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Intragenic recombination and selection analyses were performed in DNA sequences of human alpha-
papillomavirus. Recombination was estimated and the corresponding breakpoints obtained by re-
analyzing data grouped by phylogenetic and epidemiological criteria, using different alignment methods.
Diversifying or positive selection has been scarcely studied in these viruses probably due to the high
divergence rates. We have applied maximum likelihood, empirical Bayesian and maximum parsimony
methods to detect the presence of positive selection. Within the HPV 16 type, significant positive
selection was detected at the time of the separation of the African 1 and African 2 branches from the other
populations. At the inter-type level, positive selection can be traced in some codons of the gene L2 of the
high and low risk groups. These results indicate that positive selection could have been important in the

evolution of HPV both at inter- and intra-type levels.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Human papillomavirus (HPV) is etiological agent of cervical
cancer with carcinogenic HPV causing virtually all cervical cancers
(Monsonego et al., 2004). Phylogenetic studies of papillomavirus
have shown that different genes have different evolutionary rates
between and within PV types (Garcia-Vallve et al., 2005;
Gottschling et al., 2007). Hence, papillomavirus diversification
has been driven by multiple mechanisms, including recombina-
tion, and not only by co-evolution with the corresponding hosts
(Gottschling et al., 2007). In a previous work (Angulo and Carvajal-
Rodriguez, 2007), recombination was estimated in several human
alpha-papillomavirus grouped by phylogenetic and epidemiolo-
gical criteria and the first evidence of HPV intra-type recombina-
tion was provided. In the present work, we have studied the HPV
genes L1 and L2, coding for structural proteins, and genes E6 and E7
that regulate host-cell DNA replication and transformation. We
have confirmed most of previous recombination signals by using
improved alignment methods. By other way, diversifying selection
has been scarcely studied in PV sequences (Halpern, 2000). When
high level of divergence exists, saturation of genetic changes
impedes satisfactory selection analysis. However, closely related
types have allowed selection analysis prior to saturation especially
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in the overlapping genes E2 and E4 (Narechania et al., 2005). For
genes L1, L2, E6 and E7, no previous evidence of positive selection
has been found at inter-type level though selection has been
detected in E5 and E6 genes within HPV 16 type (Chen et al., 2005;
DeFilippis et al., 2002).

As stated above, the study of diversifying selection at HPV inter-
type level is difficult. When the species evolutionary distance is too
large, the accuracy of the likelihood estimates decrease (Mayrose
et al., 2004; Nei, 2005). Indeed, the maximum likelihood (ML)
methods have been shown to be more affected by highly diverged
sequences than the empirical Bayesian (EB) ones (Mayrose et al.,
2004). Additionally, ML and EB are known to produce many false-
positive results while maximum parsimony (MP) methods do not
(Suzuki and Nei, 2004). On the other side, MP methods require a
larger number of sequences for efficient detection of positive
selection. Due to the low percentage of sequence identity in the
different HPV data sets we performed various estimation stra-
tegies, including simulations, to try to get reliable information on
synonymous and non-synonymous substitution rates.

2. Results and discussion
2.1. Recombination
After processing DNA sequences with the program Gblocks

(Castresana, 2000), the recombination signal in L1GI and E6GII data
sets was detected in less than 50% of the estimates and therefore
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Table 1
Recombination breakpoints in the a-HPV sequences

HPV16 GI GII GIlI
E6 - (16) 214 (313) -(331) - (294)
E7 171 (6) -(189) - (168) - (149)
L1 -(38) - (857) - (879) - (603)
L2 - (61) 226, 437, 293, 577, 166,

912, 1035 (596) 1030 (736) 1029 (714)

A dash implies no significant recombination or no break point detected. The total
number of segregating sites appears in parenthesis. Groups are the same as in
(Angulo and Carvajal-Rodriguez, 2007). Group I (GI) included the 14 most common
high-risk types (16, 18, 31, 33, 35, 39,45, 51, 52, 56, 58, 59, 73, 82; n = 14 sequences
including just one variant of type 16). Group II (GII) included 6 low risk types (6, 11,
40, 42, 43, 44; n = 8 sequences including the 3 variants of type 6). Group III (GIII)
included 3 low risk types plus 5 undetermined risk types which cluster together (61,
72,81,62,71,83,84,89; n=12 or 11 sequences including 5 or 4 variants of type 71.
For this group, L1 has 13 sequences because of 4 variants from type 71 plus 2
additional variants from types 72 and 81). HPV16: The accession numbers for this
group are provided in Fig. 1.

considered as non-significant. Additionally, an intra-type recom-
bination break point was detected at nucleotide 171 (codon 57) in
the HPV16 E7 gene (Table 1). Therefore, almost all recombination
signals found in a previous study (Angulo and Carvajal-Rodriguez,
2007) were confirmed after elimination of saturated and non-
homologous positions and using improved alignment methods.
The presence of recombination both at intra and inter-type levels is
interesting since there is growing evidence of multiple infection
with different HPV types (Antonishyn et al., 2008) increasing the
possibility of current HPV recombination.

2.2. Positive selection

After the recombination analysis, we studied the presence of
diversifying selection in the same HPV DNA data sets. We have
performed maximum likelihood (ML), maximum parsimony (MP)
and empirical Bayesian (EB) analyses (Table 2). Within the HPV16
group, both ML and EB methods detected codons 10, 14 and 83 in

Table 2
Number of positively selected codons in the a-HPV sequences detected by ML, MP
and EB methods

ML10% MLO.5% MP EB Positively selected codons

EG6HPV16 (99) 1* 0 0 3 104 14% 83'*

E7HPV16 (99) 0 0 0 0

L1HPV16 (99) 0 0 0 0

L2HPV16 (99) 0 0 0 1 378

E6GI (64) 1 0 0 0

E7GI (62) 2 0 0 0

L1GI (71) 0 0 0 0

L2GI (63) 64 5 4 1 11123719073 29323,
3272, 34627, 466%

E6GII (62) 1 0 0 0

E7GII (65) 0 0 0 0

L1GII (71) 5 0 0 0

L2GII (66) 47 1 1 41 64234

E6GIII (65) 2 0 0 1 129

E7GIII (72) 4 0 0 4 164 674 83'4 934

L1GIII (75) 81 2 1 56  387°%

L2GIII (72) 5 0 0 0

The % of sequence identity is shown in parenthesis. MLP%: Maximum likelihood
with P%/100 significance level. MP: maximum parsimony EB: empirical Bayesian.
*Selection at internal branches of the tree. Superscripts at positively selected codons
identify the detection method by its order in the table. Codons corresponding to
positives with ML10% (superscript 1) method were only reported when detected by
some other method. Note that any codon detected by MLO0.5% (superscript 2) is
necessarily detected by ML10%. When just detected by FEL (ML10% and MLO0.5%)
only codons with dN and dS > 0 are reported in the last column. The codon positions
in the last column refer to the original sequences with gaps and stop codons.

gene E6 as positively selected (dN/dS > 1). However, only under EB
they were statistically significant. Diversifying selection was
earlier detected in these same codons by previous studies (Chen
et al., 2005; DeFilippis et al., 2002) using the ML method. The
polymorphism 83L/V has been significantly associated with
persistent infection and therefore with tumor development (Lee
et al., 2008). E6 is responsible for direct interaction with the
cellular protein p53 that could cause the selective pressure onto
the HPV gene due to the differential ability to interact with the
different p53 variants (DeFilippis et al., 2002). In addition, there is
evidence of varying degrees of association of the HPV16 variants
with cervical cancer, seeming that the non-European variants
(African and Asian-American) have a higher risk of provoking it
(Schiffman et al., 2005; Sichero et al., 2007). Consistently with our
positive selection analysis, a significant pattern was found only in
the gene E6 when studying the variation in selection pressure
through time within the HPV16 group. As can be appreciated in
Fig. 1, the presence of positive selection appears through the
different branches of the tree. Importantly, there is high confidence
(>99%) in the effect of diversifying selection at the time of the
separation of the African 1 and African 2 branches from the other
populations. These findings are interesting since differences
between African and non-African populations have been reported
regarding the E6 target gene p53 (Katkoori et al., 2004; Porter et al.,
2004). Therefore, it could be that coevolution with cell-cycle
regulators has been driven the divergence in the E6 genes.
Furthermore, it seems that the above-mentioned codons suffice to
classify the HPV16 variants. For example, codon 10 separate
African 1 and 2 while codon 14 distinguishes African 2 from the
non-African variants. Asian-American populations are character-
ized by the 10R14H83V combination while codon 83 seems to have
undergone selection indeed within the European populations.
When studying inter-type groups and due to the low percentage
of sequence identity in the different HPV data sets (Table 2), various
estimation strategies were performed. For instance, the fixed effects
likelihood (FEL) method detects more sites than any other, probably
due to larger type 1 error (false positives). In fact, false positive
explosion occurs in some of the data sets both under the ML and EB
methods. The FEL method is a conservative test and therefore its
false positive rate is expected to be very low (Kosakovsky Pond and
Frost, 2005a). However, the rate could increase with the sequences
divergence (Mayrose et al., 2004; Suzuki and Nei, 2004). To check
this point, we carried out simulations (see Methods and Supple-
mentary material on line, for details) in order to estimate the
frequency of false positives due to low percentage (60-70%) of
sequence identity. As a result, we have confirmed the tendency of
false positive explosion when using the FEL method with high
divergent sequences. In 100% of the replicates, about 8% of the sites
were spuriously estimated as positively selected. One possibility to
deal with this problem is to apply multi-test correction. Never-
theless, this is not an efficient strategy because the null hypothesis is
not the same for every site (due to purifying selection) and because
the key question is whether any sites are under selection rather than
identifying particular sites (Massingham and Goldman, 2005). An
alternative approach is to use simulations to estimate the highest
significance level to avoid false positive explosion given the
corresponding evolutionary settings. Thus, we performed simula-
tions using the parameters estimated from the real data and check
that the maximum P value allowing for no false positive detection
was 0.5%. Therefore, under the FEL method, we set this significance
level to assign a codon as positively selected (Table 2). Interestingly
63% (5/8) of the sites detected in this way coincide with those
detected by the most conservative MP method. With the MP method,
100% of the sites were also detected using some other approach, as
expected due to the low power of the MP methodology. Only codon



A. Carvajal-Rodriguez/ Infection, Genetics and Evolution 8 (2008) 689-692 691
98.9% .
933330936 E (AF536179
46.6% | NoDE7 : ]
259% |\ ooee 978% _ giseassons+ E (AY686583)
537% f\opgs Lo ais6462987 E (AY686580)
100 0.2% giwe2r71e 16W12E (AF125673)
- NODE4
00 giss27100  Ref. (NC 001526)
37.5% NODE12 0.2%
ais6463023 E (AY686584
381% _InopE3 20.9% NODE14 ( )
\ 7% gizsaz00s0 E (As) (AF534061)
304% |02 [0 I%gissaszws As-Am (AY686579)
\ ' logee
: gi29468132 As-Am (AF402678)
99.2% NODE1 i
: g9is6463005  As-Am (AY686582)
B 9127463084 A £ 2(AF472509)
128% 9133330945 Af-] (AF536180)
38.8%

gizzasz07s Af-1(AF472508)

Fig. 1. Variation in selection pressure through time in gene E6 within the HPV16 group. Branch labels represent model averaged probabilities of dN/dS > 1. The composition of

the distinct variants for the three positively selected codons (10, 14 and 83) is given.

64 in the L2GII data set was detected by all the methods. As a
conclusion, though it is true that the detection of positive selection
between the highly divergent HPV types should be considered with
caution, it seems that diversifying selection can be traced in the gene
L2 of the high (GI) and low (GII) risk groups. In the undetermined-
risk group (GIII), at least, codons 83 and 387 in genes E7 and L1
respectively seem to have undergone diversifying selection, as well.

3. Methods

HPV DNA sequences were grouped attending to phylogenetic
and epidemiological information, as well as to clinical manifesta-
tions. Sequence accession numbers are the same as in a previous
work (Angulo and Carvajal-Rodriguez, 2007). In the HPV16 group,
the haplotypes used are representative of the major HPV16
variants (Chen et al., 2005). The accession numbers for this group
are provided in Fig. 1.

3.1. Sequence alignment

For each sequence group, sequences were aligned with ClustalX
(Thompson et al., 1997). In addition, new alignment was performed
using the FFT-NS-2 and INS-i algorithms as implemented in the
Mafft program (Katoh et al., 2005). To eliminate saturated or non-
homologous positions the alignments were processed with GBlocks
(Castresana, 2000). Stop codons and gaps were eliminated.
Whatever the alignment method, the best-fit model of nucleotide
substitution was selected under the Akaike information criteria with
Modeltest v3.6 (Posada and Crandall, 1998), using maximum
likelihood estimates from PAUP* (Swofford, 2002). Maximum
likelihood trees were estimated under the best-fit model using
the algorithm implemented in Phyml v.2.4.1 (Guindon and Gascuel,
2003). Maximum parsimony trees (Hartigan, 1973) were obtained
using the program NJboot (Takezaki et al., 1995).

3.2. Recombination estimation and breakpoint detection

The composite likelihood estimator and its permutation test
(McVean et al., 2002) as implemented in the Kpairwise program
(Carvajal-Rodriguez et al., 2006) which allows for complex
nucleotide models and rate variation among sites were used to

study population recombination rate. Five independent esti-
mates were performed for each data set under a gene conversion
model. When significant recombination signal was detected
the genetic algorithm recombination detection (GARD) method
(Kosakovsky Pond et al., 2006) was used to identify the recom-
bination breakpoints.

3.3. Selection detection

Maximum likelihood (ML), maximum parsimony (MP) and
empirical Bayesian (EB) methods were used to estimate selection.
Under the ML framework the fixed effects likelihood model (FEL)
(Kosakovsky Pond and Frost, 2005a) that estimates dN/dS on a site-
by-site basis was used to detect selection (Kosakovsky Pond et al.,
2005). If recombination was detected in a given data set different
tree partitions were used to perform the selection analysis
(Kosakovsky Pond and Frost, 2005c). The GA-branch approach
(Kosakovsky Pond and Frost, 2005b) as implemented in Data-
monkey server (Kosakovsky Pond and Frost, 2005c) uses a genetic
algorithm-based procedure to detect different selective regimes
through the branches of a tree. The MP analysis was performed
using the programs NJ]boot and Adaptsite (Suzuki et al., 2001;
Takezaki et al., 1995). The EB approach was performed with the
program Selecton 2.2 (Stern et al., 2007) using its highest precision
level and the ML trees previously estimated with the program
Phyml. Additionally, two simulations of 100 datasets with 333
codons each were performed under neutral conditions to get
sequences with 60%, 70% and 98% of identity using the software
Genomepop (Carvajal-Rodriguez, 2008). Details on the simulations
are given in the Supplementary material.
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