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Abstract 23 

Parapoxvirus (PPV) has been identified in most mammals and poses a great threat 24 

to both the livestock production and public health. However, it is still not fully 25 
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understood the viral prevalence and evolution of PPV coding sequences. Here, we 26 

performed a comparative approach integrating viral genetics, molecular selection 27 

pressure and genomic structure to investigate the genomic features and evolution of 28 

PPVs. We noticed that although there were significant differences of GC contents 29 

between ORFV and other three species of PPVs, all PPVs showed almost identical 30 

nucleotide bias, that is GC richness. This reflected a common mechanism which 31 

determines GC compositions for virus with similar life cycles. The structural analysis 32 

of PPV genomes showed the divergence of different PPV species, which may due to 33 

the specific adaptation to their natural hosts. Additionally, we estimated the 34 

phylogenetic diversity of segmented genome of PPV. Our results suggested that during 35 

the 2010 – 2018 outbreak, the orf virus has been the dominant species under the 36 

selective pressure of the optimal gene patterns. Furthermore, we found the mean 37 

substitution rates were between 3.56×10-5 to 4.21×10-4 in different PPV segments, and 38 

the PPV VIR gene was evolved at the highest substitution rate. In these protein-coding 39 

regions, purifying selection was the major evolutionary pressure, while the GIF and 40 

VIR genes suffered the greatest positive selection pressure. These results may provide 41 

useful knowledge on the virus genetic evolution from a new perspective which could 42 

help create prevention and control strategies. 43 

 44 

1. Introduction 45 

Parapoxvirus (PPV) is a chordopoxvirus that causes nonsystemic skin lesion 46 

diseases in wild mammals worldwide. PPV belongs to Poxviridae and contains orf virus 47 

(ORFV), pseudocowpox virus (PCPV), bovine papular stomatitis virus (BPSV) and 48 

parapoxvirus of red deer in New Zealand (PVNZ) [1-3]. The PPV genome is 49 

approximately 134~139 kb in size, which is terminally connected by hairpin loops. In 50 

contrast to other poxvirus genera, PPVs genomes have an extremely high GC content 51 

of 65% evenly [4-6]. The genetic structure of PPVs exhibit the general pattern form of 52 

a central conserved region, with essential genes in regard to position, spacing and 53 

orientation [7]. The terminal variable regions encode genes with vital roles in viral 54 

infection process such as the regulation of host immune response to infection and the 55 



determination of host range [6, 7]. 56 

PPVs have a global distribution, and the ruminant flocks will be disturbed while 57 

virus emerged in many continents [8-10]. This virus is known to infect mammals, such 58 

as goats, sheep, cattle, camels, reindeer and other ruminants [11, 12]. Human will also 59 

be infected by PPVs, following direct exposing to skin lesions from infected mammals. 60 

Regular public health controlling and reporting of human PPVs infections are in place 61 

in a lot of regions of the world, containing Europe, South America and South America 62 

[11, 13-17]. Until now, there are live PPVs vaccines which may control the disease, but 63 

it may not entirely prevent this disease [18]. 64 

ORFV is the prototype species of PPVs, which will cause high mortality rates when 65 

lesions occur in lips and breast of suckling and grazing animals [6, 19]. Ruminants 66 

could be infected with ORFV more than once, although with a shorter period of time to 67 

recovery and less obvious pathological changes than in the primary infection [20]. 68 

BPSV could infect cattle of all ages, however, clinical signs are usually observed in 69 

calves. Like ORFV, repeated infection of ruminants with BPSV is common , indicating 70 

that this virus infection may not confer significant immunity [6]. Except for the most 71 

important viruses (ORFV and BPSV), PCPV and PVNZ both maintained in mammals. 72 

As the zoonotic agents, all of them are worldwide epidemics and threaten the public 73 

health. Recently, attenuated vaccines could limit the severity of viral infection but they 74 

could not completely prevent the disease [6, 21-25]. 75 

Vaccines have been indicated to impose powerful selection pressure on the virus 76 

evolution [26, 27]. Viruses may acquire greater virulence through genetic variation and 77 

recombination, as a result of the rapid transmission in vaccinated populations. And they 78 

usually have a high mutation rate with their low accuracy of reproduction, which may 79 

assist the viruses to evade host immune attack and evolve further. The PPV has a large 80 

genome, comprising nearly 134~139 kb in size. Consequently, mutation is more likely 81 

to occur in PPVs under vaccination and selection pressures [2, 7, 28]. 82 

This work reported the global population dynamics of PPVs regarding the 83 

evolutionary process and genetic diversity. On the basis of PPVs genomes, the sequence 84 

comparison and phylogenetic analysis were performed to investigate the genomic 85 



features of viral strains. From the dataset of PPVs genome sequences, the evolutionary 86 

rate was also considered by Bayesian methods. Additionally, we further explored the 87 

different genes that have played an important role in PPVs evolution by estimating the 88 

genetic diversity and the selection pressure in this study. 89 

 90 

2. Materials and Methods 91 

PPVs sequences 92 

PPVs complete genome sequences and nucleotide sequences of the B2L, CBP, F1L, 93 

GIF, VIR, VEGF and VLTF-1 genes were downloaded from GenBank 94 

(www.ncbi.nlm.nih.gov/genbank/). To explore the emergent time of the earliest PPV 95 

isolate, the sequences with an unknown collection date were excluded. The host, 96 

collection date and sampling location of each PPV isolates were determined either from 97 

GenBank, or were obtained from the related publications. This led to a dataset of 17 98 

complete genome sequences and 776 gene sequences, including 268 B2L genes, 38 99 

CBP genes, 83 F1L genes, 133 GIF genes, 79 VIR genes, 122 VEGF genes and 51 100 

VLTF-1 genes, respectively (Table S1). The resulting sequences were aligned using 101 

MUSCLE 3.7 [29]. 102 

Gene structure and nucleotide composition 103 

The gene structure of PPV was visualized by comparing their genomic nucleotide 104 

sequences using the R program gggenes project. Nucleotide compositional analysis of 105 

the PPVs complete genome sequences were measured using BioEdit v7.2.5 [30], 106 

including the frequencies of A, T, G, C, AT and GC. The nucleotide occurrence 107 

frequencies of the 3rd codon position (T3, G3, C3, and A3) of synonymous codons were 108 

measured by the CodonW v1.3. 109 

Compositional change of PPV isolates over time 110 

During 1974 – 2018, 268 B2L genes of PPV strains were downloaded from 111 

GenBank and analyzed by maximum-likelihood method in PAML v4.9, with 1000 112 

bootstrap replicates. An online tool – the Interactive Tree Of Life v2 was performed to 113 

design the tree [31]. The resulting isolates were composed of 4 species in PPVs 114 

population, including ORFV, PCPV, BPSV and PVNZ. Isolates were assigned on the 115 
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basis of the PPVs species and the initial collection country. The variation number of 116 

PPV was calculated using statistical methods and the plot was drown with the project 117 

ggplot2 in R program [32]. 118 

Evolution substitution rates 119 

For all PPV genes, the molecular evolution rates were estimated by the MCMC 120 

program of BEAST v2.4.8. This program gives a maximum-likelihood estimate of the 121 

evolution substitution rate, based on a model that considered a constant evolution rate 122 

(molecular clock). We also estimated the confidence intervals for all the parameters. 123 

To obtain the best-fitting models for each viral gene, jModelTest v2.1.7 was 124 

performed by Akaike Information Criterion (AIC) [33], which was estimated for each 125 

model tested according to the approach of Newton & Raftery [34]. Here, we used 126 

general time reversible model, a strict molecular clock and a coalescent model with 127 

constant available population size, as performed in the BEAST package. Bayesian 128 

Markov chain Monte Carlo (MCMC) analysis was implemented with 10 million steps 129 

and was sampled every 10000 steps with 10% burn-in. Tracer v1.6 was used to analyze 130 

the results of running BEAST. The effective sample size was greater than 200 for each 131 

parameter assessment in the MCMC analysis. Statistical uncertainty in the dataset was 132 

estimated in the 95% HPD values. 133 

Genetic diversity and phylogenetic analysis 134 

The genetic diversity (π) of PPV was evaluated as average pairwise difference 135 

between viral sequences, using the Tamura-Nei nucleotide substitution models 136 

performed in MEGA 5 [35]. BioEdit was implemented to estimated the sequence 137 

identity for different gene segments [30], and the heatmap was plotted by R program 138 

pheatmap project. For each PPV gene, bayesian phylogenetic tree was inferred by 139 

Bayesian Evolutionary Analysis Sampling Trees Software (BEAST) [36]. For all 140 

analyses we performed a coalescent constant population model and the general-time 141 

reversible model of nucleotide substitution [37]. Based on the correlation between 142 

collection date and evolutionary distance for each gene, a strict molecular clock was 143 

selected, as evaluated by TempEst [38]. Here, MCMC analysis was run for 10 million 144 



steps, 10% of which was removed as burn-in and parameters sampled every 10000 steps. 145 

The effective sample size for all the traces are greater than 200. 146 

Selection pressures in PPVs 147 

Selection pressure was highlighted as the ratio between the average number of non-148 

synonymous nucleotide substitutions (dN) and synonymous (dS) nucleotide 149 

substitutions per site (dN/dS), and was implemented in the CODEML program within 150 

the PAML software package. Besides, paired models of dN/dS were estimated among 151 

nucleotide sequences, containing M0 versus M3, M2a versus M1a and M8 versus M7. 152 

We applied the likelihood ratio test to compare the neutral and positive selection models, 153 

and chi-square test to indicate the divergence between the compared models. We also 154 

calculated the dN and dS values respectively. 155 

 156 

3. Results 157 

G and C nucleotide was higher enriched in PPV genomes. 158 

To analyze the basic characteristic of virus genome, the nucleotide contents of PPV 159 

whole genomes were calculated. It was shown that the mean compositions (%) of G 160 

(32.16 ± 0.32) and C (32.12 ± 0.22) were significantly higher than A (17.95 ± 0.28) and 161 

T (17.77 ± 0.25) (Table S2, Fig. 1(A), t-test, P < 0.01). The mean percentages of G3 162 

(36.92 ± 1.02) and C3 (37.12 ± 1.33) were also significantly higher than A3 (20 ± 1.02) 163 

and U3 (19.94 ± 0.89), highlighting that G- and C- ended codons are more likely 164 

occurred in the PPV whole genome sequences (Table S2, Fig. 1(B), t-test, P < 0.01). 165 

According to the species classification, it was important to mention that similar trend 166 

of nucleotide composition was observed among different species, also suggesting 167 

higher G/C or G3/C3 contents in PPV genomes. However, there were significant 168 

differences in the nucleotide composition parameters trends among these four species 169 

(Table S2, Fig. 1C-D, t-test, P < 0.01). As shown in Fig. 2, We further compared the 170 

nucleotide composition among four different PPV species. Strikingly, there were highly 171 

unusual patterns of nucleotide contents, and were significantly different from the 172 

nucleotide composition patterns in the various PPV species.  173 

Different genome structures exist in various PPVs. 174 



According to the phylogenetic relationship and genomic structure, PPV genera 175 

belongs to Poxviridae and includes four species: ORFV, PCPV, BPSV and PVNZ(Fig. 176 

3). The genome of PPV contains large central protein-coding regions encoding 177 

functional proteins, such as major envelope protein (B2L), chemokine binding protein 178 

(CBP), immunodominant envelope protein (F1L), GM-CSF/IL-2 inhibition factor 179 

(GIF), vascular endothelial growth factor (VEGF), viral interferon resistance protein 180 

(VIR) and late transcription factor (VLTF). Besides these major structural proteins, 181 

different PPVs encode some special accessory proteins, including Ankyrin protein 182 

(ANK), IL-10-like protein (vIL-10) and poxviral anaphase promoting complex 183 

regulator/ring H2 protein (PACR) (Fig. 3). This suggested that the right end of BPSV 184 

genomes were similar with that of other PPV genomes, except for the missing of VEGF 185 

existing in the left terminal region of BPSV genomes. It was also of note that PCPV 186 

genomes contained one extra VEGF genes in the left end and lacked the vIL-10 gene, 187 

while vIL-10 replaced VEGF in the left end of GQ329669.1/PCPV genome. 188 

Additionally, PPVs contained more than one ANK genes that may involve in host range. 189 

Population dynamics of PPVs over the past 20 years 190 

In order to explore the change of PPV strains circulating in the world during the 191 

past 20 years, 268 B2L gene sequences of PPVs were retrieved from GenBank in this 192 

study (Table S1). All B2L isolates were clustered into separate clades on the basis of 193 

their phylogenetic tree, suggesting that ORFV was the major species, which circulated 194 

mainly in China and India (Fig. S1). In recent years, most of these viruses were from a 195 

single species classified as ORFV (Fig. 4A). Consistent with the pattern observed in 196 

the phylogenetic tree, the results of case counts also indicated that most of ORFVs were 197 

isolated from China and India, and their prevalence increased sharply during 2013 – 198 

2015 (Fig. 4B). Since 2010, ORFV has been the predominant species in circulation 199 

throughout the world. 200 

ORFV of genera PPV became predominant species in recent years 201 

To describe the phylogenetic evolution of the prevalent PPVs, the phylogenetic 202 

trees were constructed for the seven major structural segments. Phylogenetic trees were 203 

partitioned into groups with a 20th percentile cutoff [39]. The PPV strains were not 204 



clustered exactly consistently in each tree of seven segments (Fig. 5). Within each 205 

prevalent clade, a large number of ORFVs further formed a main group with few PCPV, 206 

BPSV and PVNZ (Fig. 5), demonstrating they may share a common ancestor surviving 207 

a bottleneck event. Since 2010, the species diversity of PPVs was reduced with 208 

widespread outbreak in many countries (Fig. 4 and Fig. 5), which can be reasonably 209 

considered by high sequence similarity of PPVs isolated in the specific time span across 210 

broad regions. 211 

In order to confirm this hypothesis, we estimated the temporal dynamic of gene 212 

sequence similarities of PPVs by collecting all available PPV sequences during 2000 – 213 

2018. Pairwise identity comparison suggested a decreased diversity in all these seven 214 

segments of PPVs, starting mainly in 2010 – 2018 (Fig. 6). At nearly the same time 215 

point, the reduced sequence diversity in these major segments suggested that the virus 216 

with great fitness was selected, acquired dominance, and led to a widespread outbreak 217 

throughout the world. This is the first discovery, as we know, of such genetic bottleneck 218 

in the PPV genomes (Fig. 6), despite their prevalence in the world for the last 20 years. 219 

Evolutionary rates and selection analysis of different gene sequences in PPVs 220 

To understand the additional forces affecting PPV evolution, we analyzed the 221 

evolutionary rates and the average selective pressure of PPV strains whose isolation 222 

date were known. According to the different protein-coding gene sequences, a Bayesian 223 

coalescent approach was performed to infer the substitution rates of different segments. 224 

Based on the best-fit model, Bayesian calculated the mean evolutionary rates of the 225 

seven gene segments, ranging from 3.56×10-5 to 4.21×10-4 substitutions per site per 226 

year (Table 1). The VEGF gene evolved at the slowest rate among the structural 227 

segments, with the substitution rate of 3.56×10-5 and the highest probability density 228 

(HPD) between 4.31×10-6 to 9.61×10-5. The VIR gene evolved at the highest estimated 229 

mean rate of 4.21×10-4 (95 % HPD: 1.28×10-4 ~ 7.32×10-4). 230 

The selective pressure for each segment was performed with the phylogenetic 231 

analysis by maximum likelihood program (PAML) based on the Model 0 (M0) within 232 

codon-based phylogenetic models (CODEML). It supposed a constant substitution rate 233 

of all sites and provided average values across all sites. The GIF and VIR genes were 234 



found to be more variable, while the VLTF-1 gene was more conserved. On the basis 235 

of Bayesian analysis, likelihood ratio tests were performed to compare the neutral 236 

models and the positive selection models. To estimate the selective pressure on each 237 

protein-coding segment, we applied a model (M3) for the differences among non-238 

synonymous and synonymous rates (dN/dS) of amino acid residues, and several neutral 239 

models (M0, M1 and M7) with proportions of selected codons (M2 and M8) (Table 2). 240 

The log likelihood values showed that positive selection models (M2, M3 and M8) were 241 

more fitted in each gene regions than neutral models (M0, M1 and M7). The nested 242 

comparisons were also performed between the neutral models and the positive models, 243 

such as M0 vs M3, M1 vs M2 and M7 vs M8, and determined the better fitness of 244 

positive models, indicating that except for the VLTF-1, positive selection pressure 245 

occurred at different gene segments within the genome during the PPVs evolution 246 

process (chi-square test, P < 0.05) (Table 2). 247 

 248 

4. Discussion 249 

PPV infections normally occur in animals and even in humans throughout the 250 

world [11, 14, 16, 17, 40, 41]. However, comprehensive studies on PPVs are still lack. 251 

In the present study, available whole genome sequences and different structural protein-252 

coding sequences were both utilized to investigate the structural and evolutionary 253 

genomics of PPVs. In order to identify the common features and differences of PPVs, 254 

it is important to analyze genomic patterns of all representative sequenced PPV 255 

genomes. To start with, the general nucleotide contents were calculated for the genomes 256 

of different PPV species have been shown in Table S2. The results suggested that the 257 

PPV coding sequences were GC-rich, especially on the third location of synonymous 258 

codons. This finding was consistent with previous researches wherein G and C 259 

frequencies were higher than A and T frequencies for alphaherpesviruses, 260 

betaherpesviruses, adenoviruses and Rubella virus (RUBV) [42, 43]. It has been known 261 

that viruses could take on a wider range of GC compositions than other organisms [44, 262 

45]. Even within the same family, viruses have similar replication or life-cycle 263 

strategies, but may show different GC frequencies [46]. For instant, there were 264 



significant differences of GC contents between ORFV and other three species of PPV, 265 

while viruses showed almost identical nucleotide bias (Fig. 1, Fig. 2 and Table S2). This 266 

supported the insight that there was common mechanism which determine GC 267 

compositions for virus with similar life cycles. 268 

These PPVs, although related, could be divided into four subgroups according to 269 

the phylogenetic tree (Fig. 3), which contained ORFV, PCPV, BPSV and PVNZ, 270 

respectively. To extend the genomic description of these four subgroups of PPVs, we 271 

added the characterization of PPV genomes. PPV with large genomes (134~139 kb) 272 

encodes nearly complete replisomes [4, 5]. Analysis of the PPV genomes suggested 273 

conservation in four subgroups: genes encoding viral structural components (B2L, 274 

ANK and F1L), those participated in virion assembly (VEGF), nucleotide metabolism 275 

(PACR, CBP, GIF, vIL-10 and VIR), and DNA replication (VLTF). VEGF was known 276 

to play an important role in PPV pathogenesis related to vascularization process and 277 

epidermal lesion proliferation [6, 47]. Consistent with previous studies, we identified 278 

that VEGF was located in the left terminal region of BPSV contrasting the right 279 

terminal position of ORFV, PCPV and PVNZ VEGFs [6, 48], suggesting that the 280 

divergence of BPSV VEGF may have distinct functions or binding specificities 281 

compared with other VEGFs. Notably, PCPV was divergent from other PPVs with 282 

deficiency of vIL-10 or left terminal vIL-10. This feature may indicate specific 283 

adaptation to their natural hosts [6]. 284 

In addition to the genomic characteristics of PPVs, the phylogenetic diversity of 285 

segmented genome of PPV may be a crucial contributor to understand the temporal and 286 

spatial patterns of viral outbreaks [49, 50]. As shown in this study, the proportion of 287 

ORFV strains have undergone a sharply increase in the past 20 years. Our results 288 

suggested that PPVs evolved by mutation pressure and natural selection over 20 years 289 

of prevalence in animals, and the predominant species, ORFV, was selected recently. 290 

Since 2010, ORFV has rapidly increased in many countries, especially in China and 291 

India, and is now the predominant PPV species in farmed sheep [51-56]. It indicated 292 

that under the selective pressure of the optimal gene pattern by going through the 293 

selective bottleneck the ORFV eventually became the dominant species during the 2010 294 



– 2018 outbreak. Combining with the reduced diversity of the 2010 – 2018 PPVs and 295 

the close phylogenetic clustering of their gene segments, these results demonstrated that 296 

the observed changes of viruses were common in the recent PPVs. 297 

Furthermore, according to the supposition of rate constancy, the differences of viral 298 

isolation dates would provide the knowledge about the substitution rate of molecular 299 

evolution. The previous study has suggested that the magnitude of evolutionary change 300 

may accumulate since the isolation date [57]. A Bayesian coalescent approach 301 

suggested the mean substitution rates were between 3.56×10-5 to 4.21×10-4 in different 302 

gene segments, which was comparable with the studies about Newcastle disease virus, 303 

hepatitis A and B virus, and infectious bronchitis virus [27, 58, 59]. The highest 304 

substitution rate of PPV VIR gene reflected its less important role in viral synthesis and 305 

replication process than other gene segments, which may suffer from great natural 306 

selection pressure and subject to more substitutions. 307 

When we analyzed the selection profiles of PPV protein-encoding genes, the 308 

overall rates of dN/dS were mostly less than 1, except for the GIF and VIR, 309 

demonstrating that purifying selection was the major force to drive the evolution of 310 

PPVs. However, there were clear differences in this selection profiles of various genes. 311 

Among these protein coding genes, GIF and VIR were under greater positive selection 312 

than other gene segments. Except for VLTF-1, other structural protein coding genes all 313 

had higher dN/dS values, highlighting that positive selection pressure has occurred in 314 

most segments of PPVs. Viral fitness could exactly constrain the variability of genes, 315 

which was important for virus replication [60]. Therefore, it was reasonable that VLTF-316 

1 mainly suffered from purifying selection in the evolutionary process of PPVs. 317 

Additionally, as the angiogenic factor, the VEGF was essential to bind receptor tyrosine 318 

kinases and influence embryonic development or tumor neovascularization, note that 319 

low mutation rate during the viral evolution in host populations. These results indicated 320 

that this selection pressure may improve viral fitness in their infected hosts. 321 

 322 

5. Conclusions 323 



In conclusion, this study indicated that PPVs share several common features within 324 

different species. However, we noticed that GC contents were significantly different 325 

between ORFV and other PPV species, while they showed almost identical nucleotide 326 

bias. Besides, the genetic characteristics were also not similar among various PPV 327 

species, a phenomenon that may be due to their specific adaptation to natural hosts. We 328 

further investigated the evolutionary features of PPVs, and found that ORFV has been 329 

the predominant PPV species and rapidly increased in many countries since 2010. PPV 330 

isolates have been evolving at a sharply increased rate under the natural selection 331 

pressure. Therefore, combining genetic mutation of PPVs, positive selection may 332 

reshape the PPV genomes during the evolutionary process. The genetic analysis of 333 

PPVs could extend our knowledge of the mechanisms that promote viral evolution. 334 
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 506 

Fig. 1. Nucleotide content distribution and composition. (A) The mean frequency for A, T, G and C 507 

composition in 17 different PPV sequences are shown, suggests higher GC content than AT on the 508 

whole. (B) The mean values of the nucleotide content frequency at the 3rd codon position. (C) Based 509 

on 4 various species of PPVs, analysis for the overall A, T, G and C composition frequencies. (D) 510 

Based on 4 various species of PPVs, analysis for A, T, G and C composition frequencies at the third 511 

codon position. Different asterisks represent statistical significance (*p < 0.05, ** p < 0.01, *** p < 512 

0.001, **** p < 0.0001). 513 

 514 

Fig. 2. Nucleotide composition of PPVs for different species. Frequency of each observed nucleotide 515 

composition, reconstructed in BioEdit (v7.2.5), is shown for different species of PPVs. 516 

 517 

Fig. 3. Phylogenetic analysis and genome comparison among different species of PPVs. ML 518 

phylogenetic tree was reconstructed in phyML (v3.0) and tested with 1000 bootstraps. The predicted 519 

genes are represented by block arrows showing the direction of transcription. The genes encoding 520 



for structural proteins and replication-associated proteins of PPVs are shown in different colors. 521 

 522 

Fig. 4. Population dynamics of PPVs during the past 20 years. Case counts are presented in the plot. 523 

The X-axis represents the year intervals, and the Y-axis represents the number of cases. Different 524 

colors represent different species (A) and different collection countries of PPVs (B). 525 

 526 

Fig. 5. Phylogenetic analysis of seven structural genes with PPVs during 2000 – 2018. Clades with 527 

all of 2000 – 2018 viruses were fully shown. Color of line at right of each leaf node indicates year 528 

of isolation (see color bar). Timescale is in years. Vertical lines mark different species of PPVs: gray 529 

represents ORFV, purple represents BPSV, black represents PCPV and yellow represents PVNZ. 530 

 531 

Fig. 6. Decreased genetic diversity of the seven segments of PPVs during the widespread outbreaks 532 

in the world (2000 – 2018). Pairwise comparison of nucleotide sequences of PPVs was plotted as a 533 

heatmap. Viruses isolated from 2000 through 2018 were ordered by isolation date from left to right 534 

of the x axis and from top to bottom of the y axis. On the axes, the ticks indicated the isolation years. 535 

Black dotted line represented the year 2010. Color indicated identity levels from ≤ 30% (blue) to 536 

100% (red). 537 

 538 

Fig. S1. The phylogenetic tree of PPV B2L genes. The tree was generated by the maximum 539 

likelihood (ML) method using PAML v4.9. The tree was designed by using the online tool “iTOL”. 540 

Here; different colors represent different collection locations. The color of each leaf node represents 541 

different virus species. 542 

 543 



Figures

Figure 1

Nucleotide content distribution and composition. (A) The mean frequency for A, T, G and C composition in
17 different PPV sequences are shown, suggests higher GC content than AT on the whole. (B) The mean
values of the nucleotide content frequency at the 3rd codon position. (C) Based on 4 various species of
PPVs, analysis for the overall A, T, G and C composition frequencies. (D) Based on 4 various species of
PPVs, analysis for A, T, G and C composition frequencies at the third codon position. Different asterisks
represent statistical signi�cance (*p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001).



Figure 2

Nucleotide composition of PPVs for different species. Frequency of each observed nucleotide
composition, reconstructed in BioEdit (v7.2.5), is shown for different species of PPVs.



Figure 3

Phylogenetic analysis and genome comparison among different species of PPVs. ML phylogenetic tree
was reconstructed in phyML (v3.0) and tested with 1000 bootstraps. The predicted genes are represented
by block arrows showing the direction of transcription. The genes encoding for structural proteins and
replication-associated proteins of PPVs are shown in different colors.

Figure 4



Population dynamics of PPVs during the past 20 years. Case counts are presented in the plot. The X-axis
represents the year intervals, and the Y-axis represents the number of cases. Different colors represent
different species (A) and different collection countries of PPVs (B).

Figure 5

Phylogenetic analysis of seven structural genes with PPVs during 2000 – 2018. Clades with all of 2000 –
2018 viruses were fully shown. Color of line at right of each leaf node indicates year of isolation (see



color bar). Timescale is in years. Vertical lines mark different species of PPVs: gray represents ORFV,
purple represents BPSV, black represents PCPV and yellow represents PVNZ.

Figure 6

Decreased genetic diversity of the seven segments of PPVs during the widespread outbreaks in the world
(2000 – 2018). Pairwise comparison of nucleotide sequences of PPVs was plotted as a heatmap. Viruses
isolated from 2000 through 2018 were ordered by isolation date from left to right of the x axis and from



top to bottom of the y axis. On the axes, the ticks indicated the isolation years. Black dotted line
represented the year 2010. Color indicated identity levels from ≤ 30% (blue) to 100% (red).
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