L1
consensus primer system (2). This region corresponds in the HPV-16 genome to
nucleotides (nt) 6580 to 7030. PCR products were subjected to electrophoresis in
1% NuSieve agarose using 13 Tris-acetate-EDTA buffer and visualized under
UV light. Amplimers of the expected 450-bp size were excised from the gels and
extracted with Gelase (Epicentre Technologies, Madison, Wis.) as described by
the manufacturer. Gel-purified amplimers were ligated to a pGEM-T vector
(Promega, Madison, Wis.). Individual transformants were subjected to direct
colony PCR with M13 forward and reverse primers. Resultant PCR products
were subsequently screened by hybridization with HPV type-specific probes (2,
27).
Plasmid minipreps of cloned HPVs with correct insert size and positive by
hybridization assays were prepared as previously described (54). At least two
clones from each clinical specimen were subsequently subjected to dideoxy sequencing (46) with 35S-dATP and Sequenase 2.0 (U.S. Biochemical, Cleveland,
Ohio). Both forward- and reverse-strand sequences were obtained for each
clone. Specific sequencing primers in the pGEM-T vector, pGEM-F (59-ACG

TABLE 1. Comparison of intratypic nucleotide and amino acid
sequence variation in the MY09/11 L1 region for 13 HPV types

HPV
type

HPV-16c
HPV-18
HPV-33
HPV-35
HPV-39
HPV-45
HPV-51
HPV-52
HPV-58
HPV-59
HPV-68
MM4
MM9

No. of
specimens
examined

29
44
10
8
8
21
6
13
9
11
6
5
5

Total no. of nt Minimum and
maximum nt
differences
difference from
from refera
referenceb
ence

11
11d
4
1
7
16
1
19
10
4
3
7
8

0, 7
0, 7
0, 2
0, 1
1, 5
0, 9
0, 1
0, 10
0, 8
0, 3
0, 3
0, 5
4, 6

Maximum difference
between any pair
of variants for:
nt
aa
[no. (%)] [no. (%)]

9 (2.2)
9 (2.2)
3 (0.7)
1 (0.2)
5 (1.2)
9 (2.2)
1 (0.2)
12 (2.9)
9 (2.2)
3 (0.7)
3 (0.7)
6 (1.5)
6 (1.5)

3 (2.1)
4 (2.9)
1 (0.7)
1 (0.7)
2 (1.5)
7 (5.1)
0 (0)
3 (2.1)
5 (3.6)
2 (1.5)
0 (0)
4 (2.9)
4 (2.9)

a
All varied nt positions in all HPV variants observed for each HPV type are
included.
b
Per ;410 nt sequenced per specimen.
c
HPV-16 data from reference 66.
d
Two sequencing errors detected compared with the HPV-18 reference sequence are not included.

GCCAGTGAATTGTA-39) and pGEM-R (59-ACGCGTTGGGAGCTCTC-39)
were used to facilitate sequencing efforts (54). pGEM-F and pGEM-R are closer
to the pGEM-T insertion site than are standard M13 sequencing primers.
Phylogenetic analysis. Phylogenetic analyses were performed over the
MY09/11 L1 region with 53 distinct HPV sequences. These 53 HPV sequences
were obtained from 53 separate clinical specimens. Twelve different HPV types
and novel sequences and the corresponding reference sequences were represented in the analyses. For each type, an alignment of the distinct MY09/11
sequences (including the sequence of the reference clone from GenBank) was
constructed by using the complete MY09/11 region except for the primer-binding
sites. The most parsimonious phylogenetic trees were determined with PAUP
3.1.1 software (56) on a Power Macintosh 7100, using the branch-and-bound
search strategy, which is guaranteed to find the most parsimonious tree(s). In
some cases, several equally parsimonious trees were obtained.
Nucleotide sequence accession numbers. Nucleotide sequences have been
submitted to GenBank and will be released upon publication. Accession numbers
have been assigned as follows: U45889 to U45894 to the HPV-18 sequences,
U45895 to U45897 to the HPV-33 sequences, U45898 to the HPV-35 sequence,
U45899 to U45905 to the HPV-39 sequences, U45906 to U45916 to the HPV-45
sequences, U45917 to the HPV-51 sequence, U45918 to U45923 to the HPV-52
sequences, U45924 to U45929 to the HPV-58 sequences, U45930 to U45933 to
the HPV-59 sequences, U45934 to the HPV-68 (ME180) sequence, U45935 to
U45937 to the MM9 sequences, and U45939 to the MM4 sequence, IS1019.
Additional MM4 sequences including IS766, IS887, and IS1016 were previously
assigned GenBank accession numbers U12483, U12484, and U12482, respectively (40).

RESULTS
L1 ORF intratype nucleotide sequence variation for HPV
types and novel sequences HPV-18, HPV-33, HPV-35, HPV-39,
HPV-45, HPV-51, HPV-52, HPV-58, HPV-59, HPV-68, MM4,
and MM9. We observed sequence polymorphism in the HPV
L1 ORF by restriction fragment length polymorphism techniques during our previous efforts to identify novel HPV sequences, especially in less prevalent HPV types (40, 41). We
have now determined the intratype nucleotide variation in the
MY09/11 L1 fragment from 11 different HPV types and one
novel sequence (MM4/W13B).
Table 1 and Fig. 1 present a nucleotide comparison with the
corresponding reference HPV sequences of the 12 HPVs under study. For purposes of orientation, we have used the first
nucleotide of the specific HPV sequence (37) as nt 1 for each
individual HPV type. When considering all nucleotide substi-
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Limited information is available concerning HPV intratype
variation except, for HPV-6, HPV-11, HPV-16, and HPV-18
(10, 21, 26, 28–30, 32, 39, 42, 52, 65, 66). Sequence analyses of
ORFs, such as E5, E6, E7, L1, and L2, and of the upstream
regulatory region (URR) in more prevalent HPVs (e.g.,
HPV-16 and HPV-18) have indicated that intratype polymorphism is very limited. Intratype variation observed in these
HPV types is commonly less than 2.5% intragenically (within
ORFs) and 5% extragenically (within the URR). While most
sampling and sequencing efforts have been biased toward a
search for more divergent HPV genomes, recent investigations
have failed to identify intermediate levels of divergence. HPV
subtypes have been encountered very rarely. Five examples
have been reported; they include subtypes of HPV-5 and
HPV-8, the HPV-34–HPV-64 pair, the HPV-44–HPV-55 pair,
and HPV-68 and the genome identified in the ME180 cell line
(12, 13, 16, 43).
Analysis of intratype genomic diversity of HPV sequences
has several objectives. It is important to establish databases for
(i) development of efficient diagnostic tools and vaccines, (ii)
application to epidemiological studies in which sequence variations can be used as markers for monitoring HPVs in defined
populations, (iii) studies of relationships between genotype
and phenotype (i.e., certain variants may be positively or negatively associated with cervical disease, depending on their
different biological and functional properties), and (iv) evolutionary and taxonomic studies.
During our previous efforts to identify novel HPVs, we observed intratype variation in the MY09/11 region of the L1
ORF, especially in less prevalent HPVs (40). To further consider these observations and to assess the intratype variation in
these HPV types and novel sequences, we have characterized
HPVs detected in cervical specimens that were collected during epidemiologic investigations of HPV-associated cervical
disease. Specimens were obtained from a collection of cervical
cancers in patients from 22 countries throughout the world (6)
and from studies performed in New Mexico (3, 64). In addition
to evolutionary, diagnostic, and epidemiological aspects, this
study afforded the opportunity to consider geography and,
potentially, ethnicity as factors in HPV genomic diversity for
some of the HPV types and sequences under study.
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common to all of these variants. Four HPV-45 variants (18%)
that were observed solely in African specimens shared two
‘‘marker’’ substitutions at nt 6665 and 6914. The remaining five
specimens appeared as an intermediate group between the
prototype/prototype-like group and the group containing African specimens, sharing some of the marker substitutions
from both groups. It was not possible to make any geographical
assignments to any of the variants except for those of African
origin, since the two other groups included specimens from
various continents.
In this study, HPV-52 specimens (n 5 13) showed the greatest number of intratype nucleotide substitutions (Fig. 1G). A
total of 19 substitutions were observed in all HPV-52 variants
combined. Of the HPV-52 specimens, 60% could be classified
as prototype or prototype-like; all these specimens had no
nucleotide changes (n 5 7) or two changes (n 5 1) (IS705).
The remaining five specimens had between 4 and 10 changes
each. Only one substitution, C to A at nt 6917, was shared
among these six HPV-52 sequences.
Specimens within the HPV-58 group (n 5 9) did not form
any natural groups, with the exception of prototype or prototype-like (Fig. 1H). The majority of the samples (56%) could
be considered prototype or prototype-like, whereas the remaining sequences (44%) had three to eight nucleotide changes and
shared only one nucleotide substitution at position 240 (C to
A).
HPV-59 specimens (n 5 11) showed very limited polymorphism (Fig. 1I). Two specimens (18%) had no substitutions
compared with the reference sequence. Four HPV-59 specimens had two substitutions at nt 6653 (T to C) and 6950 (C to
A) and formed the largest group of HPV-59 variants. Another
four HPV-59 specimens shared the C-to-A substitution with
the former HPV-59 group but had a G rather than the C
substitution at nt 6653. One of these specimens, IS583, had an
additional T-to-C change at nt 6616 that was not detected in
any of the other HPV-59 specimens analyzed. One specimen,
IS598, also shared the C-to-A nucleotide change observed in
the two former HPV-59 groups but had an additional nucleotide change at position 6652 (T to G) that was not observed in
any of the other HPV-59 specimens analyzed.
MM4 (n 5 5) and MM9 (n 5 5) specimens showed a relatively large number of nucleotide substitutions; however, the
sample sizes for these HPV sequences were small (Fig. 1K and
L). One MM4 specimen (23981) was classified as prototype,
while the remainder had one to five nucleotide changes each.
None of the MM9 specimens were identical to the reference
sequence, and most (n 5 4) of the specimens had five or six
nucleotide substitutions. The remaining specimen, IS324, had
four nucleotide substitutions, two (at nt 102 and 303) that were
not observed in any of the other specimens analyzed (Fig. 1L).
HPV-33 specimens (n 5 10), HPV-35 (n 5 8), HPV-51 (n 5
6), and HPV-68 (n 5 6) showed limited total nucleotide variation, with a single nucleotide substitution identified in HPV35 (n 5 6) and HPV-51 (n 5 1; t273), respectively (Fig. 1C and
F). Three nucleotide substitutions were observed in HPV-68
(n 5 1; IS362), and four nucleotide substitutions were observed in HPV-33 (n 5 4) (Fig. 1J and B). The remaining
specimens containing these four HPV types were all identical
to the reference sequence.
Figure 2 shows the intratype phylogenetic relationships of
variants of all 12 HPV types and novel sequences analyzed in
this report plus an HPV-16 phylogenetic tree based on data
obtained elsewhere (66). All trees were determined as described in Materials and Methods.
Intratype nucleotide substitutions were not distributed
evenly over the MY09/11 region. The positions at which nu-
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tutions in all MY09/11 variants (excluding 59 and 39 primer
regions), variation within a single HPV type or novel sequence
ranged from no changes (HPV-33, HPV-35, HPV-45, HPV-51,
HPV-52, HPV-58, HPV-59, HPV-68, and MM4) to a maximum of 19 changes (HPV-52). Nucleotide changes between
two individual specimens ranged from no changes (HPV-18,
HPV-33, HPV-35, HPV-45, HPV-51, HPV-52, HPV-58, HPV59, HPV-68, and MM4) to a maximum of 9 changes in IS761
(an HPV-45 variant) and 10 changes in IS464 (an HPV-52
variant). In some of the HPV types analyzed, isolates could be
classified into variant clusters.
In the 44 samples of HPV-18, two main groups were observed, one prototype or prototype-like and one with variants
containing six or more changes compared with the reference
sequence (Fig. 1A). In the following text, the word ‘‘prototype’’
or ‘‘prototype-like’’ refers to the corresponding reference
clone and published sequence of the original HPV isolate. The
majority (77%) of the HPV-18 specimens analyzed fell into the
prototype group. One specimen from Chile, IS326, had two
substitutions at nt positions 6677 and 6697, that were not
observed in any of the other HPV 18 specimens analyzed.
Another specimen, IS664, had two nucleotide changes not
detected in any of the other specimens analyzed, a T-to-C
substitution at position 6877 and an A-to-G substitution at
position 6943. These two HPV-18 variants do not seem to form
intermediate classes between the two major HPV-18 groups
but may be representative of unique groups of HPV-18 variants. The nine remaining HPV-18 specimens (21%) all had six
or more changes, and all but one (IS227 from Cuba) were
obtained in Africa.
None of the HPV-18 specimens analyzed contained the previously reported HPV-18 reference sequence. All 44 of the
HPV-18 specimens analyzed had two nucleotide changes, a
C-to-G substitution at position 6625, resulting in a substitution
(proline to arginine) at amino acid (aa) 399 in the L1 ORF,
and a synonymous C-to-G substitution at nt 6842. The nucleotide substitution at position 6625 has been previously reported (38), whereas the nucleotide change at position 6842
has not. These changes could reflect the extreme rarity of the
reference sequence that originally was obtained from a subject
in northeastern Brazil (11, 17). Alternatively, these changes
could be due to cloning artifacts or sequencing errors in the
original HPV-18 reference clone. Sequence analysis in our
laboratory of the reference clone obtained from the Deutsches
Krebsforshungszentrum, Papillomavirus Referenzzentrum, Heidelberg, Germany, revealed that this clone also had the two
nucleotide changes at positions 6625 and 6842. Consequently,
we conclude from our data that the previously reported HPV
reference has two sequencing errors at nt 6625 and 6842.
The HPV-39 specimens (n 5 10) analyzed did not form any
obvious discrete groups. Four of the specimens were prototype-like and had either one change each at nt 6638 (T to A)
and 6903 (C to T) (IS073 and IS270, respectively) or both of
these changes (IS114 and IS281) (Fig. 1D). The remaining six
specimens had three to six changes each. All but one (IS270)
HPV-39 specimens had the C-to-T substitution at nt 6903, and
none of the specimens were identical to the HPV-39 reference
sequence.
HPV 45 specimens (n 5 21) could be classified into at least
three major groups (Fig. 1E). Five of the specimens (23%)
were classified as prototype or prototype-like. All variants
within this group, except one that had a G-to-A change at nt
6861, had no substitutions when compared with the HPV-45
reference sequence. The largest (36%) group of HPV-45 variants had six to eight substitutions each, with six of these
changes (at nt 6677, 6687, 6705, 6816, 6837, and 6861) being
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FIG. 1. Nucleotide and amino acid sequence variation in isolates of HPV types and sequences HPV-18, HPV-33, HPV-35, HPV-39, HPV-45, HPV-51, HPV-52,
HPV-58, HPV-59, HPV-68, MM4, and MM9. ORF L1 nucleotide positions at which variations were observed are given across the top of the figure in each panel. The
numbering refers to the first nucleotide of each specific HPV genome for all HPV types except HPV-68, MM4, and MM9, for which the numbering refers to the first nucleotide
of the sequence for each type as presented in GenBank and in human papillomaviruses 1994 compendium (37). The reference sequence used for each type is indicated
as ref. Each row in each panel of the figure indicates, from left to right, the following information: the study specimen identification codes, the nucleotide sequence
alignment compared with reference sequence, and the origin of each specimen on the right. Specimens obtained from the IBSCC begin with the letters IS; all remaining
specimens were obtained from studies performed in Albuquerque, N.Mex. For each variant sequence, positions that do not vary relative to the HPV reference nucleotide or
amino acid sequence are marked with a dash in the alignment. Nucleotide changes resulting in nonsynonymous amino acid changes are indicated above the reference
sequence for each HPV type with the symbol p, and the corresponding amino acid change is indicated below the line at the bottom of each HPV grouping of like
sequences. The symbol (p) in panel A indicates a corrected nonsynonymous amino acid change as a result of a sequencing error detected in the HPV-18 reference sequence.
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FIG. 2. Phylogenetic trees of variants of HPV types and novel sequences
HPV-16, HPV-18, HPV-33, HPV-35, HPV-39, HPV-45, HPV-51, HPV-52,
HPV-58, HPV-59, HPV-68, MM4, and MM9. Shown are phylogenetic trees of
variants for 11 HPV types and 1 partial genomic HPV sequence. These designations for each HPV correspond to those assigned in Fig. 1. A previously
reported phylogenetic tree (66) for HPV-16 is also provided for purposes of
comparison. These analyses are based on parsimony evaluation of the MY09/11
L1 region (primer sites excluded). Branch lengths are proportional to the numbers of steps between reconstructed bifurcations. Trees with an asterisk next to
the reference locus (e.g., HPV-39p) are representatives of several equally parsimonious trees.

cleotide and amino acid intratype variations were observed are
shown in Fig. 3. The ratio of synonymous to nonsynonymous
changes varies greatly for individual HPV types (0 to 100%),
although this is most probably an effect of the limited sample
numbers under study. The variable regions V1 and V2 (Fig. 3)
appear to contain a larger than average number of nonsynonymous nucleotide substitutions. V1 and V2 roughly overlap with
the more variable portions of the MY09/11 region between
types. This would be expected if the selective pressures are
similar for all HPV types.
Intratype amino acid variation in HPV types and sequences
HPV-18, HPV-33, HPV-35, HPV-39, HPV-45, HPV-51, HPV-52,
HPV-58, HPV-59, HPV-68, MM4, and MM9. For purposes of
orientation, we have designated the first amino acid of the
presumed L1 coding region as aa 1 for each individual HPV
type. MM4 and MM9 are exceptions to this numbering, because available sequence information for these is limited to the

FIG. 3. Distribution of nucleotide and amino acid substitutions among HPV
types and novel sequences HPV-16, HPV-18, HPV-33, HPV-35, HPV-39, HPV45, HPV-51, HPV-52, HPV-58, HPV-59, HPV-68, MM4, and MM9 within the
MY09/11 segment of the L1 ORF. The sequenced MY09/11 portion of the L1
ORF (primer sites excluded) is represented by horizontal lines for each HPV
type. Vertical bars below the line represent the positions of nucleotide substitutions, while vertical bars above the lines represent predicted amino acid changes.
The regions V1 and V2 represent regions with apparently larger number of
nonsynonymous mutations than average. V1 and V2 were defined by visual inspection.
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MY09/11 L1 region (35). For MM4 and MM9, the numbering
refers to the first amino acid of the MY09/11 region.
Nucleotide changes observed in the MY09/11 L1 region
resulted in fewer amino acid changes (Fig. 1 and 3). The
pairwise amino acid variation within a single HPV type ranged
from no changes (e.g., HPV-51 and HPV-68) to a maximum of
seven changes in HPV-45 (Table 1). Amino acid variation
compared with the reference in individual specimens ranged
from no changes in HPV-33, HPV-35, HPV-39, HPV-45,
HPV-51, HPV-52, HPV-58, and HPV-68 to a maximum of five
changes in IS417, an HPV-58 variant. None of the HPV variants examined showed insertions or deletions relative to the
sequence of the corresponding reference clone.
All HPV-18 specimens analyzed (n 5 44) had a proline-toarginine change at aa 399. This results from a C-to-G nucleotide sequencing error in the reference sequence observed at nt
6625 (this amino acid change is not shown in Fig. 1A). Most of
the HPV-18 specimens (75%) were identical to the reference
sequence and had only this corrected amino acid change. The
remaining 11 specimens had two or three additional amino
acid changes each, with specimens IS326 and IS664 possibly
forming two separate HPV-18 variant groups.
HPV-33, HPV-35, and HPV-39 showed limited variation,
with one amino acid position substituted in HPV-33 and
HPV-35 at aa 449 and 351, respectively (Fig. 1B through D).
Whereas most (75%) of the HPV-35 specimens had a serineto-threonine substitution at aa 351, only one (10%) HPV-33
specimen had an aspartic acid-to-asparagine substitution at aa
449. Two positions (aa 364 and 404) were substituted in
HPV-39 variants. Most (62.5%) of the HPV-39 specimens
were identical to the reference peptide sequence. The remain-
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TABLE 2. Sequences of HPV type-specific probes

a

HPV probe

Sequence, 59 to 39b

Probe 18
HPV 18 (MY130)
(WD74)

TGCTTCTACACAGTCTCCTGTACCTGGGCA
GGGCAATATGATGCTACCAATc
GGATGCTGCACCGGCTGA

None
G, 6676; A, 6692c
6917

Probe 33
HPV 33 (MY16)
(MY64)

TTTATGCACACAAGTAACTAGTGACAGTAC
CACACAAGTAACTAGTGACAG
TCCTTTGGAGGTACTGTTTTT

C, 6637
C, 6637
None

Probe 35
HPV 35 (MY115)
(MY117)

GTCTGTGTGTTCTGCTGTGTCTTCTAGTGA
CTGCTGTGTCTTCTAGTGACAG
ATCATCTTTAGGTTTTGGTGC

A, 6624
A, 6624
None

Probe 39
HPV 39 (MY89)
(MY90)

TCTACCTCTATAGAGTCTTCCATACCTTCT
TAGAGTCTTCCATACCTTCTAC
AGACACTTACAGATACCTACAG

None
None
T, 6903

Probe 45
HPV 45 (MY69)
(MY129)

ACACAAAATCCTGTGCCAAGTACATATGAC
ATACTACACCTCCAGAAAAGC
GCACAGGATTTTGTGTAGAG

C, 6665; G, 6676; A, 6677; T, 6687
G, 6914
G, 6665

Probe 51
HPV 51 (MY87)
(MY88)

AGCACTGCCACTGCTGCGGTTTCCCCAACA
TATTAGCACTGCCACTGCTG
CCCAACATTTACTCCAAGTAAC

None
None
None

Probe 52
HPV 52 (MY81)
(MY82)

TGCTGAGGTTAAAAAGGAAAGCACATATAA
CACTTCTACTGCTATAACTTGT
ACACACCACCTAAAGGAAAGG

A, 6698; G, 6701; C, 6703; G, 6711; A, 6712
A, 6917; G, 6920; A, 6935
G, 6959

Probe 58
HPV 58 (MY94)
(MY179)

ATTATGCACTGAAGTAACTAAGGAAGGTAC
AGCACCCCCTAAAGAAAAGGA
GACATTATGCACTGAAGTAACTAAG

A, 6692; A, 6697
None
A, 6692

HPV 59 (MY123)
(MY162)

GCCAGTTAAACAGGACCC
CCTAATGAWATACACACCTACCAG

None
None

HPV 68 (MY191)
(MY194)

CATACCGCTATCTGCAATCAG
CTACTACTGAATCAGCTGTACC

None
None

MM4 (MY164)
(MY165)

CTCAATCTGTTGCACAAACA
TAACCTTGCCCCCCTCAG

A, 112
C, 291

MM9 (MY104)
(MY106)

GTAGGTACACAGGCTAGTAGCTC
AGTTGCCAACGTCCTCAAC

A, 102
None

b
c

Type-specific probes named Probe XX are from reference 31. Probes named HPV XX or MYX are from reference 27.
Nucleotides in boldface type and underlined represent mismatched nucleotide positions found in the present study.
The T-to-A nucleotide substitution at position 6692 (marked in italics) represents an error found in the published sequence (27) of this oligonucleotide.

ing three specimens had either a threonine-to-isoleucine substitution at position 364 (IS214), a phenylalanine-to-serine substitution at position 404 (IS015), or both of these substitutions
(IS351).
HPV-45 specimens showed intratype amino acid variation
ranging from zero to four changes within the analyzed
MY09/11 region (Fig. 1E). Five (24%) of the HPV-45 specimens showed no variation compared with the reference sequence and could be classified as prototype. Another five specimens (24%) had two amino acid substitutions at aa 383 and
392, serine to asparagine and glutamine to histidine, respectively. Two other specimens, IS252 and IS282, shared these
substitutions but had additional amino acid substitutions at
positions 461 and 445, respectively. Four specimens of African
origin all shared substitutions at aa 379 and 462. These two
amino acid substitutions were not observed in any of the other
specimens. Along with these two amino acid changes, these
specimens had one (IS871) or two (IS788, IS872, and IS761)
other amino acid changes. The remaining specimens (24%)

had either a single substitution at aa 383 or an additional
substitution at aa 392.
The majority of HPV-52 specimens (92%) showed no amino
acid changes compared with the reference sequence. A single
specimen obtained in Panama (IS464) had three amino acid
substitutions at positions 380, 383, and 473 (Fig. 1G).
The majority (55%) of HPV-58 specimens contained no amino acid substitutions compared with the reference sequence.
The remaining four specimens had one, two, three, or five
amino acid changes at aa 378, 383, 412, 420, and 422 (Fig. 1H).
Two HPV-59 specimens (IS147 and IS317) had no substitutions compared with the HPV-59 reference sequence (Fig. 1I).
Most (82%) of the HPV-59 specimens had one (IS598) or two
amino acid substitutions at aa 350 and 449. The proline-tothreonine substitution at aa 449 was shared by all these specimens. Four of these specimens had a serine-to-alanine substitution at aa 350, and four others had a serine-to-proline
substitution at the same position.
Amino acid variation in MM4 specimens ranged from no

Downloaded from http://jvi.asm.org/ on September 17, 2019 by guest

a

nt changed

VOL. 70, 1996

HPV INTRATYPE VARIATION

DISCUSSION
The aim of this study was to analyze HPV intratype variation
of less prevalent genital HPV types in a worldwide collection of
specimens. Sequence variation within the less prevalent HPV
types is important for the development of diagnostics and
vaccines, for epidemiological investigations, and for studies of
phylogeny and taxonomy of HPVs. Previous studies of intratype HPV variation have generally been performed with regions of the genome with higher intratype variation, such as the
URR or the E6 or the L2 ORFs (10, 26, 29, 30, 32, 42, 65, 66).
Our choice of the MY09/11 L1 region was based on the targeting of this region for HPV diagnostic purposes and the
range of intertype variation observed in this region that allows
the distinction and assessment of known and novel HPV types
(5). The polymorphism observed in the MY09/11 L1 coding

region is not as great as that observed in the noncoding URR.
Our earlier (66) and present investigations do, however, indicate that the variation observed in this region is sufficient for
assessment of the major intratype HPV variants and groupings.
Moreover, our previous studies (66) demonstrate that typical
variant sequence patterns are linked in different regions of the
HPV genome, which is evidence for the absence (or rarity) of
recombination. This observed linkage makes it possible to use
very short regions of an HPV genome to assess the classification of types, subtypes, or variants. Linkage between intratype
variant patterns in different parts of the genome should not be
taken as evidence for a causal connection, since mutations in
different parts of the genome may be independent events. As a
consequence of this, HPV variants defined by intratype sequence patterns in the MY09/11 L1 region may be further
subclassified after recording of variation elsewhere in the particular genome.
In the MY09/11 L1 region, the maximal intratype pairwise
evolutionary distances observed in our study were 2.9% (i.e.,
12 nucleotide substitutions in 410 bp). This percentage was
observed and then maintained after analysis of rather few
specimens, indicating that the intratype variation for less prevalent HPV types mimics that observed previously for more
prevalent HPV types such as HPV-16. Intratype variation previously reported for genital HPV types has varied from approximately 1.0 to 5.0% within ORFs depending on the ORF under
consideration (21, 24, 30, 38, 42, 52, 66) and approximately 5%
in the URR (26, 28, 38, 39, 66). Intratype variation did not
appear to be random, and the relationship among variants
within an HPV type was notable.
It is unlikely that the observed and confirmed HPV sequence
variations presented are due to errors produced during the
amplification process. In all cases, multiple clones were analyzed for each specimen, sometimes from independent PCRs.
Our PCR protocol was not optimized for the detection of
low-copy-number HPV genomes. Therefore, PCR errors occurring in an early amplification cycle would most probably
remain outnumbered by the amplification of correct genomes.
The frequency of unconfirmed changes in our complete data
set was 9 3 1024 (one presumed nucleotide error per 1,100 bp
or approximately one error per 2.5 clones). This error frequency is well within the limits (2 3 1024 to 30 3 1024)
reported for standard Thermus aquaticus (Taq polymerase)based PCR as reviewed by Eckert and Kunkel (18). In addition, most (60%) of the unconfirmed changes observed were
transitions (T3C or A3G and G3A or C3T) which are
common Taq polymerase errors.
The limited intratype genomic diversity observed in HPVs is
surprising. Evolution is a continuous process, but common
ancestors to separate types of HPVs have so far not been
observed and must have been eradicated by processes like
genetic drift or reduction/expansion events, such as evolutionary bottlenecks.
Recent studies have examined human mitochondrial DNA
(mtDNA) in attempts to distinguish selection from past reduction/expansion events in the evolution of modern humans.
mtDNA has a higher rate of mutation than most regions of the
human genome (7), does not recombine, and is, for all practical purposes, maternally inherited (23). Conclusions from two
studies with mtDNA suggest that modern humans arose in
Africa about 100,000 to 200,000 years ago from interpretations
of genealogical trees (8, 62). The fact that several of these trees
have their deepest branches within the African population has
been interpreted as support for an African origin of modern
humans. This hypothesis has, however, been challenged by
recent work which suggests that the observed pattern could be
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amino acid changes in one specimen (23981) to a maximum of
three changes in specimen IS1016 (Fig. 1K). The remaining
three specimens had one amino acid substitution, a glutamineto-glutamic-acid substitution at aa 124 (IS887 and IS766), or
two amino acid changes (IS1019). Three of the MM4 specimens (IS1019, IS887, and IS1016) shared the glutamine-toglutamic-acid substitution at aa 124.
MM9 specimens formed two groups based on amino acid
variation (Fig. 1L). One specimen, IS324, had two amino acid
substitutions at positions 111 and 125. The remaining four
specimens (80%) had, in addition, two substitutions at aa 57
and 63. Consequently, none of the MM9 specimens were identical to the MM9 reference sequence.
HPV-51 and HPV-68 specimens had no amino acid substitutions compared with the reference sequences (Fig. 1F and J).
Evaluation of oligonucleotide probe systems previously developed for HPV diagnostics. Table 2 lists HPV type-specific
oligonucleotide probes from two widely used L1-based PCR
detection systems. The MY09/11 (1, 27, 47–49) and GP51/61
(31, 44, 53, 59, 60) assays have been previously used in the
detection of several HPV types. The GP51/61 system targets
a 150-bp fragment internal to the MY09/11 primers. PCR
amplification in both systems is often followed by type-specific
hybridization detection with oligonucleotide probes in pairs
(27), as singlets (31), or as cocktails (31). We have compared
the published oligonucleotide probe sequences used in these
systems with sequence variants observed in the 12 different
HPV types and novel sequences included in our current study.
The data presented in Table 2 suggest that many of the oligonucleotide probes used in these PCR-based systems may not
hybridize or may hybridize only weakly to HPV variants identified in our present study. One or more mismatched nucleotide positions were observed in several cases. Type-specific,
‘‘single-use’’ probes developed for HPV-45, HPV-52, and
HPV-58 (31) (Table 2, probes 45, 52, and 58) have three, five,
or two mismatched nucleotide positions when compared with
variant sequences of HPV-45, HPV-52, and HPV-58, respectively. In the system using pairs of oligonucleotides (27), both
of the primers used for detection of HPV-18, HPV-52, and
MM4 (Table 2, probes 18 [MY130 and WD74] 52 [MY81 and
MY82] and MM4 [MY164 and MY165]) have mismatched
nucleotide positions compared with some of the variant sequences observed in our present study. For the remaining HPV
types, only one or none of the oligonucleotide probes within a
pair has mismatches.
The previously reported novel HPV sequence IS039 (40)
would not be detected by either MM4 (W13B) or HPV-51
probes, since it is variant from these two types by 9.2 and
16.4% in the MY09/11 region, respectively.
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This does not rule out the possibility that some HPV variants
are more likely than others to be associated with cancers. The
possibility that certain variants are disease associated has recently been suggested (19, 24, 63). A combination of the genetic/immunological host background and the particular HPV
variant infecting the host may explain why certain HPV infections are associated with invasive cervical cancers.
Additional limitations of this study included the numbers of
specimens under investigation and the geographic representation within individual HPV types and novel sequences. It was
not possible to evaluate potential geographic distributions of
particular HPV variants because of our small sample sizes,
with the exception of HPV-18 and HPV-45. For these two
HPV types, we clearly observed nucleotide marker substitutions in African specimens that were not present in specimens
obtained from other continents. We observed only one exception to this in an HPV-18 specimen, IS227, from Cuba. The
observation that certain variants are more prevalent in certain
geographic regions is not surprising and may be explained by
founder effects. It may also reflect a potential origin for certain
HPV types in certain geographical regions. This hypothesis has
previously been reported for HPV-18, for which an African
origin has been suggested (39).
The two most widely used PCR-based systems for detection
of HPVs use all or part of the MY09/11 L1 region in combination with oligonucleotide probe hybridization. Our present
data indicate that neither of these systems may readily detect
some of the HPV intratype variants observed in our study.
Modification of some of the previously described oligonucleotide probes may improve the detection of variants and obviate
the need to use multiple probes. Because of sample size limitations, it is likely that not all potential variants of specific HPV
types were represented. The use of probes in pairs, or the use
of alternate hybridization protocols (e.g., with lower stringency), may in these cases facilitate the detection of such variant
HPV types.
A challenge will be to determine whether intratype HPV
variants are relevant to HPV vaccine strategies. Such considerations might be facilitated by complete sequencing of variant
capsid genes followed by the development of immunologic test
systems. Single amino acid substitutions within the L1 and L2
capsid genes may be important in virus escape from neutralizing antibodies. In the absence of a virus neutralization assay,
such determinations may only be suggested by characterization
of HPV variants infecting unprotected vaccinees.
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an artifact from the order in which observations were entered
into the computer programs used (22, 25, 34, 57, 58). Recently,
a new statistical method (45) was used to analyze the mtDNA
data previously reported (8, 62). These analyses have provided
an alternative hypothesis of modern human origins. The hypothesis, called the Weak Garden of Eden, suggests that a
small ancestral population of ;10,000 breeding individuals
separated into several partially isolated groups approximately
100,000 years ago. These ancestral groups further underwent
either simultaneous bottlenecks or simultaneous expansions
about 30,000 years later (45).
The puzzle in the observed pattern of limited HPV diversity
may find an explanation in an evolutionary bottleneck and
subsequent expansion in the HPV population resulting from a
hypothesized bottleneck and expansion event in the host population as described above. Although data described in our
present investigation are limited for many of the HPV types
analyzed because of small sample sizes, this and other investigations have presented similar values for the intratype pairwise
distances for many types of HPVs. Notable is the relative lack
of comparisons in the 3 to 10% range and the sharp drop-off
around 2.5%. A bottleneck in the human population would
have limited the number of HPV lineages that would survive,
possibly causing massive extinction of lineages. It is possible
that the relative lack of HPV polymorphism in the range between 2.5 and 10% reflects a severe pruning of the HPV
evolutionary tree as a result of such a reduction event in the
human population approximately 100,000 years ago. Moreover, the relative abundance of variants within the 0 to 2.5%
range may reflect subsequent expansion events occurring in the
host population about 30,000 years later. The reduction/expansion hypothesis would provide a connection between specific
variants and the continents where they originated and expanded. Many of the HPV variants found in this and other
studies are, however, not restricted to specific continents, but
on closer observation they do predominate by continent and
lineage. The observed deviations are most probably a result of
more recent migrations of the host populations. A complete
continental restriction would be observed only in nonmigrating, totally isolated cultures of modern humans.
Naturally, there are other explanations that cannot be ruled
out by existing evolutionary HPV data. Effects such as genetic
drift, for example, could provide an alternative explanation of
the observed range of HPV polymorphism described here and
by others. We believe that HPVs and possibly other types of
viruses may be important materials for the study of modern
human evolution. Larger HPV data sets from distinct, isolated
human populations will be needed for further evaluation of the
hypotheses presented.
In this study, the majority of HPV specimens were collected
as part of the IBSCC, a worldwide study of cervical cancer (6).
Therefore, our data are limited by a bias toward HPVs associated with invasive cervical cancer. It is likely, however, that
our data reflect the HPV variation present in the normal population. Cancers are presumably ‘‘dead ends’’ for HPVs and
most probably the secondary result of persistent disruption of
cell cycle regulatory elements. An HPV infection resulting in a
cancer often exhibits integration of the viral genome into the
host chromosome such that most of the episomal virus forms
are lost and few or no viral particles are shed from such lesions.
This suggests that the viral variants found in cancers most
probably represent those found in normal individuals and
therefore reflect the actual range of HPV variation. Moreover,
the range of intragene variation seen in women with normal
cervices infected with HPV-16 (66) is similar to that observed
in this study and does not exceed 2.9% in the MY09/11 region.
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