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Summary. - Porcine reproductive and respiratory syndrome virus (PRRSV) ORF5 gene encoding an envelope
glycoprotein involved in humoral immunity is the most variable protein-coding gene of PRRSV. The present study
aimed to identify potential selective pressures acting on the ORF5 gene of PRRSV isolates of North American
type prevalent in China. The non-synonymous to synonymous rate ratio w (d,/d,) was employed as a measure
of selective pressure at the codon level. An overall w of 0.45 indicated negative (purifying) selection as the major
driving force operating on the ORF5 gene during adaptation of the virus to swine. Determination of w values
for individual amino acids sites revealed 8 positively selected sites, most of them situated in the N-terminal
ectodomain, indicating their potential role in the binding of virus to the cellular receptors. Further, 75 nega-
tively selected sites were identified in the rest of molecule, probably as a result of functional or immunological
constraints. Determination of potential N-glycosylation sites revealed 7 sites, four of which coincided with the
positively selected ones. These results indicated that a specific adaptive evolution has operated on the ORF5
gene of Chinese PRRSV isolates. It is hoped that the disclosed adaptive sites might help identify a candidate
antigenic epitope for the use in vaccine against this serious swine disease.
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Introduction

Porcine reproductive and respiratory syndrome is char-
acterized by the severe reproductive failure in pregnant
sows and respiratory disease in pigs of all ages (An et al.,
2007). The etiologic agent of this swine disease is PRRSV,
which belongs to the family Arteriviridae, the order Nido-
virales (Cavanagh, 1997; Snijder et al., 2005). PRRSV is an
enveloped virus containing positive-sense single-stranded
RNA genome (Meulenberg et al., 1993). The approximately
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Abbreviations: d = the numbers of non-synonymous substitu-
tions per site; d, = the numbers of synonymous substitutions per
site; GP5 = ORF5 glycoprotein; PRRSV = Porcine reproductive and
respiratory syndrome virus; w = d, /d,

15 kb genome includes nine ORFs. ORFla and ORF1b
encode viral replicase polyproteins. ORF2a, ORF2b, and
ORFs 3-7 encode the viral structural proteins GP2, E, GP3,
GP4, GP5, M, and N, respectively (Meulenberg et al., 1993;
Stadejek et al., 2002). Based on the sequence comparison of
structural genes, PRRSV has been divided into two geno-
types, the European type and North American type (Mur-
taugh et al., 1995). Since the first identification of PRRSV in
1996, PRRSV isolates prevalent in China have been North
American type according to the epidemiological data (Tian
et al., 2007; Zhou et al., 2009).

The non-synonymous/synonymous substitution rate ratio
(w =d/d,) is a powerful measure of selective pressure at
the codon level and w = 1 or w < 1 or w > 1 indicate neutral
evolution, purifying (negative) selection, and diversifying
(positive) selection, respectively (Yang et al., 2000; Yang,
2000). Codon-substitution models that allow for the hetero-
geneous w values among amino acid sites are widely used to
study the mechanisms of adaptive evolution on the protein-
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coding genes and to detect putative sites undergoing posi-
tive selection (Nielsen and Yang, 1998; Yang and Bielawski,
2000; Tang and Zhang, 2007; Vijaykrishna et al., 2008). The
evidence for positive selection operating on the virus genes
is helpful to infer and identify molecular determinants of
virulence or antigenicity without any prior knowledge of
the pathogenic and immunologic mechanism (Tang et al.,
2008; Baillie et al., 2008).

The ORF5 protein (GP5) is the major glycosylated
envelope protein present on the virion surface that forms
a disulfide-linked heterodimer with ORF6 protein (Mardassi
et al., 1996; Dea et al., 2000). Three potential N-linked gly-
cosylation sites involved in PRRSV immune evasion and
persistence are located in the ectodomain comprising the first
40 amino acid residues of the mature GP5 protein (Mardassi
et al., 1996; Ansari et al., 2006). Neutralizing antibodies
induced by GP5 play an important role in the protection
against PRRSV infection (Ostrowski et al., 2002). Two
antigenic epitopes have been identified in the ectodomain
correlating with the recognition of PRRSV-specific antibod-
ies (Ostrowski et al., 2002). In addition, it is supposed that
the ORF5 gene has the highest genetic polymorphism under
constant selective pressure even within the same genotype
(Kapur et al., 1996; Li et al., 2009). The replacement of spe-
cificamino acids undergoing diversifying selection may alter
the properties of antigenic determinants and glycosylation
sites hindering or enhancing the clearance of viruses in vivo.
Thus, understanding the mechanism of the adaptive protein
evolution on ORF5 is beneficial to the detection of crucial
sites that enable viruses to escape the host immune system.
Moreover, it could help to develop a candidate vaccine and
drug against the PRRSV.

In the present study, we investigated the characteristics
of the adaptive evolution on the ORF5 gene of the North
American type PRRSV isolates originating from China.

Materials and Methods

Sequence data set and alignment. The ORF5 nucleotide sequences
(600 bp) and corresponding amino acid sequences of PRRSV isolated
in China were retrieved from the GenBank database (http://www.ncib.
nlm.nih.gov) in November 2009. The sequences were manually checked
and those of the European type isolates were excluded. Sequence align-
ment was performed using ClustalW algorithm (Li, 2003) with default
parameters implemented in MEGA 4 (Kumar et al., 2008). The aligned
amino acid sequences were then converted to the coding nucleotide
sequence alignment. The sequences that have more than 99% sequence
identity were removed. We then tested whether recombination events
existed in our data set by using the recombination detection program
version 3 (Martin and Rybicki, 2000). In addition, nucleotide substitu-
tion saturation was tested for the alignment using DAMBE (Xia and
Xie, 2001). The final data set consisted of 85 ORF5 gene sequences. The
alignment is available upon request from the authors.

Nucleotide substitution model. Selection of the nucleotide sub-
stitution model that was optional for the phylogenetic inference
of PRRSV ORF5 gene was conducted with program jModeltest
(Posada, 2008). The nucleotide substitution model TPM2uf + I + T
was identified as the best for fitting to ORF5 alignment. Based on
the above substitution model, a phylogenetic tree was built us-
ing a maximum likelihood approach implemented in PhyML 3.0
(Guindon and Gascuel, 2003). The generated maximum likelihood
tree was used for the subsequent selection analyses.

Detection of positively/negatively selected sites. To detect selec-
tive pressure acting on ORF5, synonymous and non-synonymous
substitution rates were estimated site-by-site using the codeml
program in PAML 4.2b package (Yang, 2007). According to the
topology of the resulting maximum likelihood tree, five site-specific
models that allow variable non-synonymous (d, ) and synonymous
(d) rate ratios (w = d, /d;) among codons were applied to analyze
our data set: MO (one-ratio), M1 (NearlyNeutral), M2 (PositiveS-
election), M7 (beta), and M8 (beta & w). Model MO evaluated
the same w value for all branches and sites in the phylogeny. Null
hypothesis models M1 and M7 were nested with the alternative
selection models M2 and M8. The latter two models separately
added an extra site class for a fraction of positively selected sites
with w > 1; whereas models M1 and M7 only allowed site classes
with w varying between 0 and 1 (Yang et al., 2000; Wong et al.,
2004). The likelihood ratio tests (LRTs) were carried out to infer
the occurrence of sites evolving under positive selection, compar-
ing M1 against M2, and M7 against M8. In order to infer sites
under negative selection on ORF5 and simultaneously evaluate
the accuracy of those positively selected sites detected by PAML,
our data set was further analyzed using the fixed effects likelihood
(FEL) method (Kosakovsky and Frost, 2005a) via the DataMonkey
website (Kosakovsky and Frost, 2005b).

Prediction of glycosylation sites. Putative N-linked glycosylation
sites were predicted using a glycosylation analysis algorithm (Zhang
et al., 2004) implemented in the web server (http://www.hiv.lanl.
gov/content/sequence/ GLYCOSITE/glycosite.html).

Results and Discussion

There was no evidence for homologous recombination
detected in our data set. Moreover, the result of transitions
and transversions versus the genetic distance indicated that
the ORF5 sequences did not experience substitution satu-
ration and were fit to the subsequent phylogenetic analysis
(Xia, 2000).

The maximum likelihood estimate of the average non-
synonymous to synonymous substitution rate ratio was
0.45 over all sites in the ORF5 sequences indicating that
purifying selection has been the major driving force for
the evolutionary process of PRRSV ORF5 gene during
adaptation to the swine. Based on the likelihood ratio test
statistic for comparison of two pairs of nested models with
the }(22 distribution, null models M1 and M7 were signifi-
cantly rejected in favor of the selection models M2 and M8
(P <0.001), respectively. Thus, we confirmed that positively
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Table 1. Positively selected amino acid sites in the ORF5 gene
of Chinese PRRSYV isolates

Model Positively selected sites
M2: positive selection 3233 34355859102
M8: beta & w > 1 13323334 355859102

Amino acid site numbering is based on the reference sequence Acc.No.
AY032626 of PRRSV CH-1a isolate.

selective force was indeed operating on the specific sites in
the ORF5 gene of North American type PRRSV isolates from
China. Model M8 identified all of the positively selected sites
(32t0 35, 58,59, and 102) detected by M2 and an additional
site 13 (Table 1). All these adaptive sites except one (site 59)
were also identified by the fixed effects models (Kosakovsky
and Frost, 2005a). The corresponding selection profile was
illustrated in Fig. 1. Meanwhile, 75 negatively selected sites
(37.5%) were detected at the 0.1 significance level. As the
amino acid substitutions at these sites undergoing negative
selection are likely to be intolerable for the viral infectivity
(Suzuki, 2004). They may become useful prime targets for
the development of vaccines and antiviral drugs against
PRRSV infections.

Glycosylation modification may mask important anti-
genic epitopes of the viral surface proteins. However, it is
a primary mechanism for the enveloped viruses to escape
or minimize the neutralizing immune response (Ansari et
al., 2006; Vigerust and Shepherd, 2007). Glycosylated sites
in the N-terminal ectodomain of the ORF5 protein were

thought to be able to cause a poor recognition of this main
viral antigen by the swine antibodies (Ansari et al., 2006).
According to the glycosylation analysis, seven potential
N-linked glycosylation sites (30, 32 to 35, 44, and 51) were
predicted and four (sites 32, 33, 34, and 35) of them were
found to be positively selected sites and adjacent to the both
mapped antigenic epitopes (Ostrowski et al., 2002). These
glycosylation patterns were supported by the experimental
evidence for PRRSV ORF5 protein (Dea et al., 2000). The
positively selected site 33, an N-linked glycosylation site was
observed to have an obvious exchange between two polar
amino acids. The corresponding mutation N33S may sup-
press the glycan-shielding effect and induce the high levels
of neutralizing antibodies against PRRSV (Jiang et al., 2007).
It has been pointed out that amino acid sites under positive
immune selection are strongly associated with N-linked
glycosylation (Choisy et al., 2004).

Interestingly, the intense signal for the positive selection
was concentrated in the N-terminus represented by the
first 35 residues of ORF5 protein, whereas the C-terminal
end was mainly subject to the negative selective pressure,
perhaps due to the functional or immunological constrains
(Fig. 1). Six positively selected sites (32 to 35, 58, and 59)
were located in the N-terminal ectodomain and extra site
13 in the signal peptide region. Previous reports (Dea et al.,
2000; Ostrowski et al., 2002; Ansari et al., 2006) showed that
the N-terminal part of the ORF5 protein was involved in
the receptor recognition and neutralization in the infection
process. Notably, the positively selected site 102 was found
to fall in the other ectodomain comprising a residue 89-109
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Fig. 1

Selection profile of the ORF5 coding region of North American type PRRSV isolates from China

The abscissa represents the amino acid positions. The ordinate represents the value of (1-P) for each position, which is indicated above and below the
abscissa when d, /d, > 1 and d/d, < 1, respectively. The dashed lines represent the significant threshold set at 0.1.
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segment of the ORF5 protein, which might be involved in the
virus antigenicity (Stadejek et al., 2002; Pesch et al., 2005).
Therefore, those positively selected sites located in the two
ectodomains possibly contributed to the interaction between
PRRSV ORF5 protein and host receptors and consequently
evolved rapidly to escape the host immune system. In addi-
tion, the positively selected site R13 might be associated with
the virulence as a result of R13S mutation observed between
the virulent VR-2332 isolate and RespPRRS/Repro vaccine
strain (Allende et al., 2000).

In comparison to the previous results obtained from 140
ORF5 sequences of North American PRRSV isolates with-
out considering diverse geographical locations of isolation
(Hanada et al., 2005), our study demonstrated that PRRSV
isolated from China had some special evolutionary patterns
of natural selection acting on ORF5 during adaptation to
the swine. Several sites (33, 34, 58, 59, and 102) were firstly
identified to experience significant positive selection hint-
ing their potential role in association with the functional
features. The results herein can provide the important clues
for thoughts about the candidate antigenic epitopes impor-
tant for immunization, because amino acid substitutions
at the adaptive sites could result in the ineffective receptor
binding-sites and help PRRSV to escape the immune system
(Hanada et al., 2005; Suzuki, 2006). The generations of these
adaptive sites may be ascribed to the host immunological
pressure probably due to the increased vaccination against
PRRSV in recent years (Hu et al., 2009).

In conclusion, by using the maximum likelihood estimation
we found evidence for the adaptive evolution on the envelope
glycoprotein ORF5 gene of Chinese PRRSV isolates and identi-
fied eight sites subjected to the strong positive selective pressure.
It is necessary to experimentally inspect, whether amino acid
replacements in these positively selected sites potentially affect
the alteration of antigenic epitopes and influence the glycosyla-
tion effects. These results provide the valuable information for
further examination of the mechanism of PRRSV immune
evasion and for the development of vaccine and antiviral drug
for the control and prevention of this disease in China.
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