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Abstract. Using gene genealogies constructed fromintroduction

gene sequence data, we show that both the mucosal and

cutaneous papillomaviruses (PV)—supergroups A andiuman papillomaviruses (HPVs) involved in benign and
B—appear to have been transmitted through susceptibigalignant neoplasias of humans (zur Hausen 1991) are a
populations faster than exponentially. The data andliverse group of viruses with over 70 recognized types
methods involved (1) examining the PV database for(de Villiers 1994) of which more than half have been
phylogenetic signal in an L1 open reading frame (ORF)isolated from anogenital or oral mucosal lesions. These
fragment and an E1 ORF segment, (2) demonstrating thahucosal viral types are commonly referred to as genital
the same two fragments have evolved in a way consisteritPVs, some of which have been associated with Specific
with a molecular clock, and (3) applying methods of diseases. For example, HPV-16 and HPV-18 are com-
phylogenetic tree analysis that test different scenarios fofonly found in cervical carcinomas and severe dyspla-
the dynamics of viral transmission within populations. sias while HPV-6 and HPV-11 are usually associated
The results indicate increases in PV populations of bottwith benign exophytic and cervical lesions. Aside from
supergroups A and B in the recent past. This form of thethe mucosal viruses, many other nongenital HPV types
increases, which fit a null model of popu|ation growth have been identified in lesions of patients suffering from
with an exponent increasing in time, is compatible with epidermodysplasia verruciformis (EV) and in cutaneous
the fact that human populations have grown at a fastelesions of other pathologies such as common warts. Pap-
than exponential rate, thus increasing the numbers dflomavirus types have also been identified in mammals
susceptible hosts for HPVs. There are, however, indicaand birds (Sundberg 1987), and several have been im-
tions that the population of supergroup A has nowplicated in animal cancers (Shope and Hurst 1933;

stopped increasing in size. Campo et al. 1980).
Large amounts of genomic papillomavirus DNA se-

Key words: Papillomaviruses — Phylogeny — Mo- duence data have recently become available, and the da-
lecular clock — Population history — Transmission dy- tabase is expanding rapidly. Systematic studies incorpo-
namics rating phylogenetic inference have begun in earnest
(Chan et al. 1992,b,1995; van Ranstt al. 1992; Onget

al. 1993; Bernarakt al. 1994a,h). However, these studies
have not asked what the structures of published trees
might reveal about the evolutionary and population pro-
cesses that led to their genesis. The spread of the virus
through contemporary human populations has been ana-
Correspondence td®. H. Harvey lyzed (Chanret al. 19923; Ho et al. 1993,b; Ong et al.
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1993), although accurate predictions have been hanmuence. The L1 sequences were kindly supplied by Dr. S.Y. Chan or
pered by the lack of appropriate tools or models. were obtained by anonymous ftp from HPV database (ftp

. , atlas@lanl.gov). The E1 sequences were obtained from Genbank (re-
In this paper, we use Nest al.’s (1995) methods for lease 94.0). In both cases, the sequences could be aligned unambigu-

analyzing the branching structures of phylogenetic treeggjy. in the 30-taxa supergroup A comparison of E1 and L1 frag-
to help reveal the population-dynamic history of papil- ments, sequence data for both fragments were obtained from the same
lomaviruses. The basic claim is that the distribution ofisolate. Sequences from the following 30 types were used: HPV-2a, 3,
lineage-splitting events across a tree (that is, the branctfP: 7. 10, 11, 13, 16, 18, 26, 27, 30, 31, 32, 33, 34, 35, 39, 40, 42, 45,

. . . - - 51, 52, 53, 56, 57, 58, 59, RPV (rhesus papillomavirus), and PCPV
ing pattern in a phylogeny), provides information about(pygmy chimpanzee papillomavirus). A supergroup A L1 ORF phy-

t_he relative_frequency of transmiss_ion_ events throughogeny of 47 types was created, using (additionally) HPV-28, 43, 44,
time. In particular, the temporal distribution of internode 54, 55, 61, 62, 64, 66, 67, 68, 69, 70, 72, 73, and two putative new HPV
intervals in a tree reveals when the viral populationstypes, tentatively designated MM4 and iso39. The supergroup B L1
might have grown in size, stayed constant, or declinedrhylogeny was created using the following sequences: HPV-4, 5b, 8, 9,

12,14, 15, 17, 19, 20, 21, 22, 23, 24, 25, 36, 37, 38, 47, 48, 49, 50, 60,

The analytical methods used to identify particular types, oo

of past population history utilize transformations of the  rther information on the isolation of HPV types numbered 1 to 69
number-of-lineages axis or the time axis in a lineagesis contained in three reviews (Delius and Hoffmann 1994; Mgéra.
through-time plot (Neet al. 1995). These methods have 1994; van Ransgt al. 1994). Charet al. (1995) provides information
been previously applied to data on the human immuno&bout HPVs numbered higher than 69 and on MM4 and is039. Pub-

. . ~ " . lished sequences of the noncoding 364- and 321-bp long control region
deficiency virus type 1 (HIV-1), the hepatitis C VIrus ooy fraoments for HPV-16 (Chaet al. 19922; Ho et al. 199@) and

(HCV) (Holmeset al. 1995), and flaviviruses (Zanot&t  py._1g (Onget al. 1993) were used in the construction of intratype
al. 1996). trees. Ten additional HPV-18 LCR sequences were used in this study
We adopt the taxonomic system of Chetral. (1995)_ and their Genbank accession numbers are U59156-U59165.

Papillomaviruses (PVs) are _d.'V'ded_ into five §Uper' Analysis of Data and the Degree of Saturation of Transitions at the
groups, A to E. Most of the clinically important viruses various Codon PositionsThe level of phylogenetic signal was as-
belong to supergroup A (mucosal and genital papillomasessed by first identifying evidence for saturated change at particular
viruses) or B (EV papillomaviruses). Supergroups C andbites and then finding whether those sites with near-saturated change

D are the ungulate PVs, containing, respectively, all ofvere still phylogenetlca_lly |nformqt|ve.”Saturated t_ran5|t|0n substitu-
he fib il . d th . h tions at each codon position were identified by plotting the numbers of
the fibropapillomaviruses and those viruses that CaUSRansitions of all pairwise comparisons for each individual codon po-

true papillomas. Supergroup E is the most poorly definedtion against the total number of transversions in all three codon po-
of the five groups and contains a mix of animal andsitions. At-test was carried out to see if the second-order term of a

human cutaneous PVs. Here, using phylogenies conprolynomial regression differed from zero. The magnitude of the sec-
structed from genomic fragments of the L1 and the Elond-order polynomial term indicates the degree of saturation. For the

di f ORF . he b 00-bp L1 ORF fragment, the analysis was conducted on all possible
open reading frames ( S)’ we examine the broa airwise comparisons between 24 sequences available for the super-

population histories of supergroups A and B, and also thgyoup B papillomaviruses. For the 367-bp E1 ORF fragment, the same
more recent intratype histories of two viruses within su-supergroup was analyzed again. However, out of the original 24 ana-
pergroup A: HPV-16 and HPV-18. lyzed in the L1, only 13 sequences were available for the E1 analysis.

There is no use in performing a phylogenetic analysis The degree to which any observed saturation obscures the phylo-

d hat h | heir bhvl : . | %enetic signal was performed using the distribution of tree lengths of all
on data that have lost their phylogenetic signal, so w ifurcating tree topologies (135,135 unrooted trees) for more than 20

tested for that signal before constructing our phylog-randomly selected sets of nine taxa samples from all available PV types
enies. Neet al.’s (1995) methods currently require phy- (Hillis and Huelsenbeck 1992), under a parsimony model of tree re-

|Ogenies built under the assumption of a constant rate ofonstruction. Tree-length distributions for both the L1 and E1 frag-
nucleotide substitutions (a molecular C|OCk) because thiglents were estimated using PAUP 3.1.1. Each of the constituent codon

I f di . lati . . ase positions of the L1 and E1 fragments were analyzed as a separate
allows for a direct projection on to a relative-time axis. data matrix. Random selections of no more than nine taxa at a time

We therefore tested that assumption in the data set. OnG@abled us to make a rapid assessment of the general phylogenetic
we had satisfied ourselves that we were only using dataignal inherent in the entire PV database at each codon position. Using
that had phylogenetic signal, and which had evolved in ghis test, data matrices with phylogenetic signal should produce tree-
way consistent with a molecular clock, we Constructedlength distributions that are strongly left skewed whereas those com-

. . , . prised of random noise should approximate a symmetrical distribution.
the phylogenies and applied Neeal.'s methods to yield Permutation tail probability (PTP) tests (Archie 1889 Faith and

a picture of the past epidemiology of papillomaviruses. cranston 1991) were used as an additional way of determining whether
phylogenetic signal was present and produced results similar to those of
Hillis and Huelsenbeck’s procedure.

Materials and Methods Analysis of Phylogenetic Tree Structufighe L1, E1, and HPV-16

and HPV-18 LCR nucleotide sequences were aligned by eye. Distance
Origins of Genomic Sequences of HPV Tyfé® two genomic frag-  matrix phylogenies (program KITSCH) and maximum likelihood phy-
ments used were (1) @00-bp fragment from the L1 ORF which has |ogenies with and without the assumption of a molecular clock
become a widely used genomic segment for the typing, taxonomy, angDNAMLK and DNAML) were reconstructed using PHYLIP 3.5 (Fel-
phylogenetic reconstruction of papillomaviruses (Berretrdl. 1994; senstein (1982) and the fastDNAmI version 1.1.1a program (Gisen
Chanet al. 1995), and (2) a 367-bp fragment of the E1 ORF that spansal. 1994). Maximum parsimony analyses were conducted using PAUP
the region from 2178 to 2544 relative to the published HPV-16 se-3.1.1 (Swofford 1993).
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The logarithm of the number of lineages in the phylogeny was (MnPV), and cotton-tail rabbit PV (CRPV). For the E1
plotted against time, or in this case genetic distance, which representénawsis we include the result of nine randomly chosen

relative time when the molecular clock assumption holds. The shape o
this semilogarithmic plot gives some indication of population-dynamic f:’V types that represent a broad spectrum of PV types,

history and is used to suggest further transformations of the number€OMPrising the elk papillomavirus (EPV), _BPV-4, and
of-lineages axis or the time axis to provide tests of more specificHPV-3, 9, 16, 18, 25, 32, and 49. Table 1 lists the num-
population-dynamic histories (Nea al. 1995). These transformations ber of variable sites for each individual codon positions
distinguish among populations that have increased or decreased in si;@)r the three data sets and the'hr\galues. The first and

or remained constant and, for growing populations, they can distinguish L
among those growing exponentially at constant, accelerating, or dece -econd codon positions of all three data sets demonstrate

erating rates. The methods are designed for small population sampleStrong left skew while the third codon positions approxi-
and simulation studies show that they are informative wker0625%  mate a symmetrical distribution. This indicates that third
of the total extant population has been sampled (@h@l. 1996).  codon positions are not significantly different from that
We apply these methodologies to the various PV data sets; for morgyf random noise. While regression analysis indicates that

detailed accounts of the procedures used see Haatvay (1995) and . . . . )
Harvey (1996). Two computer packages were used to implement thes%he first codon was approachmg saturation, it neverthe

analyses: the ENDEMIC-EPIDEMIC analytical package (Ramiaut 1€SS appears to be phylogenetically informative. Faith
al. in pressa) and the BIRTH-DEATH simulation package (Rambaut and Cranston’s (1991) PTP test was also used on the data
et al.in pressh). These packages are available by anonymous ftp fromand it corroborated the informative nature of the first and

ftp:/fevolve.zps.ox.ac.uk/packages. In the analysis of intratype trees ofacond codon positions and the noninformative nature of
HPV-16 and HPV-18, only sequences that differed from one another béhe third codon position

two or more substitutions were included. Sequences that differed b
only one substitution are noninformative for the creation of lineages-

through-time plots (Neet al. 1995). The KITSCH algorithm was used Did Papillomaviruses Evolve to a Strict
to reconstruct these modified trees.
Molecular Clock?

The clock assumption may be tested by comparing the

Results likelihood values calculated withlj and without [y)
restriction of rate constancy amongst the lineages (Fel-
Data Analysis senstein 1981; Goldman 1993; Yaagal. 1995,b). In

the study on supergroup A, 30 taxa where sequences

Determining Which Classes of Transition Substitutions were available for both the E1 and L1 fragments were
Were Saturated compared, used in tree reconstruction, and used in a test

Figure 1 illustrates the analysis that we carried out forfor a molecular clock. Supergroup B is also assessed for
the papillomaviruses classed as supergroup B viruses fa molecular clock, although the work is confined to the
both the L1 and E1 ORF fragments. The plots from Fig.L1 fragment since a reasonable number of sequences
1A and B indicate that increases in the first and third(24) for this supergroup were available only for that frag-
codon position transitions are nonlinear in comparisonment. We also examined intratype phylogenies of two
with the overall increase in transversions. Only the secviruses within supergroup A, HPV-16 and HPV-18, for
ond base positions of both E1 and L1 fragments sugevidence of molecular clocks.
gested that a linear regression was as good a fit as a Table 2 lists the differences in log-likelihood values
quadratic regression. Therefore Fig. 1A and B suggestef maximum likelihood trees reconstructed with and
that there was no saturation in second codon positionwithout the assumption of a constant-rate molecular
transitions while the first position was approaching satu-clock for two supergroups of papillomaviruses (A and
ration for both the E1 and L1 ORF fragments. The thirdB). FastDNAmI 1.1.1 and the DNAMLK program in the
positions appear heavily saturated for both fragments. PHYLIP package were used to generate maximum like-

lihood trees with and without a clock assumption. The

Are the First and Third Codon Positions Still degree of freedom corresponding to the approprigte
Phylogenetically Informative? value is the difference between the number of branches

To test for significant phylogenetic structure in our («) in the unrooted tree topology and the number of
data matrices, we used tabulated 95% and 99% values &franching nodesg) in the rooted tree. If taxa are used,
a skewness test statistic, §or data sets comprising nine thena = 2n - 3 andpB = n - 1. The x° value is
taxa and four-state characters of 10-100 characters (fromompared against twice the difference\(Rbetweenl,
Hillis and Huelsenbeck 1992). and|;. The nonsignificant results suggest that the mo-

We present the analysis of three data sets (Table lgcular clock assumption is reasonable.
whose results are typically representative. For the L1
analyses, we separate results from an analysis of ning
randomly chosen HPV types from supergroup B from
those which look only at the animal papillomavirusesWe used trees constructed under the constant rate as-
and contain the whole of supergroup C, bovine papillo-sumption as the basis for lineages-through-time plot
mavirus type-3 (BPV-3)Mastomys natalensi®V  analyses using the procedures given by Biea. (1995).

nalysis of Phylogenetic Tree Structure
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Fig. 1. Plots of the numbers of transitions and transversions at thendependent comparisons) agg = 9.00,P < 0.05, for the first posi-
first, second, and third codon positions &) 24 L1 sequences from tion andt,; = 28.96,P < 0.05, for the third position of the L1 regres-
supergroup B an(B) 13 E1 sequences from the same group against thesions and,, = 4.72,P < 0.05, for the first position ant|, = 12.78,
total number of transversions for all three codon positions. One-tailedP < 0.05, for the third position of the E1 regressions. All otReralues
t-test statistics for the second-order term in a polynomial regressiorare >0.05, indicating that a linear model is sufficient for transitions at
(with degrees of freedom corrected for nonindependence, by consethe second codon position.

vatively restricting the degrees of freedom to the absolute numbers of

Table 1. g, skewness values, number of variable sites (in parenthe-Table 2. Differences in log likelihood values of maximum likelihood
ses), and associated statistical significarfee<(0.01, represented by trees constructed with and without the assumption of a molecular clock
** ns = not significantly skewed)

Degrees of

Codon L1 from L1 from E1 of freedom (f) 2Al X3.05
positions supergroup B animal PVs various PVs

30 types supergroup A E1 28 12.120 41.337
1 -0.76 (66) ** -0.78 (73) ** -0.47 (80) ** 30 types supergroup A L1 28 5.435 41.337
2 -0.78 (41) ** -0.96 (51) ** -0.47 (60) ** 24 types supergroup B L1 22 15.496 33.924
3 -0.13 (100) ns -0.19 (94) ns -0.14 (115) ns HPV-16 LCR 47 59.830 64.001

HPV-18 LCR 33 40.178 44.985

The supergroup semilogarithmic plots became shallower

toward the present, indicating that populations may haveived from the 30 taxa (types) comparative studies of the
been growing exponentially. As a consequence, the sd-1 and E1 fragments (Figs. 3 and 4): There is a steep-
called “epidemic” transformation was applied to the ening toward the present. This similarity suggests that
number-of-lineages axis to determine whether the expothese plots are not artefacts of looking only at certain
nent had stayed constant or had been increasing or deegions of the genome and that the 30 types we have used
creasing through time (see Fig. 2-5). in our comparative studies are representative of the total

We reconstructed a DNAMLK tree (not shown) using data set.

all 47 L1 sequences currently available for supergroup A Application of the epidemic transform to a supergroup
using only the first two codon base positions. Figure 2B lineages-through-time plot (Fig. 5) indicates that this
displays a similar pattern to that observed for plots depopulation of viruses has also undergone an increase in
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Fig. 2. Epidemically transformed lineages-through-time plot derived rocals of the gradients (in order to eliminate infinite gradients, since the
from a 47-type supergroup A L1 DNAMLK phylogeny. Time is mea- time between any two coalescence events can be zero) of the two sets
sured as substitutions per base from the root of the tree to the presenif sampled points were calculated with the gradient reciprocals of the
Significant departure from linearity was assessed using a Wilcoxormiddle portion of the curve being subtracted from those at the end
signed-rank test. The proportion of points in the plot amongst the mosportion of the curve. A one-tailed test (since the line turns upward) at
recent coalescences that visually contributed toward a steepening waBe p = 0.05 level, where only the positive values were flagged, was
assessed for supergroup A and was found to be approximately 24%performed. The test statisti@, = 8, P < 0.05, indicated that the line
Therefore, points from the most recent 24% of points (11 samples) andleparted significantly from linearity.

from the middle 24% of the plot were sampled and compared. Recip-

29 7

Lineages
(epidemic transformation) 16 7

Fig. 3. Epidemically transformed lineages-
through-time plot derived from a 30-type su-
pergroup A L1 DNAMLK phylogeny. Points

2 from the most recent 24% of points (six
samples) and from the middle 24% of the
plot were sampled and compared. The test
statisticT = 0, P < 0.05, indicated that the
Time line departed significantly from linearity.

0 0.018 0.036 0.054 0.072 0.09 0.108 0.126 0.144 0.162 0.18

population size in the relatively recent past and that theyHPV-16 and HPV-18 therefore offer a “higher-reso-
are being transmitted with an exponent that is increasindution” view of the recent steepening in the transformed
with time. plots of supergroup A. This in effect represents an ex-
Previously, Onget al. (1993) showed that the distance panded study of the coalescences from the most recent
in an LCR fragment between HPV-45 and its closestpast for specific types within a supergroup A phylogeny.
neighbor HPV-18 was approximately 2.6 times that be-The semilogarithmic lineages-through-time plots (not
tween typical HPV-18 variants. Given the constant-rateshown) for both HPV-16 and HPV-18 indicated that the
maximum likelihood E1 phylogeny of supergroup A (not endemic transform was suitable, since the plots were
shown) used to derive Fig. 4 and assuming a similaisteepening toward the present instead of shallowing off
relationship exists between HPV-18 and HPV-45 in the(Neeet al. 1995). Application of the endemic transfor-
E1l, we are able to show that the distance representinhation suggested that both HPV-16 and HPV-18 popu-
typical variants within a HPV-18 phylogeny would en- lations have been roughly constant over the period of
compass not more than 10% of the most recent coalegime covered by these coalescences because the plots
cences from the supergroup A phylogeny. do not differ significantly from a straight line (Figs. 6
The analyses of the intratype phylogenies of bothand 7).
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Discussion
35 —

The methods of Neet al. (1995) seem well suited for
analyzing the papillomavirus database, which offers dif-
ferent time scales that may be explored. Take supergroup 25 7
A as an example. We have shown that epidemic trans- (‘;;‘j:g;: 20 -]
formed plots of the intertype phylogenies demonstratgransformation)
that there has been an explosion in the viral population in

the past. We are also able to discern the very recent 104
population history of HPV-18 and possibly of HPV-16 if

we assume that both their intratype phylogenies repre-

30 —

15 —

5—

Fig. 4. Epidemically transformed lineages-
through-time plot derived from a 30-type su-
pergroup A E1 DNAMLK phylogeny. Points
from the most recent 24% of points (six
samples) and from the middle 24% of the
plot were sampled and compared. The test
statisticT = 0, P < 0.05, indicated that the
line departed significantly from linearity.

Fig. 5. Epidemically transformed lineages-
through-time plot derived from a 24-type su-
pergroup B (EV) L1 DNAMLK phylogeny.
Approximately one-third of points in the plot
contributed to the steepening. Therefore,
points from the most recent 33% of points
(seven samples) and from the middle 33% of
the plot were sampled and compared. The
test statisticT = 0, p < 0.05, indicated that
the line departed significantly from linearity.

sent the coalescences of the most recent past from a 0
supergroup A phylogeny. Both the semilogarithmic lin-
eages-through-time plots of the intratype phylogenies

Time

and the endemically transformed plOtS Suggested thd’_tig' 6. Endemically transformed lineages-through-time plot derived

HPV-16 and HPV-18 populations have not been growin

from a HPV-16 KITSCH phylogeny. Because the time axis is formed
gby concatenating transformed intervals, it is not possible to put a scale

eXponelmi?-"y ?n the recent p"_a-St but that they ﬁ_t the r]u'lto the axis for both Fig. 6 and 7 (Ne=t al. 1995). Linearity of line
model, indicating that these viruses have been infecting adicates that HPV-16 has been infecting a constant population in the

roughly constant number of hosts in the recent past.

recent past. Significant departure from linearity was tested using the

At the present, HPV-16 is the predominant genita|unif0rm conditional test (Cox and Lewis, 1966), which is used as a test

HPV type found in invasive cancers of all populations

statistic for determining whether time intervals between a series of
events fit a Poisson distribution. A two-tailed test las= 1.75,P >

worldwide (Syrjaeneret al. 1987; Orth 1994). HPV-16 ¢ 05; thus the line does not depart significantly from linearity. This test
accounts for 50—-60% of all such cases, with HPV-18was implemented in the END-EPI program.
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25 7] There are, however, indications that, for supergroup A,
the population size may have stabilized.

20 T
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