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Summary 26 

Vaccines against Porcine circovirus 2 (PCV2) are nowadays widely used to control the 27 

diseases caused by the virus. Although the vaccines are protecting pigs against the 28 

disease, they do not lead to sterilizing immunity and therefore infections with PCV2 29 

continue in the farms. It is expected that due to high evolutionary rate, PCV2 can adapt 30 

fast to environmental pressures, like may be vaccination. The goal of this study was to 31 

elucidate the molecular variation of PCV2 in relation with vaccination. PCV2 32 

variability was investigated from samples of infected pigs origin from five farms where 33 

vaccination has never been applied and two farms where pigs have been vaccinated at 34 

least for two years. For the genetic analysis full PCV2 genomes were amplified and 35 

subsequently pooled by vaccination status, from serum of 8 vaccinated, infected pigs 36 

and 16 non-vaccinated, infected pigs. Variability of viral populations was quantified 37 

using next generation sequencing and subsequent bioinformatics analysis. Number of 38 

segregating sites was similar in non-vaccinated (109) and vaccinated pool (96) but the 39 

distribution of these sites in the genome differed. Most notably, in the capsid gene 40 

number of segregating sites was observed only in non-vaccinated population. Based on 41 

the structural analysis, it is expected that some low frequency amino acids results in 42 

biologically low fit viruses. In contrary, D294 in Replicase represents a novel amino 43 

acid which was dominant and unique in vaccinated pool. This work shows that variable 44 

PCV2 populations are circulating in commercial farms and that this variability was 45 

different in samples obtained from vaccinating and non-vaccinating farms.  46 

 47 

  48 
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Introduction 49 

Porcine circovirus (PCV) type 2 (PCV2) is one of the smallest DNA viruses (genome 50 

size 1,7kb) infecting mammals, and belongs to the family Circoviridae, genus 51 

Circovirus. It has been linked to a number of diseases collectively named as porcine 52 

circovirus diseases (PCVDs) (Segalés et al., 2012). PCV2 is nowadays regarded as one 53 

of the most important pathogens for domestic swine worldwide, causing significant 54 

economic losses to the pig industry. In the last 3 years, the vaccines against this virus 55 

have become the most used ones in pigs, displaying high levels of efficacy and excellent 56 

return on investment (Beach & Meng, 2012). Vaccinated animals can still get infected 57 

with PCV2, although with lower viremia loads than non-vaccinated ones. Therefore, 58 

current vaccines applied as single dose protocols do not provide sterilizing immunity 59 

(Kekarainen et al., 2010). During the last years, and in spite of vaccination, some 60 

reports about PCVD cases have been described and a novel variant called mutant 61 

PCV2b (mPCV2b) has been recovered from diseased pigs (Opriessnig et al., 2013). 62 

This has raised concerns about possible PCV2 vaccine escape strains, although it has 63 

been shown that a current vaccine is effective against mPCV2b challenge in 64 

experimental conditions (Opriessnig et al., 2014).  65 

Based on genetic variation in its capsid gene, PCV2 is divided into three major groups 66 

designated PCV2 genotypes a, b and c (Segalés et al., 2008). Genetic distance between 67 

genotypes is at least 3.5% but diversities between isolates can reach up to 10% (Cortey 68 

et al., 2011a; Grau-Roma et al., 2008). Evolutionary rates for PCV2 are higher than 69 

expected for DNA viruses (1.2x10−3 substitution/site/year), resembling the ones from 70 

RNA viruses (Firth et al., 2009).  71 
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Although the molecular variation of PCV2 is known, there are no in depth molecular 72 

analyses on the PCV2 variants circulating in commercial farms. Such knowledge should 73 

be of great interest especially in scenarios where non-sterilizing vaccination is applied 74 

and viral evolution under vaccination pressure may occur. Therefore, the goal of this 75 

study was to characterize the variability of PCV2 in farms where vaccination has never 76 

been applied and in farms where pigs have been vaccinated against PCV2 at least for 77 

two years. For this, next generation sequencing (NGS) was applied on full genome 78 

PCV2 sequences amplified from pools of infected pigs from vaccinating and non-79 

vaccinating commercial farms located in Northeastern Spain. The obtained results show 80 

that populations PCV2 variants are circulating in the analyzed farms and that this 81 

variability can differ in samples obtained from vaccinating and non-vaccinating farms.  82 

 83 

Results 84 

Low level of PCV2 infection in vaccinating farms 85 

Standard PCR was applied to detect PCV2 in non vaccinated (n=8) and long-term 86 

vaccinated (n=8) farms in animals between 15 and 18 weeks of age which normally 87 

have the highest infection rates (Grau-Roma et al., 2009). At this stage, it was seen that 88 

only two vaccinating farms had detectable levels of PCV2 by PCR while in 6 non-89 

vaccinating farms the virus was detected. The low infection rate was reflected in overall 90 

prevalence, which in vaccinating farms was 6% (8/129) and 68% (81/119) in non-91 

vaccinated ones. The infection due to inactivated viral vaccine was excluded, since 92 

these farms were using the same vaccine, which is based on the Capsid protein of 93 

PCV2. Next, for NGS, the full-length PCV2 genome was amplified from serum samples 94 

of all infected animals from two vaccinating farms and total of 16 animals from 5 non-95 
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vaccinating ones. Animals from non vaccinating farms were selected based on similar 96 

levels of PCV2 DNA (average log10 7.1 copies/ml sera SD log10 1.3) and anti-PCV2 97 

antibodies (average OD450 1.1, SD 0.8) in serum with non-vaccinated animals (average 98 

log10 7.1 copies/ml sera SD log10 0.7 and average OD450 1.5, SD 0.8). After 99 

quantification of the full genome amplicons, they were pooled in equal molar rations 100 

according to the origin (vaccinating versus non-vaccinating farms) resulting in pools 101 

called “vaccinated pool” (samples from animals in vaccinating farms) and “non-102 

vaccinated pool” (samples from animals in non-vaccinating farms). 103 

 104 

Sequencing results 105 

To determine the molecular variability in vaccinating and non-vaccinating farms, 106 

vaccinated- and non-vaccinated pools were sequenced by Ion Torrent technology, 107 

filtered by quality and length before analysis. A total of 27,438 reads were analyzed 108 

from non-vaccinated and 35,037 reads from vaccinated pools, with median length of 109 

172 and 165 bp, respectively. To generate the consensus sequence for each pool, reads 110 

were first mapped to the PCV2 reference sequence (GU049341) followed by replacing 111 

any base with the consensus base. Finally, reads were re-mapped to the consensus 112 

sequence and pairwise aligned. Average number of bases aligned per site was 2500 113 

(range, 137 to 6615) and 2950 (range, 235 to 6408) in non-vaccinated and vaccinated 114 

pools, respectively (supplementary Fig. 1). 115 

 116 

PCV2 population diversity in non-vaccinating and vaccinating farms 117 
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Polymorphism analysis was performed in the whole genome, ORF1 (replicase) and 118 

ORF2 (capsid) genes for non-vaccinated and vaccinated pools reporting sites with 119 

frequencies above 5%. As summarized in table 1, the analysis showed that viral 120 

populations were heterogeneous in both pools. In the whole genome and the capsid 121 

encoding region, higher number segregating sites and mutations were identified in the 122 

non-vaccinated pool than in the vaccinated one. In the replicase region the number of 123 

segregating sites and mutations were comparable between the studied pools, except 124 

when the types of mutations were taken into account: synonymous changes were more 125 

frequent in the non-vaccinated pool while non-synonymous changes were 4-fold 126 

increased in the vaccinated one. Indeed, the percentage of non-synonymous changes 127 

from total amount of mutations in replicase gene was 7% (2/27) in the non-vaccinated 128 

pool and 29% (8/28) in the vaccinated one. In the capsid gene, non-synonymous 129 

changes were 43% (36/83) and 47% (31/66) in non-vaccinated and vaccinated pools, 130 

respectively. However, the number of segregating sites or mutations were not 131 

statistically different between non-vaccinated and vaccinated pools.  132 

Because the numbers of pigs included in the pools were different, we next analyzed if it 133 

could affect our analysis. Based on the Watterson estimate θ, in both analyzed pools the 134 

mutation rate was similar ( θ=0.012) . Based on this, the different number of samples 135 

did not affect the detection of segregating sites and mutations. 136 

Next, the sites which were segregating in only one of the pools were recognized. 137 

Altogether there were 32 variable sites that were unique in one or the other pool (Fig. 138 

1), from which most (23) were detected in the non-vaccinated animals. Interestingly, in 139 

the vaccinated pool only two unique segregating sites were detected in the capsid region 140 

while 14 sites were variable in the non-vaccinated pool. Five out of seven sites in the 141 
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replicase gene in the vaccinated pool resulted in amino acid changes but in the non-142 

vaccinated pool none.  143 

 144 

Different PCV2 variants were detected in non-vaccinating and vaccinating farms 145 

To know the major type of circulating viruses in non-vaccinating and vaccinating farms, 146 

the main and the variant full-length PCV2 sequences were generated. This was done 147 

based on estimated codon frequencies as explained in Materials and Methods section. 148 

According to the phylogenetic analysis of the capsid gene, the main genotype variants 149 

circulating in the non-vaccinating farms were of PCV2b genotype (Fig. 2a), while the 150 

dominating ones in vaccinating farms were of genotype PCV2a. The minor variants of 151 

each pool grouped together with the main variant of the other pool when cap gene was 152 

analyzed, indicating that both genotypes were present in both farm types. This was not 153 

the case using the replicase gene, where the main variants did group together and apart 154 

from the minor variants (Fig. 2b).  155 

Circulation of both PCV2a and b genotypes in the analyzed farms was confirmed by 156 

analysis of non-synonymous amino acid changes in the viral Capsid protein (Fig. 3). 157 

The non-synonymous changes in the non-vaccinated and vaccinated pools were mainly 158 

in the same location but differed in their frequencies. Sites with up to three amino acid 159 

variants were identified in positions 59, 63, 131, 190 and 59, 86 in non-vaccinated and 160 

vaccinated pool, respectively. All these positions are located in the heterogenic region 161 

overlapping previously assigned antigenic regions of the Capsid (Lekcharoensuk et al., 162 

2004; Mahé et al., 2000; Shang et al., 2009). In these positions the less frequent variants 163 

were typically found in more than 16% of sequences. Three amino acids (28L, 141T and 164 

228E) changes were found, which to our knowledge have not been reported in PCV2 so 165 
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far. These variants were found in only about 5% frequencies in vaccinated pool (28L 166 

and 228E) and non-vaccinated pool (141T) and did not locate in known regions 167 

containing conformational or linear epitopes.  168 

In the Replicase protein, six amino acids were highly conserved in the non-vaccinated 169 

pool while represented minor variants in the vaccinated one (Fig. 4). By comparison to 170 

published PCV2 Replicase sequences reported in the Genbank, it was noticed that 34H, 171 

153R, 222R and 294D in Replicase were novel amino acids found in this study. 172 

Interestingly, all were found in the population infecting vaccinated animals and one of 173 

them (294D) was the main amino acid in its position, present in 71% of the sequences. 174 

Amino acids 153 and 222 are located in the helicase domain of the Replicase 175 

(Gorbalenya et al., 1989). 176 

 177 

3D mapping of amino acid variants in the PCV2 virus-like particle  178 

Selected amino acid variants detected in non-vaccinated and vaccinated pools were 179 

mapped on to the X-ray 3D structure and cryo-electron microscopy (cryo-EM) 180 

reconstruction of the PCV2 virus-like particle (VLP) (Fig. 5) (Khayat et al., 2011). As 181 

figure shows, many of the residues derived from frequencies of non-synonymous amino 182 

acid changes in the PCV2 Capsid protein are exposed to the solvent and belong to 183 

epitope regions previously identified by experimental methods.  184 

Residues 59, 63 and 190 are located on the surface of the particle and display a 185 

significant variability between PCV2 viral species (Fig. 3). These amino acids are also 186 

included in regions important for epitope recognition of monoclonal antibodies (MAbs) 187 

(Lekcharoensuk et al., 2004). On the other hand, amino acids 86 and 131, which display 188 

high variability, have been identified as part of antigenic regions (Mahé et al., 2000; 189 
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Meng, 2013), while the C-terminal residue 230 has been included in several studies as 190 

part of a conformational epitope (Lekcharoensuk et al., 2004; Shang et al., 2009; Meng 191 

et al., 2013). These amino acids, together with 133, 136 and 228, are located in close 192 

proximity to each other in the subunit interface at the icosahedral 3-fold axes (Fig 5a); 193 

suggesting their possible implication in a conformational epitope.  194 

Finally, according to the structural analysis, some amino acid changes are predicted to 195 

produce a defective VLP. This is particularly the case for the low frequency substitution 196 

P110R (Fig. 3). P110 is located loop region; forming a negative electrostatic potential 197 

surface at the icosahedral 5-fold axes interface (Fig 5b). Thus, the substitution by the 198 

voluminous positive charge arginine residue would interfere with the capsomers 199 

association disrupting the capsid assembly. 200 

 201 

Discussion 202 

Vaccination against PCV2 has been widely used in pig farms during last 7 years. 203 

Current vaccines protect the animals from disease, but do not result in sterilizing 204 

immunity. PCV2 is still circulating in farms despite of vaccination and therefore its 205 

evolution could be shaped by vaccination. In this study, a detailed molecular 206 

characterization of PCV2 was performed in farms that had never applied PCV2 207 

vaccination and in farms that had been vaccinating for at least two years.  208 

Traditionally, Sanger sequencing has been applied for molecular studies of PCV2. It has 209 

been shown that evolutionary rates for PCV2 are higher than expected for a DNA virus 210 

(1.2x10−3 substitution/site/year), resembling the one from RNA viruses (Firth et al., 211 

2009). Co-infections with PCV2 genotypes have been described in nature (Cai et al., 212 

2012; Khaiseb et al., 2011; Zhai et al., 2011), and that infection of PCV2 may be 213 
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composed of the main sequence and several different variants closely related to it 214 

(Grau-Roma et al., 2008). By applying next generation sequencing on PCV2, we were 215 

able to confirm that, at a given moment, several different variants are circulating in 216 

farms. With this technique, low frequency variants were also identified, which would 217 

have not been efficient with traditional techniques, which require cloning of the PCR 218 

product and sequencing of individual clones. It is expected that some low frequency 219 

amino acids results in biologically low fit viruses. Indeed, one of such amino acid 220 

changes P110R was found in the Capsid, which, based on the structural analysis would 221 

result in defective virus particle formation.  222 

A shift on genotype prevalence from PCV2a to PCV2b has been described to coincide 223 

with the severe outbreaks of PCV2-systemic disease (PCV-SD) although there is no 224 

sufficient data to support that PCV2b would be more pathogenic (Carman et al., 2006; 225 

Cortey et al., 2011b; Cheung et al., 2007; Dupont et al., 2009; Opriessnig et al., 2008). 226 

Currently, PCV2b genotype infects pigs predominantly worldwide (Cortey et al., 227 

2011b; Dupont et al., 2008; Kim et al., 2011; Shen et al., 2012). PCV2 genotyping is 228 

based on the capsid nucleotide sequences and based on phylogenetic analysis both 229 

genotypes were found in the pools of vaccinated and non-vaccinated animals analyzed 230 

in this study. Phylogenetic analysis of cap gene revealed that the dominant PCV2 231 

genotype in the vaccinated pool belonged to PCV2a while in the non-vaccinated pool it 232 

belonged to PCV2b. This is especially interesting since all current vaccines are based on 233 

the PCV2a genotype although the vaccines have been shown to induce cross-protective 234 

immunity (Fort et al., 2008; Opriessnig et al., 2009).  235 

In a recent study, it has been shown that in a farm suffering from apparent vaccine 236 

failure, 90% of pigs were positive for PCV2a, 87% for PCV2b and 77% co-infected 237 

with both genotypes by PCR (Gerber et al., 2013). Interestingly, by sequencing PCR 238 
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products from three animals the authors identified five amino acid changes that had 239 

occurred in PCV2a. By NGS of vaccinated pool we were identifying the same positions 240 

as variable sites and in three of them the main amino acids (59A, 133V and 136Q) 241 

coincided. Interestingly, these residues are located in solvent exposed regions on the 242 

PCV2 VLP, suggesting their possible implication in conformational epitopes. It has to 243 

be kept in mind that in our study pools generated by mixing equimolar ratios of PCR 244 

products were sequenced by NGS, resulting in short fragments, which by bioinformatics 245 

tools were assembled to full length PCV2 genomes. Such approach is useful to analyze 246 

circulating viral populations en masse but does not provide information on per animal or 247 

farm level. However, co-infection with different genotypes and identification of minor 248 

variants is feasible. 249 

Altogether, seven novel amino acid changes were identified. Especially interesting was 250 

the 294D since it was more frequently found in the Replicase sequence than 294E, 251 

which is typically found in PCV2 Replicase. Indeed, replacement of E with D in nature 252 

could be likely based on the scoring by point accepted mutation matrix (PAM125). 253 

However, the biological significance of this variant remains unknown since it is not 254 

located in any known functional domain. 255 

This study showed that PCV2a and PCV2b genotypes are circulating in the non 256 

vaccinating and vaccinating farms. PCV2 population in the examined farms contained 257 

high amount of variability. Especially in the capsid gene, vaccinated pool lacked several 258 

segregating sites which were observed in the non-vaccinated pool. Novel amino acid 259 

mutations were found in Capsid. Due to its high proportion in vaccinated pool, 260 

especially interesting amino acid mutation was 294D in Replicase. Biological 261 

importance of novel amino acid changes will be matter of future experiments.  262 
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It is still unknown how vaccination may affect the PCV2 evolution. This study resulted 263 

in detailed genetic characterization of the virus in the field at one time-point in the 264 

presence and absence of vaccination, but similar analysis on more controlled and 265 

elaborated settings, like experimental infections of non-vaccinated and vaccinated 266 

animals, are underway. 267 

 268 

Materials and methods 269 

Farm and animal selection. Conventional pig farms were selected based on their 270 

history of PCV2 vaccination; farms that had never been vaccinating against PCV2 (non-271 

vaccinated, n=8) and farms that had been vaccinating animals against PCV2 for at least 272 

two years (vaccinated, n=8). Vaccination in the farms was done according to the 273 

manufacturer’s recommendations with currently registered PCV2 vaccines. Two of the 274 

farms were vaccinated with Porcilis PCV (MSD Animal Health), three with Ingelvac 275 

Circoflex (Boehringer Ingelheim) and from three farms no information about the used 276 

vaccine was available. All farms were commercial and located in Northeastern Spain, 277 

which is one of the main pig producing regions in the country. At the time of the 278 

sampling, all farms were considered healthy, with no evidence of pigs suffering from 279 

PCV2-systemic disease (PCV2-SD) clinical signs. Fifteen to twenty serum samples 280 

were collected from each farm from 15 to 18 week old healthy pigs. Age selection was 281 

considered based on the usual highest prevalence of PCV2 infection in this age range 282 

(Grau-Roma et al., 2009). Quantification of PCV2 DNA in serum was done as 283 

described (Olvera et al., 2004) and anti-PCV2 antibodies were measured by commercial 284 

Ingezim Circo IgG ELISA kit as recommended (Inmunologia y Genetica Aplicada 285 

S.A.). 286 
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 287 

DNA extraction and PCV2 PCRs. DNA was extracted from serum samples and PCV2 288 

infection was assessed by in house PCR as described (Quintana et al., 2002).  Once 289 

standard PCR was performed, five non-vaccinating and two vaccinating farms were 290 

determined to be infected and, therefore, selected to perform sequence analysis of 291 

PCV2. Full genome amplification was done using polyacrylamide gel purified forward 292 

primer at position 490-513bp (according to the numbering of PCV2 GU049341 in 293 

Genbank) PCV490F (5’-TCCGCGGGCTGGCTGAACTTTTGA-3’) and reverse primer 294 

at position 497-474bp, PCV497R (5´-CCCGCGGAAATTTCTGACAAACGT-3’). The 295 

optimized 50 µl PCR reaction contained 15 pmol each primer, 0.3 mM dNTPs, 3µl 296 

extracted DNA and 5 U of Pfx50 high fidelity DNA polymerase (Invitrogen). The 297 

amplicons were purified by Qiaquick PCR purification kit, eluted in 30 µl of Tris-buffer 298 

and quantified and quality assessed by Agilent High Sensitivity DNA kit (Agilent 299 

Technologies). Quantified PCR samples were combined in equal molar ratios resulting 300 

in non-vaccinated and vaccinated pool. The non-vaccinated pool contained 16 samples 301 

from five farms and the vaccinated pool contained in total 8 samples from two farms. 302 

 303 

DNA sequencing and bioinformatics analysis 304 

Deep sequencing was performed using the Ion Torrent platform (Life Technologies) in 305 

the Center for Research in Agricultural Genomics (Spain), according to the 306 

manufacturer's specifications. Briefly, 100 ng of purified pools of DNA were used for 307 

library construction with the Ion Xpress Plus Fragment Library kit, Ion Xpress Barcode 308 

adapters and emulsion PCR performed with the Ion PGM Template OT2 200 kit (Life 309 

Technologies). The quality of the obtained library was evaluated with the Bioanalyzer 310 
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instrument with an Agilent High Sensitivity DNA kit. Sequencing was run on the Ion 311 

Torrent Personal Genome Machine™ (PGM, Life Technologies) loaded with a 314 chip 312 

as recommended with the Ion PGM Sequencing 200 kit (Life Technologies). 313 

Sequences were filtered by quality (cut-off 20 per base quality score) and length 314 

(minimum length 30 bp) using FastQ tools implemented in Galaxy (Blankenberg et al., 315 

2010). Filtered sequences were mapped and aligned to the reference genome PCV2b 316 

(GU049341) using Segminator II (Archer et al., 2012a; Archer et al., 2012b), a tool 317 

specifically developed for characterization of viral next generation sequencing data. 318 

Probabilistic read error detection was utilized together with the known platform error 319 

rate to determine the probability of an observed nucleotide being biologically relevant 320 

and not due to the platform error. Sites were considered polymorphic if the alternative 321 

base frequency was >5% and if the probability was >0.97. The per site coverage, codon 322 

frequencies and consensus sequence were generated by Segminator II. The consensus 323 

genomic sequence was obtained for each pool by replacing any nucleotide of the 324 

reference sequence GU049341 with the most common nucleotide in the reads. Reads 325 

were then re-mapped using the generated consensus sequence of each pool. Numbering 326 

of the amino acid positions and nucleotide positions throughout the text refer to 327 

numbering of a Spanish PCV2b genotype in Genbank gi:GU049341.  328 

Full-length viral (minor) variants were generated based on the codon frequencies 329 

obtained by Segminator II. Briefly, each variable position was checked manually and 330 

first the codons with highest frequencies were used to construct the main PCV2 type in 331 

the analyzed pool.  Then variant PCV2 types were constructed containing codons with 332 

frequencies above 5% (cut-off, as explained above) and below the most frequent codon. 333 

These main and variant PCV2 types were used in the phylogenetic analysis. Jukes 334 

Cantor p-distance model was used to construct phylogenetic tree with 500 resamplings 335 
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(Tamura et al., 2011). Polymorphic sites and mutation rates were calculated using 336 

DnaSp (Librado & Rozas, 2009). 337 

Structure of the PCV2 virus-like particle and Cap protein is published PDBid: 3R0R 338 

(Khayat et al., 2011) and was used to map the amino acid changes. Electrostatic 339 

potential map of the PCV2 cryo-EM structure was calculated using the program APBS 340 

with nonlinear Poisson-Boltzmann equation and contoured at ±10 kT/e. Strucutural 341 

figures were prepared with PyMOL Molecular Graphics System. 342 

The Chi-square test was used to compare the number of segregating sites and mutations 343 

between non-vaccinated and vaccinated pools. Watterson estimate (θ) was used to 344 

estimate the mutation rates between non-vaccinated and vaccinated pool using number 345 

of synonymous changes. Synonymous changes were used based on the assumption that 346 

they are presenting neutral mutations. 347 

 348 
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Table 1. Numbers of segregating sites and mutations in pools of non-vaccinating and 478 

vaccinating farms. Rep=replicase, Cap=capsid. 479 

Parameter 
Vaccination 

status 

Genome 

(1-1795) 

rep 

(51-992) 

cap 

(1734-1036) 

Number of 

segregating sites 

NO 109 27 79 

YES 96 26 65 

Number of 

different mutations 

NO 114 27 83 

YES 98 28 66 

Synonymous 

changes 

NO 72 25 47 

YES 55 20 35 

Non synonymous 

changes 

NO 38 2 36 

YES 39 8 31 

  480 
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Figure legends 481 

 482 

Figure 1. Unique polymorphic sites in non-vaccinated and vaccinated pools. Position in 483 

the PCV2 genome is indicated in left; asterisk behind the number indicates sites with 484 

non-synonymous changes. Frequency of polymorphism is shown on top of the graph.  485 

 486 

Figure 2. Phylogenetic comparison of annotated a) capsid and b) replicase genes in 487 

non-vaccinated (NON VACC) and vaccinated (VACC) pools. PCV2 types a, b and c 488 

sequences were obtained from GenBank and their accession numbers are shown. The 489 

percentage of replicate trees in which the sequences clustered together in the bootstrap 490 

test (500 replicates) is shown next to the branches. 491 

 492 

Figure 3: Frequencies of non-synonymous amino acid changes in Capsid (Cap) protein 493 

detected in non-vaccinated (NV, black bars) and vaccinated (V, gray bars) pools. Below 494 

the graph, amino acid variants and their positions according to numbering of protein 495 

sequence of GU049341. Novel amino acids found in this study are indicated with stars. 496 

 497 

Figure 4: Frequencies of non-synonymous amino acid changes in Replicase protein 498 

(Rep) detected in non-vaccinated (NV, black bars) and vaccinated (V, gray bars) pools. 499 

Below the graph, amino acid variants and their positions according to numbering of 500 

protein sequence of GU049341. Novel amino acids found in this study are indicated 501 

with stars. 502 

 503 

Figure 5: Structure of the PCV2 virus-like particle and Capsid protein association 504 

(PDBid: 3R0R). a) Surface representation of antigenic domains recognized by anti-505 

PCV2 antibodies and amino acids with non-synonymous changes detected in our study 506 

(red). b) Electrostatic potential map of the PCV2 cryo-EM structure calculated using the 507 

program APBS with nonlinear Poisson-Boltzmann equation and contoured at ±10 kT/e 508 

(negatively and positively charged surface areas in red and blue, respectively). On the 509 

right, ribbon representation of Capsid proteins contained in the dashed sections. 510 

Selected amino acids are shown in solvent surface with their corresponding sequence 511 

number. Projections of the icosahedral viral particle are shown down a 3-fold axis (a) 512 

and down a 5-fold axis (b). 513 

  514 
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Fig. 1. 515 
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Fig. 2. 519 
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Fig. 3. 523 
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Fig. 4. 527 
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Fig. 5. 531 
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