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Abstract 
Papillomaviruses are responsible for a variety of diseases in humans and ani- 
mals, ranging from harmless skin warts to lethal cancers. They also make up 
one of the most genetically diversified families of viruses known, and could 
represent a model system of DNA-virus evolution. A specialized genetic 
sequences database, The Human Papillomavirus Database and Analysis Pro- 
ject, was recently established in an effort to provide database services that are 
specific to papillomaviruses to the research community and to perform a vari- 
ety of sequence-based analyses. This review is intended to present the scope of 
the information currently contained in the database and to outline some of the 
analyses that have been performed on the genetic sequences. These analyses 
will address issues including phylogenetic relationships, recombination 
events, selective pressures on different genes and the possibility of cross-spe- 
cies transmission in the case of the papillomaviruses. 
, t o e o I i * o o s e * o * , o Q o o o *  

A Brief Introduction to the Papillomaviruses 

Papillomaviruses are members of the viral family Pa- 
povaviridae, whose name embodies the three distinct gen- 
era grouped together by classical taxonomy to form this 
family: papillomaviruses, potyomaviruses and vacuotat- 
ing viruses. The rationale for their inclusion in the same 
family is that the viruses of all three genera possess circu- 
lar genomes composed of double-stranded DNA and en- 
closed in the mature virion by a nonenveloped, icosahe- 
dral capsid protein. The papiUomaviruses are present in 
both human and animal hosts and have been shown to be 
responsible for a wide range of clinically distinct, prolifer- 
ating lesions of epithelial tissues, including many kinds of 
warts and tumors, both malignant and benign. The prima- 
ry stimulus for most research in the field is the strong 

association of papillomaviruses with diverse forms of 
human cancer; they are currently thought to be responsi- 
ble for approximately 10% ofaU human cancers. Cervical 
cancer, with which they are especially associated, is the 
most prevalent form of cancer encountered in developing 
countries [28]. Papillomaviruses are considered the lead- 
ing sexually transmitted pathogen; furthermore, infection 
by papillomaviruses appears to be linked with infection 
by other sexually transmitted viruses, in particular human 
immunodeficiency virus (HIV) [16]. 

Initially, it was believed that a single genetic form of 
the virus was responsible for all of the diverse growths 
associated with papillomavirus infection, and that the dif- 
ferences in clinical effects were caused by differences in 
the host cells and cofactors [22]. Subsequent research has 
revealed, however, that the genetic diversity of the papil- 
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lomaviruses is extraordinarily broad - at present, there 
are nearly seventy recognized 'types' of human papillo- 
maviruses [8], close to twenty 'types' in other animals (in- 
cluding several nonhuman primate, rodent, ungulate and 
avian papillomaviruses) [24], and many recently discov- 
ered papillomaviruses with novel sequences that will 
probably be recognized as distinct 'types' in the near 
future [2]. For all this diversity, however, there is abun- 
dant evidence indicating that the papillomaviruses by 
themselves form a monophyIetic group, i.e., the set of all 
descendants of the most recent common ancestor of all 
known papillomaviruses includes only sequences that 
would themselves be classified as papillomavirnses. 

Monophyletic groups are most easily identified when 
all members of the group share some objective character- 
istic that originated with their common ancestor and 
which can serve in practice to define the group. In the case 
of the papillomaviruses, this defining characteristic is pro- 
vided by certain broad similarities at the genomic level. 
The genomes of all known papillomaviruses are of compa- 
rable length (from 8-10 kb), display similarly skewed base 
compositions (31% A, 28% T, 22% G, 19% C), and pos- 
sess a set of open reading frames (ORFs) distributed 
exclusively on one strand of the genome in a well-con- 
served manner. These ORFs are divided into two distinct 
sets according to their location in the genome, and corre- 
sponding to the time of their expression in the replicative 
cycle of the virus. The 'early' ORFs (so-called by analogy 
with the 'early' region found in the polyomaviruses) code 
for proteins responsible for replicative and transcriptional 
functions (El and E2), and transforming (E4-E7) func- 
tions; the 'late' ORFs code for the major and minor capsid 
proteins of the virus (L1 and L2, respectively). The major- 
ity of the papillomaviruses' ORFs display many con- 
served subsequences that allow one to generate relatively 
unambiguous alignments of the otherwise extremely di- 
vergent gene subsequences. In addition, a noncoding 
region (long control region, or LCR) that is found in all 
papillomaviruses between the late and early genes (in this 
order, reading 5' to 3') contains the origin of replication 
and many sequence elements, conserved to differing de- 
grees, that are involved in transcriptional regulation, 
some of which seem to be specific to papillomaviruses 
[51. 

The classification scheme of 'types' that has been 
adopted as a means of comprehending papillomavirus 
diversity is based upon their genotypic similarity, rather 
than serological reactivity, as in the case of some viruses. 
Originally, the criterion for considering two papillomavi- 
ruses as distinct types was that they should show less than 

50% similarity in liquid hybridization experiments [6]. 
The results of these experiments, however, depended 
largely upon the distribution of regions of similarity with- 
in the genome and, we now know, did not always give 
accurate estimates for genetic distance. Thus, with the 
advent of sequencing technology, this criterion was con- 
siderably refined, requiring that two papillomaviruses dif- 
fer by at least 10% at the nucleotide level over their E6, E7 
and L 1 0 R F s  in order for them to be considered distinct 
types [8]. The set of papillomaviruses sequenced to date 
includes only a few instances of sequences with any signif- 
icant degree of divergence (greater than 2%) that are not 
also above this limit of 10%. (Sequences displaying a level 
of divergence below 2 % are referred to as 'variants'; those 
diverging from 2-10% are often referred to as 'subtypes', 
although this term was originally defined in terms of 
restriction digest pattern polymorphisms [3].) In a sense, 
the size of the discontinuities observed in the genetic dis- 
tances have made the arbitrarily defined limit of diver- 
gence for the types seem a fortunate choice - with such a 
criterion, it migth have been expected that many interme- 
diate types would be found that could be classified as sub- 
types of more than one of the prototypic strains. Nev- 
ertheless, this classification scheme possesses some weak- 
nesses both from practical and theoretical perspectives. 
From the former point of view, it is clear that a system 
encompassing over seventy distinct entities and lacking 
more general hierarchical groupings does not lend itself to 
easy assimilation. Further, as the type designations are 
simply numbers assigned sequentially with the isolation 
and genetic characterization of the sequences, the result- 
ing nomenclature is informative only from a historical 
perspective and gives no insight into phylogenetic group- 
ings or clinical associations. Who would be able to discern 
from their names alone, for example, that human papillo- 
mavirus (HPV)-4 and HPV-65 are phylogenetically 
linked and clinically similar? The definition of the types is 
also somewhat deficient from a theoretical point of view, 
as it takes no account of the important distinction be- 
tween nucleotide differences that also correspond to dif- 
ferences at the amino acid level and those that do not. 
Thus, under the present scheme, it is entirely conceivable 
that two sequences could qualify as distinct types, yet 
show little or no difference in their gene produc~s. 

The current state of papillomavirus research is quite 
advanced from a molecular standpoint and seems to pos- 
sess great potential for further gains. Already, recombi- 
nant DNA technology has overcome many of the difficul- 
ties imposed upon papillomavirus research by the tack of 
an effective in vitro system of viral propagation for most 
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of the papillomavirus types. Because the papillomaviruses 
are one of the most genetically diverse virus families, a 
deeper understanding of their relationships would proba- 
bly make them a model system for the study of the evolu- 
tion of DNA viruses. Further, their overwhelming clinical 
diversity makes it extremely likely that their study will 
lead to many important advances in our understanding of 
the biology of their hosts. The realization of this potential 
will depend to a large degree upon the extent to which 
research efforts may be carried out according to a rational 
framework. 

The HPV Database - A Specialized Database 

The HPV Database and Analysis Project was estab- 
lished in order to provide the services of a specialized 
molecular-sequences database (at no cost) to the papillo- 
mavirus research community. An analogous project was 
initiated in 1986 for HIV, and since that time, the number 
of sequences included in the HIV Sequence Database has 
doubled every year, due in part to the continuing varia- 
tion of the virus, and in part to the widespread application 
ofpolymerase chain reaction (PCR) sequencing technolo- 
gy [18]. In the field of papillomavirus sequencing, al- 
though some authors have argued that it is unlikely that a 
large number of sequences that would qualify as novel 
types remain to be discovered [27], several factors suggest 
that the number of papillomavirus sequences may rise 
sharply in the near future. First, not all papillomaviruses 
that have been recognized as distinct types have been 
sequenced over their complete genomes, having been giv- 
en their status as types on the basis of hybridization exper- 
iments. Second, comparatively little analysis has yet been 
performed upon intratypic variation of the papillomavi- 
ruses; what has been accomplished to date has been large- 
ly restricted to 'variants' of a few select types that are of 
particular interest because of their association with hu- 
man cancer (e.g., HPV-16 and HPV-18, probably the 
most extensively studied of all the types) [4, 8, 21]. 
Although there seems to be little intratypic variation with- 
in these particular types, it would be of great interest to 
ascertain whether or not this is also the case with other 
papillomavirus types, for it could provide valuable infor- 
mation as to the relative genetic stability of the various 
types and give insight into the mechanisms of papilloma- 
virus evolution. Lastly, the use of PCR technology for 
obtaining fragmentary sequences has been relatively lim- 
ited in the field of papillomavirus research. Recent stud- 
ies have demonstrated that sequence fragments under 

200 bp in length obtained through the use of PCR can 
provide enough information in themselves to construct 
accurate phylogenies and indicate probable candidates for 
the status of novel types [2]. It seems likely, therefore, that 
the examination of subgenomic sequence fragments 
through the use of PCR techniques will be much more 
widespread in the papillomavirus community in the fu- 
ture. For all these reasons, we must expect that the num- 
ber of papillomavirus sequences available to the commu- 
nity will increase dramatically in the near future. This 
projected increase in the amount of sequence information 
in the field is one of the most powerful arguments in favor 
of the present effort to create a specialized sequence data- 
base. 

The fundamental ideas behind a specialized database 
require some preliminary explanation. Unlike the well- 
known comprehensive genetic database available to the 
community (GenBank, EMBL, DDBJ), a specialized da- 
tabase concentrates on a subset of all available sequence 
information, related in some way to the specific organism 
in question. This focus obviously frees it from some of the 
limitations imposed upon general databases both by the 
vast amount of information which they have to process 
and by the overwhelming genetic diversity of the se- 
quences within their scope. Moreover, the association of 
the database with a specific research community makes 
possible a sort of dialogue between the two - not only can 
the database be responsive to the specific needs of the 
community, it can also act as a directive force to new ave- 
nues of exploration. 

In its curatorial capacity, a specialized database can 
provide the basic services of the more general databases at 
a higher level of  accessibility to the community. At 
present, sequence information can be obtained from the 
HPV database as hard copy in the Human Papillomavi- 
ruses compendium [ 19], on floppy diskettes in DOS or 
MAC format, or via anonymous FTP at atlas.lanl.gov 
(fig. 1). Common interactions between the research com- 
munity and the database, such as searching for specific 
sequences, obtaining new sequences or updating those 
already in store, will be made considerably more efficient. 
Further, the specific manner in which the database 
presents its information can be tailored to the particular 
organism with which it is concerned. Sequence entries are 
provided with extensive comments concerning clinical 
information and prevalence data, as well as 'in site' anno- 
tation detailing functional sequence elements. In addi- 
tion, sequence alignments comprehending all sequenced 
papillomavirus types have been created for each of the 
coding regions, as well as for the LCRs. Both the sequence 
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I n s t r u c t i o n s  fo r  A c c e s s i n g  f tp  S e rv e r  "arias" 

In the following instructions, what you actually type 
at your terminal is shown in boldface type [with an 
explanation shown in square brackets]. What the 
server responds with is shown indented in italic type, 

ftp atlas.tanl.gov 
Name (attas,lant.gov): 

anonymous 
Guest login ok, send ident as password. 
Password: 

[enter your e-mail address as ident] 
Guest togin ok. access restrictions apply. 

cd pub [change to the directory called pub] 
CWD command sucoessful 

cd papilloma 
ls [this lists the files and directories inside of papilloma] 

SWISS-PROT-fiIes, RoadMap, Alignments, ReadMe, EMBLfiles, GenBank-files 
pwd [to show your location in the file hierarchy] 

"~pub~papilloma" is current directory. 
cd GeuBank-files/I-Iuman-papilloma [move down 2 directories] 
is 

fall the GenBank tiles are listed] 
get HPV47.gb [this copies the file HPV47.gb to your home computer] 
bye [this dLsconnects you from the server] 

papilloma 

atlas.lanl.gov 

pub 

1995" MAP 
OF HPV DATABASE 

O N  "ATLAS" 

* Da ta  s u b j e c t  to cont inuous  r e v i s i o n  

~ u s / T c e $  
A 

',,,' Human papillomavirus sequences 
, Animal papillomavirus sequences 

Cellular protein sequences 

1 Human papillomavirus sequences 

I Animal papillomavin~ sequences 
..... Cellular protein sequences 

I Human papillomavirus sequences 
Animal papillomavirns sequences 

.... Cellular protein sequences 

Alignments 
, , ,  ~ ,  

..... Alignments 

Fig. 1. 1995 m a p  o f  H P V  database  on 'atlas ' .  
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Fig. 2. A phylogenetic tree created using 
weighted parsimony on a set of 54 HPVs. 
The papillomavirus types included in the 
tree were sequenced over a 291-bp L1 frag- 
ment flanked by the My09/Myll primer 
pairs of Bernard et al. [1]. The groups adopt- 
ed for the sequences in the tree for the pur- 
pose of presentation are indicated by letters 
placed at the node representing the most 
recent common ancestor of all sequences in 
each group. All sequences not belonging to 
these groups (A-E) were assigned to the 
'catchall' Group F. Groups G-I are not re- 
presented in this tree, which includes only 
the 'genital/mucosal' HPVs and those HPVs 
which typically cluster with this group, al- 
though their clinical associations are more 
diverse. The data set used to construct the 
tree included 213 variable sites. 

entries and the alignments have been organized according 
to 'groups '  that were defined by phylogenetic analysis per- 
formed on a set of  54 partial  L1 nucleic acid sequences 
(fig. 2). These groups have not been proposed as a new 
taxonomic  level, but were adopted merely to enhance the 
intelligibility of  presentation. In the database alignments, 
for example,  sequences were clustered into their respec- 
tive groups, and consensus sequences were generated for 
each of  these groups. 

While most  of  the curatioral functions of  a specialized 
database are essentially only customized versions of  func- 
tions provided by the large sequence libraries, a critical 
difference exists between the two sorts of  database in 
another  respect: with a specialized sequence database, 
compilat ion and analysis are intertwined. Analyses may  
be regarded as representing a higher order of  sequence 
information,  an order that is unat tainable by the general 
databases because of  their  very comprehensiveness.  Some 
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of these analyses may be performed from a naive perspec- 
tive, making use of no information other than that pro- 
vided by the raw sequence data. The sequence alignments 
and phylogenetic groupings mentioned earlier fall into 
this class. Other analyses may attempt to incorporate 
external sources of information, e.g., analyzing sets of 
sequences grouped together on the basis of their clinical 
associations. The remainder of this review will be devoted 
to a discussion of the various analyses that have already 
been published by the HPV database and of these that are 
planned for upcoming releases. Most of the analyses that 
have been performed so far have used the naive approach, 
attempting to come to an understanding of the evolution- 
ary relationships between the papillomaviruses by con- 
centrating exclusively on the 'text' that is represented by 
the available sequences and referring to the 'context' of 
their clinical associations only when this seems to be war- 
ranted by the results of the analysis. 

Analyses 

Phylogenetic Trees 
One of the most basic forms of analysis that may be 

performed using genetic sequences is the attempt to 
reconstruct their evolutionary history in the form of phy- 
logenetic trees. A great number of different methods have 
been proposed to address the problem of reconstructing 
the evolutionary history of organisms on the basis of the 
available genetic data [for a comprehensive review of 
these methods, see ref. 9]. Without exception, however, 
each of these methods depends upon a fundamental 
assumption of the existence of homology between the 
organisms under examination. When genetic sequences 
are used as the relevant data, the character states assumed 
to be homologous are nucleotide or amino acid positions. 
The evolutionary mechanism implied by the sequence 
differences includes not only transformations between 
characters (substitutions) but also insertions and deletions 
of characters (indels). 

This assumption of homology is realized in the posi- 
tioning of sequence arrays into an alignment matrix, and 
all different methods of phylogenetic analysis in some way 
make use of these sequence alignments to assess evolu- 
tionary relationships. In a multiple-sequence alignment, 
each row corresponds to a particular sequence, and each 
column is supposed to contain only homologous charac- 
ters. Any two characters in a column are thus postulated 
to be related by the evolutionary process through an unde- 
termined number of intermediate steps. Typically, it is 

necessary to introduce 'gap characters' into various se- 
quences at certain columns to indicate that between those 
sequences that possess the gap character at this position 
and those that do not, one step in the evolutionary process 
was either an insertion or a deletion of the character, 
depending on which sequence is the more ancestral. In 
order to evaluate the quality of different possible align- 
ments between sequences, it is necessary to utilize a scor- 
ing matrix that assigns different costs to the various rela- 
tions between homologous characters in different se- 
quences. Generally, these scoring matrices take into con- 
sideration only character substitutions, which may be dif- 
ferentially weighted to favor certain transformations over 
others (and insertion/deletion events), although other 
evolutionary mechanisms may be involved (e.g., duplica- 
tions and inversions). 

To create alignments for the papillomavirus coding 
regions, we first aligned the amino acid sequences of the 
gene products using the PIMA algorithm developed by 
Smith and Smith [23]. PIMA uses a scoring matrix based 
on physiochemical similarities between amino acids, as- 
signing smaller penalties to substitutions that are 'conser- 
vative' from the perspective of protein function. The algo- 
rithm also involves a 'progressive' approach to the prob- 
lem of multiple-sequence alignment. The basic idea be- 
hind a progressive alignment strategy is that once two rel- 
atively close sequences have been aligned to each other, 
the inferred homologies between the characters implicit 
in this alignment will not be altered when these sequences 
are compared to more distant sequences in the set. The 
amino acid alignments created with this approach were 
then used to generate nucleotide alignments, putting each 
nucleotide codon in the position of its corresponding ami- 
no acid; these were then manually edited to account for 
regions of nucleotide similarity not reflected at the pro- 
tein level. 

After an alignment has been created for the sequences 
under consideration, a phylogenetic tree representing 
their evolutionary history may be created using one of the 
many available tree construction algorithms. The perfor- 
mance of many of these methods has been tested by com- 
paring the results given by each method using sequence 
sets (actual or simulated) with a priori known phylogenies 
[ 10]. The degree of accuracy possessed by different algo- 
rithms depends largely upon certain parameters of the 
evolutionary process, such as the rate of variation be- 
tween sequences and the extent to which this rate varies in 
different parts of the tree. One method that has been 
found to perform extremely well under a wide range of 
conditions, particularly when divergence between all taxa 
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Table 1. Substitution frequency matrix for a papillomavirus L1 
tree and the resultant weighting matrix created using the software 
packages PAUP and MacClade 

From A 0.09 0.14 0.11 11 7 10 
T 0.06 0.04 0.08 16 23 13 
G 0.11 0.03 0.04 9 34 28 
C 0.11 0.16 0.04 9 6 24 

in the data set is large, is that of weighted parsimony. In 
unweighted-parsimony analysis, the sum of the branch 
lengths in the path between the nodes corresponding to 
any two taxa is equal to the number of substitutions in the 
postulated evolutionary path between the two (typically, 
regions containing gaps are removed from the data set, as 
alignments are generally most uncertain in these regions). 
The most parsimonious tree (or set of trees) is defined as 
that in which the sum of all branch lengths is minimized, 
thus representing the globally minimal evolutionary path. 
These most parsimonious trees are taken to be the most 
accurate representations of the true phylogeny, under the 
principle that nature tends to take the 'path of least 
action'. Weighted parsimony differs from simple parsi- 
mony in that it uses a nonuniformly weighted matrix to 
assign different costs to the various kinds of transforma- 
tions between characters. Thus, the branch lengths on a 
weighted-parsimony tree take into account not only the 
number of substitutions between sequences, but the kind 
of substitutions involved as well. The weights assigned to 
the different kinds of character transformation are empir- 
ically determined, by first creating a tree based on un- 
weighted parsimony, then calculating the frequencies 
with which the various substitutions take place in this 
tree. The actual cost assigned to each kind of transforma- 
tion is the inverse of the frequency with which this trans- 
formation takes place along the branches of the original 
tree. Thus, the most common types of changes are given a 
small penalty, while rare transformation events are more 
costly. A representative substitution frequency matrix for 
a papillomavirus L1 tree and the resultant weighting 
matrix created using the software packages PAUP [25] 
and MacClade [17] are shown in table 1. 

The most frequent types of change (in the table 1 
matrix, C ~ T) will be responsible for the greatest amount 
of homoplasy in the sequence data - characters that are 
shared by two sequences but have separate origins in the 

true tree and do not therefore indicate common ancestry. 
Because weighted parsimony makes these the least signifi- 
cant to the determination of the overall branch length of 
the tree, it reduces the effect of homoplasies in the data 
upon the structure of the tree. (The large genetic distances 
between papillomavirus sequences make it highly proba- 
ble that a large amount of homoplasy is present in the 
data, as we shall discuss below). Phylogenetic trees 
created using weighted parsimony over L1 and E6 are 
shown in figures 2 and 3. 

The most obvious application of the information sup- 
plied by these trees is toward the development of a classi- 
fication scheme to augment that already given by the 
present type designation scheme, which is based solely on 
simple distance measurements derived from nucleotide 
differences, so-called Hamming distances. To the extent 
that simple distances embody mutational noise (such as 
homoplasies), they lose value as a basis for database clas- 
sification. As will be made clear below, HPV sequences 
are in a state of mutational saturation, and therefore the 
noise level is quite high in sequence comparisons. 
Weighted parsimony is perhaps the best method at this 
time for overcoming evolutionary noise. 

A desirable characteristic from the perspective of clas- 
sification is that trees constructed on the basis of different 
portions of the genome should display a similar structure; 
otherwise, the specific classification of a papitlomavirus 
sequence might depend to a large degree on the precise 
region under examination. The topologies of trees created 
for papillomavirus sequences based on different portions 
of the genome are, in fact, reasonably consistent. One 
inference suggested by these results is that recombination 
between types has not played a significant role in the evo- 
lution of papillomaviruses. Another is that genetic dis- 
tances between types are consistent across the genome, 
which would imply that it is largely irrelevant whether the 
definition of the types is based upon the E6, E7 and L1 
ORFs or upon some other regions, although the exact lev- 
el of divergence might have to be adjusted depending on 
which regions were chosen. We will examine this possibil- 
ity at greater length in the section on linear correlations. 

The consistency of the clades obtained from the phylo- 
genetic analysis of different segments of the genome 
seems to justify the use of phylogenetic trees for classifica- 
tion of the papillomaviruses, if only for heuristic pur- 
poses. The HPV database has therefore defined a set of 
nine groups (A-I), in order to provide a general frame- 
work for the presentation of sequence information and to 
guide certain aspects of subsequent analyses. Groups A-F 
were defined on the basis of a weighted-parsimony analy- 
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Fig. 3. A phylogenetic tree created using weighted parsimony on all papillomavirus types for which complete E6 
sequences were available. The data set included 256 variable sites. The representation of this tree differs from the 
other figures only insofar as it has been given no hypothetical 'root', thus making no assumption concerning the 
direction of evolution along the branches. Note that group I is not identified on the tree, as its members (all the animal 
papillomaviruses) are dispersed in various locations throughout the tree - group I was not defined according to 
cladistic criteria. COPV and CRPV, for example, are members of group I, not group G. 

sis of  54 sequences over a 291-bp fragment of L1 (fig. 2). 
Of  these, group F represents a miscellaneous category 
comprising sequences not grouping with any of  the larger 
clades in the tree. Since most of  the members of  these 
groups have a specific tropism for mucosal tissues, groups 
A - F  will be referred to as the 'mucosal '  groups, although 
some of their members have been found in both mucosal 
and cutaneous tissues, and a very small number  have been 
found to date only in cutaneous tissues. Groups G and H 
were defined partly on the basis of  their clustering in other 
trees and partly on the basis of  their clinical associations: 

members of group G have a specific tropism toward cuta- 
neous tissues and are generally associated with benign 
warts; members of  group H are also specific to cutaneous 
tissues and are associated with the rare skin disease epi- 
dermodysplasia verruciformis (EV). Group I was defined 
solely on the basis of the fact that its members were iso- 
lated from nonhuman hosts - some of these in fact cluster 
extremely close to HPVs in phylogenetic analysis, e.g., the 
pygmy chimpanzee papillomavirus, PCPV-1. Arguments 
could be made against the definition of  these latter groups 
on the basis of  phenetic considerations, i.e., characteris- 
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tics of the viruses that are expressed as similarities, irre- 
spective of their genetic makeup. However, because of 
their great diversity, if one were to treat these sequences in 
the same manner as the members of the first six groups, 
the number of groups would grow to an unmanageable 
size. Since current research tends to focus upon the muco- 
sal types, because of the strong associations of some of 
these with extremely prevalent forms of cancer, it seemed 
natural to give more attention to these for purposes of pre- 
sentation. 

Ideally, a classification system for the papillomavi- 
ruses would not only reflect their evolutionary history, but 
would also provide insight into their clinical associations. 
Now, although we have used phenetic considerations to 
define certain of the groups, it should be made clear that 
the phenetic analysis of sequences is theoretically a mode 
of inquiry distinct from the cladistic approach taken in 
phylogenetic analysis. Even so, it is often (though by no 
means always) the case that the genetic characteristics 
causing certain sequences to be grouped together under 
the phylogenetic approach will also correspond to shared 
characteristics at the protein level that are manifested in 
phenotypically similar ways. Thus, phenotypic clustering 
analysis based on protein similarity scores will generally 
produce a branching structure quite similar to that gener- 
ated by phylogenetic analysis. An important exception to 
this general rule occurs when phenetic analysis is carried 
out on short subsequences of the entire coding region, 
such as epitopic regions, in which evolutionary parallel- 
ism or convergence may play an important role in deter- 
mining the clustering patterns. We will discuss the signifi- 
cance of this form of analysis further in the section on 
future directions of analysis planned by the database. 

In the case of the papillomaviruses, some authors have 
attempted to demonstrate that the structure of phyloge- 
netic trees created for papillomavirus sequences gives a 
fairly accurate picture of their phenotypic associations 
[26]. In their trees, sequences whose primary tropism is 
cutaneous tissue appear in different branches of the tree 
than those typically found in mucosal tissues; sequences 
associated with a high risk for malignant progression clus- 
ter apart from those associated with a tow risk. Our trees 
(fig. 1, 2) bear these results out to a certain extent, al- 
though the lines are not so clearly drawn. As pointed out 
in the discussion of the groups, several sequences with 
ambiguous tissue specificities (e.g., HPV-2a) are distrib- 
uted among primarily 'mucosal' sequences. Further, the 
two distinct groups of predominantly 'high-risk' types 
(groups A and C) do not always associate more closely 
together than with the 'low-risk' group B. On the whole, it 

is probably most accurate to say that clinical findings (e.g., 
tissue tropisms, association with malignant growth, and 
prevalence data) are not yet sufficiently well defined for 
most known HPV types to make any definite assertions 
concerning the correlation of cladistics and phenetics. 

Linear Correlations 
Linear correlation analysis provides an alternative to 

the tree construction method for examining the question 
of how the information contained in papillomavirus ge- 
netic sequences varies from region to region. In a sense, 
this mode of analysis is more in conformity with the 
accepted type designation scheme, since, like the defini- 
tion criterion, it uses only the observed genetic distances 
between sequences. 

In order to perform this type of analysis, alignments 
must be created for each of the regions of the genome 
under consideration. We have concentrated on the L1, E6 
and E70RFs ,  as these are the regions used for designating 
papillomavirus types. Again, as in phytogenetic analysis, 
all positions containing gap characters are removed from 
the data. Pairwise comparison of the sequences gives a set 
of simple Hamming distances for each sequence pair, 
where the distance is equal to the percentage of nonidenti- 
cal positions between the two sequences. The values for 
distances between sequence pairs over different regions is 
displayed graphically in figure 4a-c. Every different point 
on the graphs represents the results obtained for a particu- 
lar sequence pair; the distance of this point along each 
coordinate axis represents the distance between the two 
sequences for the gene indicated along the axis. Thus, in 
figure 4a, the most distant sequences have diverged about 
50% in L1, and by about 65% in E6. 

One has the option of leaving these distance values in 
this uncorrected form, or using some sort of correction 
factor to take into account the effect of multiple muta- 
tions at the same nucleotide on the observed distances, 
e.g., the Jukes-Cantor equation [11], or the Kimura two- 
parameter model [ 12]. The effect of these corrections will 
always be to increase the value of the observed distances, 
by an amount that depends upon the size of the observed 
distance. Figure 4d shows distance values for the L1 and 
E 6 0 R F s  that have been corrected for multiple hits using 
the Jukes-Cantor equation: 

distancecorrect~d = 0.75 x In (1 - 4/3 x distanc%ncorrected). 

The theory behind this correction formula makes cer- 
tain assumptions (equality of substitution rates at all sites, 
equal probabilities for all types of substitutions) which are 
not valid for most sequences. It is unclear to what extent 
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Fig. 4. Linear correlation analyses for genetic distances over various ORFs. a E6 and E70RFs, uncorrected 
distances: r = 0.85. b E7 and L10RFs, uncorrected distances: r = 0.91. c E6 and L10RFs, uncorrected distances: 
r = 0.90. d E6 and L10RFs, distances corrected using the Jukes-Cantor equation. 

divergence from these assumptions affects the accuracy 
of its predictions - its main advantage is its extreme sim- 
plicity. 

These graphs reveal a significant degree of  homogenei- 
ty in the distance relationships between the papillomavi- 

ruses across these three regions of  the genome. Similar 
results for partial L1 sequences of less than 300 bp in 
length have also been reported by another group [2]. The 
linearity of  these graphs lends strength to the arguments 
based upon phylogenetic analysis against recombination 
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between the types, for any significant recombination 
events would appear as points significantly outside of the 
main 'swarm' of points. (A statistical measure oflinearity, 
Pearson's r, is given in the figure legend. Values may 
range from -1 to +1: those near the extremes indicate 
strong negative and positive correlations, respectively, 
while values near zero indicate no correlation). Further, 
the slope of the line most nearly fitting the data set in each 
graph provides an indication of the relative selective pres- 
sures between the various coding regions. The most direct 
and well-supported inference that may be drawn from 
these results, however, is that the distance relationships 
between pairs of sequences over any of these regions are 
consistent with those that would be found upon examina- 
tion of the other regions. Thus, the probability that a 
sequence will be considered a distinct type under the strict 
criterion of divergence from all known sequences over its 
E6, E7 and L 1 0 R F s  may be accurately inferred on the 
basis of a subset of this sequence information. This is of 
particular utility to the discovery of candidates for desig- 
nation as novel types, since it means that PCR fragments, 
which may be obtained and sequenced with comparative 
ease, can be used to provide a synopsis of the story that 
will be told by the complete genome. Some authors have 
already proposed using the region of L1 flanked by the 
My09/Myl 1 primer pairs as a guide to the discovery of 
potentially novel types [2]. 

Synonymous versus Nonsynonymous Substitution 
Frequencies 
Up to this point, we have discussed forms of analysis 

that are based solely upon nucleotide differences, without 
considering how these may relate to differences at the pro- 
tein level. However, because of the degeneracy of the 
genetic code, an important distinction can be made be- 
tween nucleotide changes that correspond to differences 
at the amino acid level and those that do not. The terms 
nonsynonymous and synonymous are used to distinguish 
these two classes of substitution events. Approximately 70 
to 80% of the sites in a coding region will be nonsynony- 
mous targets, depending on the base composition of the 
sequence. Nevertheless, the majority of substitutions ob- 
served in most sequences are synonymous, due to nega- 
tive selection pressures. Because synonymous mutations 
are under minimal selective pressure, these typically accu- 
mulate at an approximately linear rate. They can there- 
fore be used as a 'molecular clock' to gauge the temporal 
divergence of sequences, up to the point when these begin 
to approach the theoretical level of mutational saturation. 
Further, if the synonymous substitution rate is assumed to 

represent the frequency of mutations subject to no se- 
lective forces, the ratio between this and the nonsynony- 
mous substitution rate will give a reasonable measure of 
the positive or negative selective pressures upon the pro- 
teins encoded by the different genes. Nonsynonymous 
substitutions will typically reach a limiting saturation val- 
ue at a level much lower than the theoretical limit, 
because of negative Darwinian selection. 

In order to perform this sort of analysis, nucleotide 
alignments must be made on a codon by codon basis; gen- 
erally, the only regions in which standard nucleotide 
alignments will depart from this rule are those in which 
codons have been broken because of frameshift mutations 
in some sequences. Pairwise comparisons are then made 
between all the sequences according to one of the various 
methods that have been proposed for determining synon- 
ymous and nonsynonymous rates of substitution. One of 
the simplest of these is the Nei-Gojobori algorithm, which 
addresses the problem of comparing codons differing by 
more than one nucleotide by taking an unweighted aver- 
age of the numbers of the two kinds of substitution 
involved in each of the possible evolutionary pathways 
between the two codons [20]. The calculations result in 
two ratios: ps is the ratio of the number of synonymous 
mutations observed between two sequences to the num- 
ber of possible synonymous substitutions between the 
two; pn is the corresponding ratio for nonsynonymous 
substitutions. Again, these values may be corrected by 
means of the Jukes-Cantor equation to account for multi- 
ple mutations of the same nucleotide; the resulting values 
are termed ds and dn. 

Figure 5 shows ps and pn values for all pairwise 
sequence comparisons across the L1, E6 and E7 genes. 
Each point on the graphs represents a particular sequence 
pair. The relatively small initial slope of the few sequence 
comparisons with ps values below 0.6 indicates that the 
sequences are subject to fairly stringent negative selection 
constraints. A corrected version of the L1 graph, using ds 
and dn values, is shown in figure 5d. Since most pn values 
are below 0.4, the effect of the correction factor is relative- 
ly insignificant in this dimension. On the other hand, 
most sequences are near the theoretical limit of 0.75 for 
synonymous substitutions and, accordingly, the correc- 
tion greatly magnifies these distances. The fact that most 
HPV sequence relationships display mutational satura- 
tion suggests the need for more refined distance measure- 
ments than those provided by simple comparisons or 
unweighted parsimony analysis. Apparently, HPV se- 
quence relationships go far back in time. 
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gig. 5. Synonymous vs. nonsynonymous substitutions for E6, E7 and L10RFs. Substitution frequency values 
were obtained using the Nei-Gojobori algorithm, d represents the Jukes-Cantor-corrected version of c, showing ds 
and dn values rather than ps and pn. 

The most striking feature shared by all the graphs is the 
vertical stratification of the data set into three distinctive 
clusters with virtually no overlap. This is most apparent 
in the L1 graph (fig. 4c), where the three strata are unam- 
biguously defined by the limits: (1) 0 < pn < 0.16; (2) 0.16 

< pn < 0.28, and (3) 0.28 < pn < 0.4, as indicated by the 
dashed horizontal lines. Further analysis reveals that 
these strata correspond to: (1) comparisons within each of 
the groups (A-H); (2) comparisons between the groups, 
but within 'phenotypic categories', and (3) comparisons 
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Fig. 6, Synonymous vs. nonsynonymous substitutions for HPV 
types against pygmy chimpanzee papitlomavirus (PCPV-t). PCPV-1 
typically clusters with the labelled HPV types in phylogenetic analy- 
ses. a L10RF. b E60RF. ¢ E70RF. 

between 'phenotypic categories', where 'phenotypic cate- 
gories' refers to the division between the mucosal types 
(groups A-F), the non-EV-associated cutaneous types 
(group G) and the EV-associated cutaneous types (group 
H). 

Since intragroup comparisons fall exclusively within 
the lowest stratum of the data set defined by nonsynony- 
mous substitution rates, it is probable that these phyloge- 

netically defined clusters are also relevant in terms of sig- 
nificant protein level similarities and differences. Further 
examination of the distribution of points in this stratum 
(0 < pn < 0.16 in figure 5c) reveals that a small number of 
sequence pair comparisons yield pn values significantly 
smaller (pn < 0.1) than most of the values obtained for PV 
types within the same group. The implication is that 
although these sequences do qualify to be recognized as 
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distinct types when considering only undifferentiated nu- 
cleotide changes (i.e., nucleotide differences that have not 
been further categorized into synonymous and nonsyno- 
nymous changes), the differences between the proteins 
encoded by these sequences are probably slight. We have 
designated such sequence pairs as 'close types' to indicate 
that this lack of nonsynonymous divergence should at 
least be taken into account when considering them as dis- 
tinct types according to the standard criterion. Many of 
these 'close types' also display significantly low values for 
their synonymous substitution rates, indicating that these 
sequences have diverged from each other relatively re- 
cently. Sequence sets which may be regarded as 'close 
types' are especially interesting from the perspective of 
the processes underlying papillomavirus evolution. In ad- 
dition to the category of intratypic 'variants' and that of 
'subtypes', the category of 'close types' seems to represent 
another important level in the spectrum of papillomavi- 
ms diversity, which at first glance seems to be almost 
entirely discontinuous. 

Interestingly, comparisons between the pygmy chim- 
panzee papiUomavirus sequence PCPV-1 and the mem- 
bers of group B (most notably, HPV-13) have values for 
both types of substitutions that are among the lowest for 
any sequence comparisons (fig. 6). To date, no direct 
experimental evidence has been found for instances of 
cross-species papillomavirus transmission. Some authors 
have argued on the basis of this lack of evidence and from 
a putative correspondence between the phylogeny of pap- 
illomavirus sequences and that of their hosts, that papillo- 
maviruses have strictly coevolved with their hosts. Under 
this hypothesis, minimal estimates for papillomaviral 
mutation rates have been calculated using the divergence 
of PCPV-1 and HPV-13 and the approximate time of 
divergence between their two host species [1]. Consid- 
ering the extremely close relationship between these two 
sequences, however, especially from the perspective of the 
limited amount of divergence at the protein level, cross- 
species transmission seems a highly probable conjecture. 
At the very least, the possibility should not be ruled out 
without a much more extensive examination than has 
hitherto been conducted. 

Future Directions 

In future installments of the HPV database, in addi- 
tion to further exploration of the aforementioned analy- 
ses, we plan to devote a great deal more attention to two 
fields of analysis which have been touched on only briefly 

here, viz., intratypic variation analysis and protein level 
analyses. 

Several forms of protein level analysis are planned for 
future releases of the database. One such analysis would 
be to determine signature patterns of amino acids that are 
common to sequences sharing a certain property (e.g., 
high risk for malignant conversion) but rare among se- 
quences not possessing that property [15]. This may be 
done by defining signatures by either a simple majority 
rule or by imposing some threshold value of conservation 
for amino acids in the pattern. Alternatively, one could 
examine patterns of amino acid positions that display 
high levels of variability in one sequence set relative to 
their variability in another sequence set, according to 
some tbrmal measure of variability, such as the informa- 
tion theoretic quantity known as entropy [13]. Another 
possible approach to the analysis of protein level relation- 
ships is given by the tree-like structure known as a pheno- 
gram. Phenograms can be constructed using a variety of 
amino acid substitution matrices [ 14]; the branching pat- 
tern is determined by pairwise protein similarity scores, 
and the position along the x-axis of each node in the tree 
represents the score for the pattern generated according to 
the amino acid class hierarchy for all sequences below the 
node on the tree. Unlike phylogenetic trees, therefore, the 
phenogram is not directly concerned with evolutionary 
relationships based on assumed homologies, but rather 
with clusters based on similarities at the protein level that 
probably bear some relation to function. This sort of anal- 
ysis is generally most interesting when performed on short 
subsequences of genes such as epitopic regions, for these 
will often display clustering patterns significantly unlike 
those observed in phylogenetic analysis. The discrepan- 
cies observed between the two clustering patterns may 
help to explain certain anomalies hitherto observed 
among the papillomaviruses, such as the presence of cer- 
tain cutaneous-tissue-specific types in the phylogenetic 
cluster of the primarily mucosal types of groups A-F. 
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