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ABSTRACT. Bovine papillomaviruses (BPVs) cause many benign 
and malignant lesions in cattle and other animals. Twelve BPV types 
have been identified so far, and several putative novel BPV types have 
been detected based on the analysis of L1 gene fragments, generated by 
FAP59/64 and MY11/09 primers. Phylogenetic trees are important in 
studies that describe novel BPV types. However, topological mistakes 
could be a problem in such studies. Therefore, we made use of entropy 
to find phylogenetic informative regions in the BPV L1 gene sequences 
from all 12 BPVs. Six data sets were created and phylogenetically 
compared to each other using neighbor-joining and maximum 
likelihood methods of phylogenetic tree reconstruction. We found 
two major regions in the L1 gene, using an entropy-based approach, 
which selects regions with low information complexity. More robust 
phylogenetic trees were obtained with these regions, when compared to 
the ones obtained with FAP59/64 and MY11/09 primers. More robust 
phylogenetic trees are important to accurately position novel BPV types, 
subtypes and variants. We conclude that an entropy-based approach is 
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a good methodology for selecting regions of the L1 gene of BPVs that 
could be used to design more specific and sensitive degenerate primers, 
for the development of improved diagnostic methods.
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INTRODUCTION

Papillomaviruses (PVs) form a diverse group of non-enveloped viruses with a circular 
double-stranded DNA that infects a wide variety of hosts. The genome is approximately 8 kb 
in size and contains around eight genes. The L1 gene encodes the major capsid protein and has 
been used to classify PVs into genera, species, types, subtypes, and variants (de Villiers et al., 
2004; Bernard et al., 2010). Among PVs, bovine papillomaviruses (BPVs) have a major role 
in veterinary medicine. They cause benign and malignant lesions in cattle and are associated 
with equine, zebra, and buffalo lesions (Lörh et al., 2005; Silvestre et al., 2009; van Dyk et al., 
2009; Bogaert et al., 2010; Somvanshi, 2011).

To date, 12 BPV types have been identified and classified into three genera (Delta-
papillomavirus, Epsilonpapillomavirus, and Xipapillomavirus); one of them remains unas-
signed (Campo, 2006; Ogawa et al., 2007; Tomita et al., 2007; Hatama et al., 2008, 2011; Zhu 
et al., 2012). Furthermore, several putative novel BPV types and subtypes have been detected 
based on analyses of L1 gene fragments of approximately 450 bp (Antonsson and Hansson, 
2002; Ogawa et al., 2004; Claus et al., 2008; Carvalho et al., 2012). These fragments have 
been generated using FAP59/64 or MY11/09 primers designed to detect human PVs (Manos 
et al., 1989; Forslund et al., 1999). The DNA sequence variability between human PVs and 
BPVs is considerable; thus, the sensitivity of these primers could be compromised.

Every study describing the detection or characterization of novel BPVs uses a phy-
logenetic tree to classify isolates into genera and prove statistically that they are novel types. 
However, the observed trees are not as robust as they should be, which is of central concern 
because topological bias could be inserted in the analysis, causing possible interpretation/clas-
sification errors.

A successful entropy-based approach has recently been described for the selection of 
phylogenetic informative genomic regions in PVs (Batista et al., 2011). The aim of this study 
was to make use of entropy to find new regions in the L1 gene of BPVs that are more suitable 
for phylogenetic inferences.

MATERIAL AND METHODS

The analysis was carried out using L1 gene sequences of the 12 BPVs characterized thus 
far. Sequences were retrieved from GenBank database and aligned using the Muscle algorithm 
incorporated in Molecular Evolutionary Genetics Analysis version 5 (Tamura et al., 2011). The 
GenBank accession Nos. are BPV1 (X02346), BPV2 (M20219), BPV3 (NC_004197), BPV4 
(X05817), BPV5 (NC_004195), BPV6 (AJ620208), BPV7 (DQ217793), BPV8 (NC_009752), 
BPV9 (NC_010192), BPV10 (NC_010193), BPV11 (AB543507), and BPV12 (JF834523).

A total of six data sets were created for comparison. First, the complete L1 gene was 
used. Second, the phylogenetically most informative regions were selected using an entropy-
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based approach described by Batista et al. (2011). A cutoff value of 1.0 was used, and every 
nucleotide site with an average entropy value under this cutoff was selected (total entropy). 
The third data set was the region defined by FAP59/64 primers. Fourth, the region defined by 
MY11/09 primers was used. The fifth data set was a 768-bp region obtained using the entropy-
based approach (entropy region 1). The sixth data set was a 540-bp region also obtained using 
the entropy-based approach (entropy region 2).

For the phylogenetic analysis, the jModelTest 0.1.1 software (Posada, 2008) was used 
to select the model that best fit each data set. The models were selected under the Bayes-
ian Information Criterion. The nucleotide substitution model selected for the complete L1 
gene, total entropy, entropy region 1, and FAP59/64 region sequence alignments was GTR+G. 
For the MY11/09 region and entropy region 2, the substitution models were TPM3uf+G and 
TPM3uf+I+G, respectively.

The neighbor-joining method was used to reconstruct BPV trees in Molecular Evolu-
tionary Genetics Analysis version 5 (Tamura et al., 2011). Maximum likelihood trees were cre-
ated for each data set using the best fitting nucleotide substitution model in PhyML 3.0 (Guindon 
et al., 2010). Five substitution rate categories were used. The tree topology search was carried 
out with an algorithm developed with the best of the nearest-neighbor interchange and subtree 
pruning and regrafting methods. The quartet measures of Component 2.0 (Page, 1989) were used 
to compare the obtained topologies. The complete L1 gene tree was used as the template, and all 
other trees were compared to it. In addition, the confidence values of the nodes were compared.

RESULTS

The entropy-based approach uncovered five regions with low entropy values (H ≤ 
1.0), which are the phylogenetically most informative regions (Figure 1). Two regions with 
low entropy were selected to assess their phylogenetic potential. Compared with the FAP59/64 
region, entropy region 1 was 278 bp longer. In addition, entropy region 2 was 70 bp longer 
than the MY11/09 region.

Figure 1. Entropy per site plot of the bovine papillomavirus L1 gene. Regions with entropy values equal to and 
below 1.0 bits were selected to the phylogenetic inference. Green boxes indicate two entropy regions analyzed in 
this study. Red boxes indicate regions comprised by FAP59/64 and MY11/09 primers.
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Phylogenetic analysis using both methods for reconstructing trees showed that the 
trees using the complete L1 gene were more robust than the others (Figures 2 and 3). In 
general, clusters corresponding to genera could be identified but not without some changes 
inside these groups. However, the maximum likelihood tree of the complete L1 gene was more 
consistent, with higher confidence values. Although the trees constructed using the total en-
tropy region were slightly less robust than those constructed with the complete L1 gene, their 
topology was very similar (see Figures 2 and 3). The quartet method showed that the smallest 
values of topological distance from the complete L1 gene for neighbor-joining and maximum 
likelihood trees were 0.032 and 0.051, respectively (Table 1).

Figure 2. Phylogenetic trees of 12 bovine papillomaviruses inferred by the neighbor-joining method. Different data 
sets were used: A. the complete L1 gene; B. total entropy; C. FAP59/64 region; D. entropy region 1; E. MY11/09 
region; F. entropy region 2. Bootstrap values under 50% are not shown. Tree branch length is in scale.
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Figure 3. Phylogenetic trees of 12 bovine papillomaviruses inferred by the maximum likelihood method. Different 
data sets were used: A. the complete L1 gene; B. total entropy; C. FAP59/64 region; D. entropy region 1; E. 
MY11/09 region; F. entropy region 2. Bootstrap values under 50% are not shown. Tree branch length is in scale.
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Comparison of the neighbor-joining trees from the FAP59/64 region and entropy re-
gion 1 showed that entropy region 1 presented a more robust topology, which was confirmed 
with the quartet method (see Figure 2 and Table 1). Neighbor-joining trees from the MY11/09 
region and entropy region 2 were also compared and were similar (see Figure 2). This result 
was confirmed with the quartet measure that showed a topology distance of 0.067 (see Table 
1). However, the tree for entropy region 2 showed bootstrap values slightly higher than those 
of the MY11/09 region.

We observed that the FAP59/64 region and entropy region 1 presented the same topol-
ogy when the maximum likelihood trees were analyzed (see Figure 3). The confirmation was 
obtained with the quartet measure that showed no topology distance between them (see Table 
1). However, the tree for entropy region 1 had higher confidence values, indicating a more 
robust phylogenetic tree. The tree for entropy region 2 had a topology more similar to that of 
the complete L1 gene than to that of the MY11/09 region (see Figure 3). The quartet measure 
showed that entropy region 2 had a topology distance value of 0.117 to the complete L1 gene 
tree, whereas the MY11/09 region had a value of 0.141 (see Table 1).

DISCUSSION

In this study we assessed and proposed novel regions in the L1 gene of BPVs to make 
phylogenetic inferences based on partial sequences. An entropy-based approach was used to 
select those regions, and they were identified as phylogenetically informative based on a previous 
study (Batista et al., 2011). The analysis supports the idea that new L1 gene regions should be 
taken into account in studies that aim to detect novel BPV types using degenerate primers.

Phylogenetic analysis based on those regions showed that they are more informative 
than the regions determined using FAP59/64 and MY11/09 primers. These primers are widely 
used in studies that describe the detection or characterization of novel BPV types and subtypes 
(Antonsson and Hanson, 2002; Ogawa et al., 2004; Claus et al., 2008; Hatama et al., 2008; 
Carvalho et al., 2012). Because those studies use a phylogenetic tree to classify isolates into a 
genus and statistically prove that they are indeed novel types, the use of phylogenetically more 

Comparison  SD-NJ SD-ML s-NJ d-NJ s-ML d-ML

Entropy Complete L1 0.032 0.051 479   16 470 25
Entropy region 1 Complete L1 0.149 0.154 421   74 419 76
 Entropy 0.125 0.103 433   62 444 51
Entropy region 2 Complete L1 0.372 0.117 311 184 437 58
 Entropy 0.360 0.067 317 178 462 33
 Entropy region 1 0.354 0.170 320 175 411 84
FAP Complete L1 0.156 0.154 418   77 419 76
 Entropy 0.188 0.103 402   93 444 51
 Entropy region 1 0.172 0.000 410   85 495   0
 Entropy region 2 0.455 0.170 270 225 411 84
MY Complete L1 0.313 0.141 340 155 425 70
 Entropy 0.301 0.091 346 149 450 45
 Entropy region 1 0.315 0.184 339 156 404 91
 Entropy region 2 0.067 0.109 462   33 441 54
 FAP 0.400 0.184 297 198 404 91

Dissimilarity values: SD = symmetric difference; NJ = neighbor-joining tree; ML = maximum likelihood tree; s = 
resolved and same; d = resolved and different.

Table 1. Topological comparisons among the obtained trees.
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informative regions in the L1 gene of BPVs is critical for increased accuracy.
The two regions assessed in this study (entropy regions 1 and 2) comprised the 

regions of the primers FAP59/64 and MY11/09. However, the results showed that the in-
crease in length of these regions, as suggested by the entropy approach, improved the phy-
logenetic signal. In addition, the final size of the two entropy regions is appropriate for any 
polymerase chain reaction and sequencing reactions, which makes them suitable in a BPV 
detection system.

Robust phylogenetic trees were obtained from the low entropy regions of the BPV 
L1 gene. These trees had very small topological distances to the complete L1 gene trees. This 
result showed that the approach proposed by Batista et al. (2011) is suitable for the selection 
of phylogenetically informative regions of the BPV L1 gene. Although the complete L1 gene 
trees were more robust than the entropy-based ones, we obtained very similar topologies with 
fewer data using this approach. Another interesting discovery was that the trees obtained using 
the maximum likelihood method was more robust than those constructed with the neighbor-
joining method. Even though probabilistic methods are known to be more accurate than dis-
tance-based methods, many BPV detection or characterization studies still use the neighbor-
joining method to reconstruct BPV phylogeny (Antonsson and Hanson, 2002; Ogawa et al., 
2004, 2007; Tomita et al., 2007; Claus et al., 2008; Hatama et al., 2008, 2011; Lunardi et al., 
2010; Zhu et al., 2012).

The fact that entropy region 1 was 278 bp longer than the FAP59/64 region and 
entropy region 2 was 70 bp longer than the MY11/09 region explains the improved topolo-
gies obtained. This result is in accordance with the idea that increasing sequence length is 
a good way to improve the support, resolution, and accuracy of phylogenetic inference, as 
suggested by Wortley et al. (2005). Entropy region 1 had 174 more parsimony informative 
sites than FAP59/64 does, and entropy region 2 had 37 more parsimony informative sites 
than MY11/09 has. These results show that the entropy approach not only extended the 
regions but also increased the information that was available for phylogenetic inference. 
However, the contribution of those sites to the phylogenetic trees was more evident in the 
neighbor-joining trees.

The entropy-based approach used in this study selected phylogenetically more infor-
mative regions in the L1 gene of BPVs. Two entropy regions were analyzed and compared to 
regions of established degenerate primers. In general, the two entropy regions were associated 
with more robust phylogenetic trees, which are important for positioning novel BPV types, 
subtypes, and variants accurately. This issue is central to BPV detection and characterization 
studies. The results of this study point to a solid methodology for the selection of regions in 
the L1 gene of BPVs, which could be applied to the design of novel degenerate primers with 
greater specificity and sensitivity for detecting those viruses. This finding is significant for 
the development of improved diagnostic methods and, consequently, the establishment of a 
surveillance program to identify the incidence and distribution of BPVs.
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