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Abstract Porcine reproductive and respiratory syndrome

virus (PRRSV) has been investigated extensively at the

molecular level. Nevertheless, genome wide study on the

temporal and spatial dynamics of the virus is non-existed. To

explore this topic, we determined complete coding genome

sequences for four PRRSV isolates and analyzed them

together with 122 global published ones using the Bayesian

coalescent approach as well as Bayesian inferences and

maximum likelihood methods. All EU-type viruses belon-

ged to one of two groups or were unclassified (5 isolates), and

all NA-type isolates were divided into one of three major

groups or were unclassified (1 isolate). Here, there was no

apparent association between temporal or geographic origin

and heterogeneity of global PRRSVs. Of the eight ORFs,

ORF1a showed the most powerful evolutionary signal. Our

findings also indicated that the PRRS virus evolved at a rate

of 1.98 9 10-3 substitutions/site/year, and the most recent

common ancestor of the virus existed 786.4 years ago.

Here, EU-type viruses segregated 115.7 years ago, while

NA-type isolates diverged 179.8 years before the present.

In addition, our reconstruction of the effective population

size depicted five phases of epidemic growth: an initial

constant, followed sequentially by slow decrease, slight

increase, sharp decline, and then a rapid expansion

approaching the present.

Keywords Genome sequences � Epidemiology �
Phylogenomics � Evolution � Porcine reproductive

and respiratory syndrome virus

Introduction

Infection with porcine reproductive and respiratory syn-

drome virus (PRRSV) causes reproductive failure in sows

and respiratory illness in piglets [20], and has led to huge

economic losses in the global swine industry [5]. The

causative agent of this disease, PRRSV, is an enveloped,

positive-sense, and single stranded RNA virus. The viral

genome is approximately 15 kb in length, and possesses

nine open reading frames (ORFs); the first two ORFs

(ORF1a and ORF1b) encode an ORF1ab replicase poly-

protein, and the remaining seven ones (ORF2a, 2b, 3, 4, 5,

6, and 7) code for minor structural proteins (GP2, GP3, and

GP4) and major structural proteins (GP5, M, and N) [30].
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The PRRSVs were first reported in North America in

1987 [17] and in Western Europe in 1990 [37]. They are

recognized as two distinct genotypes, type 1 (European,

EU) and type 2 (North American, NA), according to the

geographic origin of their prototype strains (Lelystad and

VR-2332), respectively [37]. Although type 1 and 2

PRRSV isolates share the same viral morphology and give

rise to similar disease symptoms, they were genetically and

antigenically very different [22].

Although there have been many comparative publica-

tions of the genetic characterization, epidemiology, phy-

logenetics, and evolution of the PRRSV at the molecular

level e.g., [3, 21, 23, 36, 39], the evolution of PRRSV is

still controversial e.g., [11, 12, 15, 24, 28, 29, 31]. Above

all things, to date, evolutionary studies on the PRRSV have

focused on only one or a few genes such as ORF5 or ORF7.

In order to fully understand the evolutionary patterns and

dynamics of PRRSV as well as to aid prevention-and-

control policies against the disease, it is necessary to per-

form a genomic scale analysis. So, we conducted here

genome wide study on the temporal and spatial dynamics

of the virus. We first determined coding genome sequences

for four PRRSVs and then analyzed them together with 122

publicly available genome sequences sampled during a

time period of 22 years (1989–2010). Specific aims of the

present study are (1) to describe the sequence features of

PRRSV coding genome sequences; (2) to reconstruct the

genome wide phylogeny of the global PRRSVs using two

different analyses methods, Bayesian inferences (BI) and

maximum likelihood (ML); (3) to examine the key mech-

anisms that drive the evolution of this virus, such as

selection pressure; and (4) to investigate substitution rates,

divergence times, and population size changes using

Bayesian coalescent approach.

Materials and methods

Samples and data collection

Using MARC-145 cells, four NA type PRRSV strains were

isolated from three Korean prefectures (Gyeonggi, Gang-

won, and Chungnam) in 2007, 2009, and 2010. The

PRRSV isolates, CP07-401-9 (passage 9), CP07-626-2

(passage 13), e417-2 (passage 5) and A4699 (passage 9),

were used for the genomic sequencing. Their genomic

sequences were analyzed together with published sequen-

ces with available genomic sequences including 15 EU

type and 107 NA type PRRSVs. At the first stage of our

making the data matrix, all known recombinant sequences

were excluded. Namely, all sequences were screened for

the presence of recombination events via the RDP 3.0b41

package [19] with the default parameters. This package

incorporates six different recombination detection pro-

grams: RDP, GENECONV, MaxChi, BOOTSCAN, Chi-

meara, and SiScan. Sequences would be considered as

recombinants if they were identified as recombinant by at

least 3 out of 6 methods. In all analyses, P \ 0.05 was

taken to indicate statistical significance. The PRRSVs uti-

lized in the present study are listed in Table S1.

RNA extraction, RT-PCR, and sequencing

PRRSV isolates were cultured in MARC-145 cells in Dul-

becco’s modified Eagle’s medium (5 % fetal bovine serum)

for 5 days and harvested by two-times ‘freezing and thawing’

and centrifugation (3,000 rpm for 20 min), when the cyto-

pathic effects were observed in approximately 80 % of cells.

The harvested viruses were then used for RNA extraction.

Total RNA was extracted from the virus stocks using Trizol

LS (Invitrogen, Carlsbad, CA, USA), according to the man-

ufacturer’s instructions. The cDNA was synthesized with

random hexamers using SuperScript� III First Strand Syn-

thesis kit (Invitrogen), following the manufacturer’s instruc-

tions. For the sequencing, primer sets from a previous study

were selected [40]. The PCR was performed separately with

each primer set using Maxime PCR premix kit (Intron, Korea).

The PCR amplification conditions were: 94 �C for 2 min; 40

cycles of 94 �C for 10 s, 58 �C for 30 s, and 72 �C for 30 s;

and a final elongation step at 72 �C for 7 min. The amplified

fragments were purified with a QIAquick Gel Extraction Kit

(Qiagen) and sequenced in both the forward and reverse ori-

entations by submitting to Macrogen company (Korea), using

the corresponding primer sets. If the primers couldn’t amplify

the target region in some isolates or the ends of the neigh-

boring contigs were not sufficient to link each other, the

additional primer sets were designed based on the obtained

contigs.

Sequence and selection pressure analyses

Both nucleotide and amino acid sequences of the coding

regions for 126 PRRSVs were initially aligned using the

CLUSTAL X 1.81 [35], and then adjusted manually to

eliminate poorly aligned positions. The final alignment

comprised 15,211 bps and can be obtained from the

authors. The alignment of coding genome sequences was

also divided into the corresponding individual genes:

ORF1a, 1b, 2, 3, 4, 5, 6, and 7. All gene positions quoted

here are with respect to PRRSV genome of strain Lelystad

(GenBank accession no. M96262) for EU-type and strain

VR-2332 (GenBank accession no. U87392) for NA-type.

For both nucleotide and amino acid sequences of the eight

individual genes, as well as the entire coding region, following

values were calculated using BIOEDIT 7.053 [14] and

Modeltest 3.7 [25]: total sites (including gaps), conserved
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sites, sequence homologies, base frequencies, and substitution

matrix. In addition, we plotted the number of both nucleotide

and amino acid variations at each position throughout the 126

PRRSV genome alignment. We first calculated the nucleotide

differences by counting the number of minor nucleotides at

each position across the alignment. Here, minor nucleotides

were defined as the less frequent ones at each site. For

instance, at the specific position of the alignment, if the

nucleotide A appeared dominantly in 90 isolates, and C, G and

T were observed in the remaining 36 isolates, then the

nucleotide difference was 36. The same principle was applied

for plotting the amino acid differences.

To perform the selective pressure study on the PRRSVs,

the relative rates of non-synonymous and synonymous

substitution (x = dN/dS) across coding portion of the viral

genome were also calculated with ClustalX 1.81 [35],

PAL2NAL [34], and codeml program in the PAML 3.14.1

package [38]. A dN/dS ratio of\1 is considered to indicate

purifying selection, dN/dS = 1 suggests an absence of

selection (i.e. neutral evolution), and dN/dS [ 1 indicates

positive or diversifying selection.

Phylogenomic reconstructions

Phylogenomic approaches involved two different analytical

methods, Bayesian inferences (BI) and maximum likelihood

(ML). For both analyses, we first determined the best fitting

model of sequence evolution for the PRRSV coding genome.

GTR?I?G was selected as the best-fit model under Akaike’s

information criterion (AIC) in Modeltest 3.7 [25]. BI ana-

lysis was performed using the program MrBayes 3.1.2 [27]

with the following options: nst, 6; rates, gamma; number of

generation, 20,000,000; sample frequency, 500; number of

chains, 4; burn-in generation, 20,000. To estimate the node

reliability, Bayesian posterior probability (BPP) values were

shown on the BI tree. ML analysis was implemented in

PHYML 3.0 [13], and was run under the following param-

eters: model of nucleotide substitution, GTR; initial tree,

BIONJ; nonparametric bootstrap analysis, yes, 500 repli-

cates; proportion of invariable sites, estimated; number of

substitution rate categories, 6; gamma shape parameter,

estimated by program; optimize tree topology, yes.

In order to screen for congruent tree topologies with

genome tree topologies, each gene segment was analyzed in

the same methods as coding genome data. Best fit models

used in each gene analyses are presented in Table 2.

Co-estimation of substitutions rates, time of the most

recent common ancestor (tMRCA), and population size

changes

Sequences with an available year of collection were

introduced to Bayesian coalescent approach in order to co-

estimate rates of nucleotide substitutions, times of the most

recent common ancestor (tMRCA), and changes in popu-

lation size. The analysis was conducted under GTR?I?G

model, nst = 6, and rates = gamma derived from Akaike’s

information criterion (AIC) in Modeltest 3.7 [25]. We

employed both strict and relaxed (both uncorrelated

exponential and uncorrelated log-normal) molecular clocks

[8] with five different demographic models (constant size,

exponential growth, expansion growth, logistic growth, and

Bayesian skyline) using BEAST 1.5.3 [7]. The datasets

were each run for 400,000,000 generations to ensure con-

vergence of all parameters (ESSs [ 100) with discarded

burn-in of 10 %. By comparison of Bayes factors (log10

Bayes Factors [ 2 in all cases) based on the relative

marginal likelihoods of the models [33], the relaxed

uncorrelated exponential clock and exponential population

size model were selected as showing the best fit for the

PRRSV coding genome dataset. The changes in effective

population size over time were examined using the

Bayesian skyline plot (BSP). The resulting convergence

was analyzed using Tracer 1.5 (http://beast.bio.ed.ac.uk/

Tracer) and the statistical uncertainties were summarized in

the 95 % highest probability density (HPD) intervals. Trees

were summarized as maximum clade credibility trees using

the TreeAnnotator program, which forms part of the

BEAST package, and visualized using FigTree 1.3.1 [26].

In addition, we carried out Bayesian coalescent approach

for eight individual genes in order to trace the evolutionary

dynamics of each of them. Evolutionary models selected

for each gene analysis are presented in Table 2, as well.

Results

Sequence analyses and selection pressure analyses

The complete coding genome sequences from four Korean

PRRSV strains were determined and were deposited in

GenBank (accession nos. JX138233–JX138236). Each of

them was classified as NA type virus but was not same to

each other in length: 15,059 bps for CP07-401-9; 14,678

bps for e417-2; 14,672 bps for both CP07-626-2 and

A4699. The configuration of the 126 PRRSV coding gen-

ome and individual gene sequences are summarized in

Table 1. The coding genome alignment (including gaps)

was 15,211 base pairs, and revealed a very low degree of

genetic similarities; 5,358 (35.2 %) of the nucleotide

positions were conserved. Pairwise comparisons also

showed that the average identities among the complete

coding genome sequences were 77.8 % for the nucleotide

sequences. Of the eight individual genes, ORF1a was the

most variable (average sequence identities of 72.8 and

73.0 % for nucleotides and amino acids, respectively),
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whereas ORF6 was the most conserved (average sequence

similarities of 88.2 and 93.7 % for nucleotides and amino

acids, respectively). Our plotting the number of both

nucleotide and amino acid variations at each site

throughout coding genome sequences of 126 global

PRRSV isolates depicted that both nucleotide and amino

acid alterations were evenly distributed throughout the

genomes (Fig. 1). Especially, higher sequence diversities

for both nucleotides and amino acids were showed in four

regions, the 50 half of ORF1a, the 30 end part of ORF1b,

ORF3, and ORF5.

The complete coding genome of the EU-type viruses

included 14,763 nucleotides (including insertions), and

revealed considerable genetic polymorphism: 9,314

(63.1 %) of the nucleotides were conserved. The average

nucleotide sequence identity among this type isolates was

89.2 %. Of the eight genetic regions, ORF1a was the most

variable (average sequence similarities, 87.5 % for nucle-

otides and 89.1 % for amino acid), whereas ORF7 was the

most conserved (average sequence identities, 93.2 % for

nucleotides and 93.4 % for amino acids).

The total sites (including gaps) of the NA-type coding

genome had 15,185 base pairs. In comparison with EU-

type sequences, they had similar configurations: 8,094

(53.3 %) of the nucleotide sites were conserved. Pairwise

comparisons showed that the average identity between NA-

type isolates was 93.7 % for the nucleotide sequences.

ORF6, rather than ORF7 in the EU type, was most con-

served (average sequence identities, 97.2 % for nucleotides

and 98.2 % for amino acids).

The mean nonsynonymous/synonymous substitution

ratio (x = dN/dS) values for each component gene of the

global, EU-, and NA-type PRRS viruses were lower than 1

(Table 1), which suggests that PRRSV genome was under

Table 1 Summary of the genomic regions of entire PRRSV

Genomic

region

Total sites

including gaps,

nt/aa

Conserved

sites (%),

nt/aa

Average

identities

(%), nt/aa

x value

(dN/dS)

ORF 15,211/NA 5,358

(35.2)/NA

77.8/NA NA

ORF1a 7,585/2,529 2,142

(28.2)/595

(23.5)

72.8/73.0 0.24241

ORF1b 4,404/1,476 1,876

(42.6)/162

(11.0)

80.6/77.9 0.13251

ORF2 771/256 352 (45.7)/

101 (39.5)

85.0/85.8 0.21361

ORF3 801/266 316 (39.5)/

86 (32.3)

83.1/80.5 0.38301

ORF4 552/183 233 (42.2)/

75 (41.0)

84.7/87.9 0.23765

ORF5 618/205 224 (36.2)/

61 (29.8)

81.8/82.1 0.27130

ORF6 525/174 260 (49.5)/

97 (55.7)

88.2/93.7 0.14340

ORF7 398/131 161 (40.5)/

54 (41.2)

85.5/86.0 0.19081

EU-type

ORF 14,763/NA 9,314

(63.1)/NA

89.2/NA NA

ORF1a 7,191/2,396 4,186

(58.2)/

1,566

(65.4)

87.5/89.1 0.19966

ORF1b 4,392/1,463 2,984

(67.9)/

1,244

(85.0)

91.0/96.5 0.07685

ORF2 750/249 532 (70.9)/

179 (71.9)

91.5/92.4 0.22400

ORF3 798/265 496 (62.2)/

153 (57.7)

87.9/85.2 0.31792

ORF4 552/183 337 (61.1)/

121 (66.1)

87.8/88.1 0.25309

ORF5 606/201 382 (63.0)/

127 (63.2)

88.1/88.7 0.22332

ORF6 522/173 386 (73.9)/

133 (76.9)

92.3/93.6 0.20148

ORF7 387/128 290 (74.9)/

97 (75.8)

93.2/93.4 0.25684

NA-type

ORF 15,185/NA 8,094

(53.3)/NA

93.7/NA NA

ORF1a 7,513/2,514 3,469

(46.2)/

1,042

(41.4)

91.2/91.1 0.30970

ORF1b 4,375/1,468 2,646

(60.5)/222

(15.1)

95.0/84.63 0.16993

Table 1 continued

Genomic

region

Total sites

including gaps,

nt/aa

Conserved

sites (%),

nt/aa

Average

identities

(%), nt/aa

x value

(dN/dS)

ORF2 771/256 495 (64.2)/

156 (60.9)

95.7/95.3 0.25514

ORF3 765/254 453 (59.2)/

142 (55.9)

94.1/92.8 0.42504

ORF4 537/178 338 (62.9)/

108 (60.7)

94.7/94.7 0.33438

ORF5 603/200 350 (58.0)/

106 (53.0)

93.8/92.9 0.37286

ORF6 525/174 364 (69.3)/

137 (78.7)

97.2/98.2 0.18075

ORF7 372/123 235 (63.2)/

78 (63.4)

96.0/96.4 0.22429

NA not applicable
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purifying selection. The highest dN/dS ratios were

observed in ORF3 (0.38301 for global, 0.31792 for EU-

type, and 0.42504 for NA-type), whilst the lowest ones

were showed in ORF1b (0.13251 for global, 0.07685 for

EU-type, and 0.16993 for NA-type).

Phylogenomic analyses

Bayesian inferences (BI) and maximum likelihood (ML)

methods produced consistent features regarding the phy-

logenomics of PRRSV, and supported the topology of the

maximum clade credibility tree (Fig. 2). All of the global

PRRSVs are divided into two different clades, EU and NA

genotypes (all, posterior probabilities = 1.00 and bootstrap

values = 100 %). Here, all EU-type viruses were either

divided into one of two groups or were unclassified (5

isolates: EU076704, FJ349261, GU047344, JF276430 and

JF276431). Group 1 contained six PRRSV isolates from the

United States, the Netherlands, Thailand, and Germany

during 1991–2001. Group 2 was grouped with four viruses

from Spain, China, and Portugal between 2005 and 2009.

Within the NA-type clade, all members either belonged

to one of three major groups or were unclassified (one

isolate: AB288356). Group 1 consisted of 87 PRRSVs

(78.4 % of all NA-type viruses), of which 83 were Chinese

isolates and the remaining four were American viruses

collected between 1995 and 2009. Group 2 was composed

of 19 isolates from Korea, China, Thailand, the United

States, and Canada from 1989 to 2009. Viruses of Group 3

were collected from China and America during 2007–2010.

In addition to phylogenomic analyses, in order to elu-

cidate the most significant phylogenetic marker among the

eight PRRSV genes, we employed both BI and ML anal-

yses at viral gene level under the best fit evolutionary

model (Table 2). All individual trees were compared to the

coding genome-based phylogenomic trees. Here, ORF1a

gene trees (Fig. 3) most closely resembled the coding

genome trees. The overall tree topologies of both ORF5

and ORF7 genes, which have been used as the molecular

markers of the PRRSV investigation, were very different

from those of genomic trees (Figs. S1, S2); all clades

excluding NA-type Group 1 and NA-type Group 2 were

collapsed in ORF5 trees, and all groupings were broken

down in ORF7 trees as well.

Substitutions rates, divergence times, and population

size changes

Under the relaxed uncorrelated exponential clock and

exponential population size model showing the best fit for

the PRRSV coding genome dataset, the evolutionary rate

estimated was 1.98 9 10-3 (95 % HPD 9.81 9 10-3

–3.04 9 10-3) substitutions/site/year, and the tMRCA cal-

culated was 786.4 (95 % HPD 280.2–1558.2) years ago.

Fig. 1 Plotting the nucleotide

(a) and amino acid

(b) differences throughout the

complete coding genomes of

126 global PRRSVs. Number of

differences was estimated as the

total number of altered

nucleotides at each site

compared by the multiple

sequence alignment method.

Each ORF is indicated on top of

each plot
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Here, EU-type viruses diverged 115.7 (95 % HPD

34.4–194.5) years ago and NA-type ones segregated 179.8

(95 % HPD 57.3–243.9) years ago. The Bayesian skyline

plot analysis of PRRSV isolates (Fig. 4) depicted five phases

of epidemic growth. The viruses evolved under almost

constant population size until the late 1400s, when they

experienced a population decrease until the late 1600s. The

population size then increased again until the early 1900s,

when a rapid decline followed by a sharp expansion

approaching the present.

In order to track the evolutionary marker of the eight

gene segments, we additionally carried out Bayesian coa-

lescent approaches under the best fit model (Table 2) for

each gene. As shown Table 3, tMRCA estimated from

ORF1a sequences was most similar to that from the coding

genome: 709.7 (299.1–1259.9) years.

Discussion

Our results based on coding genome sequences indicated

that PRRSV heterogeneity is very high and this point is in

agreement with viewpoints of previous investigators e.g.,

[1, 32]. Average nucleotide identity of inter-genotypic

viruses was 77.8 %; of the eight individual genes, ORF1a

was most variable, while ORF6 was most conserve. Of the

six structural genes, ORF5 which is the main target for

virus neutralizing antibodies and phylogenetic evolution

was most polymorphic. In addition, within each genotype,

similar configurations were presented as well. Those of

intra-genotypic isolates were 89.2 % for EU-type and

93.7 % for NA-type. Interestingly, in spite of the consid-

erable genetic polymorphisms between and within two

genotypes, the viral morphology is same and their disease

symptoms are very similar. Because the sequence vari-

ability may affect PCR diagnosis and vaccination effi-

ciency as well as studies on immunology, epidemiology,

and phylogenetic evolution, it is essential to continuously

monitor their variation.

In regard to the selection pressure on PRRSVs, our

findings based on complete coding genome sequences

exhibited that purifying selection is acting on the viruses;

the mean nonsynonymous/synonymous substitution ratio

(x = dN/dS) values for each genomic segment were low in

all cases (all, x\ 1). Of which, the ORF3 showed the

highest dN/dS values, while the ORF1b showed the lowest

ones. The purifying selection on the PRRSV genome is in

line with the suggestions of Pesch et al. [23], while it

contradicts the viewpoints of others such as Hanada et al.

[15] and Song et al. [31] who mentioned that the PRRSV

evolution was affected by positive selection.

To date, molecular phylogenetics has been contributed

to the elucidation of the genomics, emergence, epidemi-

ology, and evolutionary mechanisms of the PRRSV, due

mainly to the many insights these analyses can provide.

Although PRRSV data have increased rapidly, most phy-

logenetic studies describing the virus have been restricted

to ORF5 or ORF7. Genome-level works of global PRRSVs

have been performed using the only limited number of

samples, as well. For example, to date, the most extensive

PRRSV phylogenomics were inferred from only 25 (15 EU

and 10 NA) and 30 (6 EU and 24 NA) isolates by Darwich

et al. [4] and Zhu et al. [40], respectively. Therefore, our

findings based on 126 coding genome sequences have

advantages relative to results based on single gene or

limited number of genome sequences and may be more

Table 2 Models of evolution estimated for the genomic regions of entire PRRSV with Modeltest

Genomic

region

Model -lnL Base frequencies

(A, C, G)

Substitution matrix

(A–C, A–G, A–T, C–G, C–T)

Pinvar Nst Shape

ORF GTR?I?G 166254.56 0.21, 0.28, 0.25 1.13, 12.60, 1.51, 0.98, 13.85 0.31 6 1.66

ORF1a TVM?I?G 89719.80 0.20, 0.28, 0.26 1.15, 13.20, 1.57, 0.93, 13.20 0.25 6 1.95

ORF1b GTR?I?G 41793.23 0.23, 0.28, 0.25 0.83, 13.80, 1.50, 0.88, 18.10 0.39 6 1.63

ORF2 K81uf?I?G 7072.27 0.21, 0.27, 0.23, 1.00, 8.44, 0.68, 0.68, 8.44 8.43 6 1.30

ORF3 GTR?I?G 8455.15 0.20, 0.30, 0.23 1.54, 12.08, 1.48, 0.79, 9.30 0.34 6 1.46

ORF4 TVM?I?G 5418.04 0.21, 0.29, 0.25 1.43, 10.64, 1.21, 0.67, 10.64 0.34 6 1.23

ORF5 HKY?I?G 6577.39 0.22, 0.27, 0.24 TRatio 4.59 0.25 2 1.04

ORF6 SYM?G 4020.05 Equal 2.97, 18.88, 3.75, 2.80, 34.28 0 6 0.34

ORF7 TIMef?I?G 3288.97 Equal 1.00, 11.57, 1.62, 1.62, 17.56 0.34 6 1.39

-lnL log likelihood scores, Pinvar proportion of invariable sites, Shape gamma distribution shape parameter

Fig. 2 Bayesian maximum clade credibility phylogenomic tree

derived from complete coding genome sequences of 126 global

PRRSVs. The data set (15,211 base pairs) was also phylogenetically

analyzed with BI and ML methods and identical topology was

produced. The robustness of the phylogenetic analysis is presented

above the nodes: left numbers represent Bayesian posterior probabil-

ities (C0.80) and right ones represent ML bootstrap values (C70 %).

Divergence times (in years) are positioned below the nodes; the 95 %

HPD intervals are indicated in brackets. Groups are marked by a ‘‘G’’

b

Mol Biol Rep (2013) 40:6843–6853 6849

123



0.3

EU200961.China.2007

EU860248.China.2006

HM016158.China.2008

EF112447.China.2006

JX138234.South Korea.2009

EU880439.China.2004

HM011104.China.2007

EF112445.China.2006

EU880435.China.2008

HQ401282.China.2007

EU880438.China.2002

HM016159.China.2009

GU454850.China.2007

FJ349261.South Korea.2007

HQ233605.China.2002
EU864232.China.2005

GQ914997.China.2009

DQ056373.Thailand.2001

FJ797690.China.2006

FJ393458.China.2007

HM853673.China.2008

GU461292.China.2007

EU106888.China.2007
GQ359108.China.2008

EU860249.China.2007

DQ864705.Thailand.2001

EU880434.China.2007

FJ393456.China.2007

FJ899592.China.2003

EU109503.China.2007

EU880433.China.2007

GQ374442.China.2008

GU232735.China.2008

AY366525.USA.1999

AY585241.South Korea.1997

AY032626.China.1996

AY588319.Netherlands.1995

EU880441.China.2002

EU144079.China.2006

EF641008.China.2006

FJ393457.China.2007

GQ857656.China.2009

M96262.Netherlands.1991

EU624117.China.2007

GQ499195.China.2008

EU880431.China.2008

DQ459471.China.1998

FJ889129.China.2008

EF153486.China.2006

EF488048.China.2007

JF276430.Spain.2005
JF276431.Spain.1992

FJ889130.China.2008

AB288356.Japan.1992

EF112446.China.2006

JF276433.Spain.2005

EU825724.China.2007

NC001961.USA.1997

EU097707.China.2006

FJ175687.China.2001

GU232738.China.2008

HM214914.China.2009

EU187484.China.2006

EF517962.China.2006

FJ895329.China.2009

EF488739.USA.2007

GU168568.China.2009

GQ499193.China.2008

JX138235.South Korea.2007

FJ950746.China.2007

EU880432.China.2006

GU047345.China.2009

DQ473474.South Korea.2002

EU076704.Hong Kong.2007

FJ950744.China.2007

EU864231.China.2007

EF635006.China.2006

AY262352.China.2002

FJ175688.China.2002

JF276432.Spain.2005

GQ499196.China.2008

EU807840.China.2008

EU200962.China.2007

U87392.USA.1989

AF331831.China.1996

EU109502.China.2007

EU880436.China.2008

GU143913.China.2009

EU880437.China.2007

HQ233604.China.2006

GU168569.China.2008

AF176348.Canada.1995

JF276434.Germany.1996

GQ374441.China.2007

EU880442.China.2003

GQ351601.China.2007

EU708726.China.2006

JX138236.South Korea.2010

EU825723.China.2007

AF494042.USA.1995

DQ489311.USA.2001

FJ175689.China.2003

EU880443.China.2004

EU864233.China.2006

AY545985.USA.1997

GU047344.China.2006

FJ393459.China.2007

JX138233.South Korea.2007

JF276435.Portugal.2006

HM214913.China.2009

EF075945.China.2006

FJ394029.China.2007

AF325691.USA.1997

HM189676.China.2009

FJ950745.China.2007

GU169411.China.2008

GU269541.China.2005

GQ499194.China.2008

FJ536165.China.2004

EU097706.China.2006

EU939312.China.2006

AY457635.China.2003

EU880440.China.2003

AY424271.USA.1997

EU236259.China.2007

FJ950747.China.2007

NA

EU

G1

G2

G3

G1

G2

1.00/97

1.00/-

1.00/100

1.00/100

1.00/100

1.00/94

1.00/96

Fig. 3 Bayesian Inference tree (-lnL = 89719.80) based on com-

plete ORF1a nucleotide sequences of 126 global PRRSVs. Evolu-

tionary best fit model is TVM?I?G. The robustness of the

phylogenetic analysis is showed above the nodes: left numbers are

Bayesian posterior probabilities (C0.80) and right ones are ML

bootstrap values (C70 %). Groups are marked by a ‘‘G’’
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robust. Our results depicted two distinct phylogenetic

clades, EU and NA genotypes. Although EU-type and NA-

type PRRSVs were originated from Europe and North

America, respectively, the mixture of two genotype isolates

in a nation has been reported worldwide. Owing to the

coexistence of two genotypes, the prevention and control

strategies of this acute disease is much more complex and

difficult.

Next, our phylogenomic study focused on geographic

and/or period influences on the evolution of PRRSVs. On

this topic, recent workers such as Cha et al. [2] and Zhu

et al. [40] claimed that geographic separation is a factor

influencing the PRRSV evolution, based on ORF5 and

genome sequences, respectively. In contrast to their opin-

ions, however, there were different suggestions by our [39]

and other [16] previous studies derived from ORF7

sequences. The ORF7 data revealed that there was no

immediate relationship between the date or place of col-

lection and the topological distribution of PRRSVs, which

is confirmed by the present study on the basis of complete

coding genome sequences. Within the EU-type clade,

Group 1 members were collected from four countries

(United States, the Netherlands, Thailand, and Germany)

during 1995–2009, and Group 2 viruses were sampled from

three countries (Spain, China, and Portugal) between 2005

and 2009. This configuration appeared similarly in the NA-

type clade as well. Group 1 isolates occurred in China and

America between 1995 and 2009. Group 2 members broke

out in five countries (Korea, China, Thailand, the United

States, and Canada) from 1989 to 2009. Group 3 PRRSVs

were derived from China and America during 2007–2010.

These features may be largely due to the rapid expansion

and diversification of PRRSVs over a relatively short

period of time, and their rapid spread via the frequent

international trade in livestock. This intermix can make

vaccine strategies more difficult. Thus, continuously

screening for changes in the mixed population structure of

this virus is needed.

We also tried to determine which region(s) has stronger

phylogenetic signal by comparing eight individual gene

trees with the coding genome trees. As a result, topologies

of ORF1a trees, rather than ORF5 or ORF7 trees, much

more closely resembled those of the coding genome trees.

Accordingly, we propose that ORF1a rather than ORF5 or

ORF7 is more useful marker to reconstruct the PRRSV

phylogeny.

On the evolutionary rates of the RNA viruses including the

PRRSV, there have been several publications. Domingo

et al. [6] stated that RNA viruses have high mutation rates of

10-3–10-5 nucleotide substitutions per site per replication

cycle. Similarly, Duffy et al. [9] also reported that RNA viruses

evolve at an approximate rate of 10-3 nucleotide substitutions/

site/year. Especially, regarding the evolutionary rates of

PRRSV, Forsberg et al. [12] estimated mean evolutionary rates

of 5.8 9 10-3 (95 % HPD = 4.8–6.9 9 10-3) substitutions/

site/year on the basis of the ORF3 sequences of EU isolates.

Hanada et al. [15] suggested the evolutionary rate of

4.17–9.8 9 10-2 substitutions/site/year in their investigations
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Fig. 4 Bayesian skyline plot on the basis of coding genome

sequences from 126 global PRRSVs sampled between 1989 and

2010. The dark line in Bayesian skyline plot shows the estimated

effective population size through time. The gray area represents the

95 % highest posterior density confidence intervals for this estimate

Table 3 Bayesian estimates of divergence times and evolutionary parameters for PRRSV genomic region

Genomic region Demographic model Substitution rates (substitutions/site/year) Age (years)

ORF Exponential 1.98 9 10-3 (9.81 9 10-3–3.04 9 10-3) 786.4 (280.2–1558.2)

ORF1a Logistic 2.19 9 10-3 (1.13 9 10-3–3.30 9 10-3) 709.7 (299.1–1259.9)

ORF1b Exponential 2.21 9 10-3 (1.28 9 10-3–3.19 9 10-3) 869.1 (413.1–1424.0)

ORF2 Constant 2.55 9 10-3 (1.38 9 10-3–3.83 9 10-3) 414.1 (168.1–718.0)

ORF3 Logistic 1.77 9 10-3 (1.03 9 10-3–2.56 9 10-3) 408.7 (169.3–708.6)

ORF4 Logistic 1.39 9 10-3 (7.32 9 10-4–2.12 9 10-3) 540.7 (209.6–974.5)

ORF5 Logistic 2.02 9 10-3 (1.17 9 10-3–2.94 9 10-3) 395.5 (162.8–682.2)

ORF6 Constant 2.25 9 10-3 (6.55 9 10-4–1.86 9 10-3) 447.7 (176.0–809.5)

ORF7 Exponential 2.82 9 10-3 (1.23 9 10-3–4.66 9 10-3) 251.2 (60.2–515.5)

For all parameter estimates the 95 % HPD values are given in parenthesis
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based on ORFs 3–5 sequences of two genotype PRRSVs. Most

recently, Shi et al. [29] and Song et al. [31] used ORF5

sequence data in their studies, and calculated the nucleotide

substitution rates of 1.46 9 10-3 for NA-type viruses and

3.29 9 10-3 substitutions/site/year for two genotype isolates,

respectively. Consistently with theses previous investigations,

our findings also indicate that PRRSV has very high evolu-

tionary rate; the average substitution rate was 1.98 9 10-3

(95 % HPD 9.81 9 10-3–3.04 9 10-3) substitutions/site/

year. These fast evolutionary rates of RNA viruses including

PRRSV are due to several factors such as their small genomes,

short generation times, rapid mutation, and lack of polymerase

proof-reading [10]. As a result, it is possible that RNA virus

raises viral population adaptation, survival, and fitness,

allowing them to rapidly spread to new hosts and novel envi-

ronments [18].

Despite huge advances both in evolutionary theory and in

sequencing technology, the divergence times of PRRSVs is

still controversial. All of the PRRSV studies on this topic

have performed using only individual gene sequences.

Forsberg et al. [12] analyzed ORF3 sequences of EU isolates

and dated the most recent common ancestor to 1979, more

than 10 years before European outbreak. Plagemann [24]

treated three genes (ORF1b, ORF5, and ORF7) and the

tMRCA postulated by him was approximately 100 years

ago. He thought that a mutant of LDV (lactate dehydroge-

nase-elevating virus) infected wild boars in central Europe in

1912 and that this intermediate host spread the virus to North

Carolina imports; the virus then evolved independently on

the European and American continents in the wild boar

populations for about 70 years until independently entering

the domestic swine population. Subsequently, two debates

[11, 15] on the time scale of PRRSV have occurred; Fors-

berg’s [11] analyses based on ORF3 sequences of two

genotypes suggested that PRRSV diverged around the year

1880, whereas Hanada et al. [15] results on the basis of ORFs

3–5 data of two genotypes presented that the virus evolved in

about 1980. Most recently, there were two additional works

on this topic. Shi et al. [29] noted that the most recent

common ancestor of NA-type virus appeared approximately

in 1979 and Song et al. [31] demonstrated that the most

recent common ancestor of two genotype PRRSVs diverged

in 1894. In this study, in order to further infer the PRRSV

time scale, we conducted a Bayesian coalescent approach

using the most extended coding genome sequences from 126

PRRSVs collected during the past 22 years (1989–2010). As

a result, in contrast to the previous works, our molecular

dating suggests that PRRSV group has a much older origin in

spite of its recent emergence. The tMRCA of PRRSV was

786.4 (95 % HPD 280.2–1558.2) years; they were origi-

nated approximately in the year 1,225.6 (95 % HPD

1731.8–453.8). Then, EU-type viruses diverged 115.7 years

ago (95 % HPD 34.4–194.5), while the NA-type isolates

were segregated 179.8 years ago (95 % HPD 57.3–243.9);

this configuration is in concordance with the conclusion of

Nelsen et al. [23] who considered that the two lineages must

have evolved separately from a very distant common

ancestor prior to their emergence into the pig populations on

the two continents.

In terms of tracking the evolutionary dynamics of each

of the eight individual genes, our estimation showed that

tMRCA of ORF1a is most close to that of the coding

genome; tMRCA of ORF1a was 709.7 (299.1–1259.9)

years ago and the mean evolutionary rate was 2.19 9 10-3

(1.13 9 10-3–3.30 9 10-3) substitutions/site/year. So, we

suggest that ORF1a, of the eight individual regions, is the

most appropriate marker for tracing the evolutionary his-

tory of PRRSV at the gene level.

Regarding the effective population size changes of

PRRSVs, our Bayesian skyline plot (BSP) analysis (Fig. 4)

revealed that the viruses appear to have evolved under

almost constant population size until the late 1400s, when

they experienced a population decrease until the late 1600s.

Their population size then increased again until the early

1900s, when a rapid, sharp decline followed by a sharp

expansion approaching the present.

To date, despite intensive efforts into PRRSV immuno-

logical works worldwide, porcine reproductive and respira-

tory syndrome is still the most notorious disease in the global

swine industry. Accordingly, both national and global poli-

cies are necessary to prevent and control this acute disease.

The expanding data and more extensive information of

evolutionary dynamics resulting from the present study

might be very useful for the prevention and control of this

virus as well as for improving our knowledge about its

infection tracking and evolution. This is the first genome

wide study on the temporal and spatial dynamics of PRRSV.
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