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Abstract 

 

Recent emergence of PRRSV variants caused increased mortality in growing pigs and 

reproductive failure in sows. In this study, we characterized two emerging PRRSV variants 

isolated from infected pigs. Genome sequencing analysis showed that KS 17-C1 and KS 17-

C2 have GP5 RFLP cutting pattern of 1-7-4 and 1-18-2, respectively; and they belong to two 

distinct phylogenetic clades, in which each associated with a group of emerging PRRSV 

strains that were reported from pigs with severe clinical manifestations. Further in-depth 

sequence analysis revealed that the -2/-1 programmed ribosome frameshifting (PRF) signal 

located within nsp2 is the region where these viruses differ the most from historical PRRSV 

strains. Our previous studies demonstrated that -2/-1 PRF generates two frameshifting 

products, nsp2TF and nsp2N. In the genome of historical PRRSV strains, the -1 PRF 

immediately encounters a stop codon, which terminates the translation of -1 reading frame to 

produce nsp2N. However, KS 17-C1 and KS 17-C2 isolates contain mutations disrupting the 

-1 PRF stop codon; therefore, extending the translation of nsp2N to generate additional 16 or 

23 amino acids at 3’-end (nsp2N+16aa, nsp2N+23aa). The emergence of -1 PRF stop codon 

mutants was traced back in PRRSV sequences published in the Genbank since 2011 and 

percentage of the mutants has quickly increased afterward (up to 69% of the sequences). 

More importantly, these -1 PRF stop codon mutants were reported from swine farms 

experiencing PRRSV outbreaks with increased mortality/morbidity. To determine whether 

nsp2N extension correlates with the increased pathogenicity of these viruses, recombinant 

virus with restored -1 PRF stop codon was generated and compared with wild-type virus. 

Results showed that the mutant with restored -1 PRF stop codon induced higher levels of 

innate immune response, suggesting a possible link between nsp2N extension and 

pathogenicity of this group of newly emerging PRRSV variants in the US.   
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Chapter 1 - Literature Review 

 

1.1 Porcine Reproduction and Respiratory Syndrome and the causal agent 

 

 

Porcine reproductive and respiratory syndrome is one of the most economically 

significant swine diseases globally. It costs US swine industry more than $600 annually 

(Holtkamp et al., 2013).The disease causes typical clinical manifestations such as reproductive 

failure in sows, high fever and respiratory illness in young pigs (Corzo et al., 2010; Rossow, 

1998). Infection with highly pathogenic-PRRSV strains is associated with more severe clinical 

signs, pulmonary lesions and aberrant host immune responses (Hu et al., 2013). PRRS was first 

reported in North America in 1987 (Keffaber et al., 1989) and described as "mystery swine 

disease" due to the absence of a recognized cause (Hill H et al., 1990; Reotutar R et al.,1989). In 

1991, the similar disease was observed in Europe (G. Wensvoort et al., 1991). 

The causal agent of PRRS was found to be porcine reproductive and respiratory 

syndrome virus (PRRSV) as it was isolated in Netherlands and US in 1990s (Collins et al., 1992; 

G. Wensvoort et al., 1991). The original European isolate was designated as Lelystad virus (LV) 

while the North American isolate was named as VR2332 [American Type Tissue Culture 

(ATCC) collection VR2332] (Benfield et al., 1992; G. Wensvoort et al., 1991). In 2006, highly 

pathogenic (HP) PRRSV strains were isolated in China and South East Asia (Fang et al., 2007; 

Feng et al., 2008; K. Tian et al., 2007). Recently another highly pathogenic East European 

subtype 3 PRRSV, Lena, was reported in Eastern Europe (Karniychuk et al., 2010). 
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PRRSV belongs to the Arteriviridae family in the order of Nidovirales (Lunney et al., 

2016; E. J. Snijder, M. Kikkert, & Y. Fang, 2013; Snijder & Meulenberg, 1998), which includes 

two species, currently named as PRRSV-1 and PRRSV-2. Other members of the Arteriviridae 

family include lactate dehydrogenase-elevating virus (LDV), equine arteritis virus (EAV), and 

simian hemorrhagic fever virus (SHFV) (Lunney et al., 2016; E. J. Snijder et al., 2013; Snijder 

& Meulenberg, 1998). 

Pigs are the only known natural host of PRRSV. In infected pigs, the fully differentiated 

porcine alveolar macrophages (PAMs) serves as the primary cell target for PRRSV infection 

(Duan, Nauwynck, & Pensaert, 1997a, 1997b). Only the African green monkey kidney cell line 

MA-104 and the derivatives such as MARC-145 are fully permissive to PRRSV infection in 

vitro (Kim et al., 1993). PRRSV enters PAMs through pH-dependent, receptor-mediated 

endocytosis (Nauwynck, Duan, Favoreel, Van Oostveldt, & Pensaert, 1999). To date, at least 6 

potential cell surface molecules have been proved to be associated with PRRSV attachment and 

entry, including heparan sulphate, vimentin, CD151, CD163, CD169, and DC-SIGN (dendritic 

cell-specific intercellular adhesion molecule-3-grabbing non-integrin; also known as CD209) 

(Zhang & Yoo, 2015). Recently, a cytoskeleton protein, non-muscle myosin heavy chain 9 

(MYH-9), has been identified to be related to PRRSV attachment and cell to cell spread via 

intercellular nanotubes (Gao et al., 2016; Guo, Katz, Tomich, Gallagher, & Fang, 2016). Among 

these putative receptors, CD163 and CD169 have been studied most extensively. CD169 gene 

knocked out pigs didn’t show an increased resistance to PRRSV infection, indicating that 

CD169 is not required for PRRSV attachment (Prather et al., 2013). On the other hand, 
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accumulating studies demonstrated that CD163 is essential for PRRSV initial infection through 

binding with the minor structural proteins GP2a and GP4 (Calvert et al., 2007; Das et al., 2010; 

Welch & Calvert, 2010).  

 

1.2 PRRSV virion and genome structure 

 

The PRRSV virion is enveloped, round-shaped particle with a diameter from 50 nm to 74 

nm. The single stranded viral genome is encapsulated by nucleocapsid proteins, surface 

glycoproteins and membrane proteins are inserted onto the lipid-bilayered envelope, which 

surrounds the nucleocapsid to form the intact viral particle (Spilman, Welbon, Nelson, & 

Dokland, 2009) (Fig 1). 

PRRSV has a linear, positive-sense, single-stranded RNA genome of 12-15 kb in length, 

which is also capped, polyadenylated and is previously known to contain 10 open reading frames 

(ORFs). ORF1a and ORF1b occupy the ¾ of the whole genome, encoding two large polyproteins 

PP1a and PP1ab, which are further processed into 14 individual functional nonstructural proteins 

(NSPs) through the proteolytic process (Y. Fang & E. J. Snijder, 2010) (Fig 2). Recently, our lab 

discovered a new -1/-2 programmed ribosomal frameshifting (PRF) signal in the NSP2 region, 

which contains a slippery sequence and a C-rich motif. The -1 frameshifting generates the novel 

protein nsp2N, while the -2 frameshifting generates a novel protein nsp2TF. These nsp2-related 

proteins all share the same N-terminal region including a papain-like protease domain PLP2 and 

a long uncharacterized hypervariable region (Y. Fang et al., 2012; Y. Li et al., 2014). The 3’ end 

of the genome encodes four glycosylated membrane proteins GP2a, GP3, GP4 and GP5; three 
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unglycosylated membrane proteins E, ORF5a and M; and a nucleocapsid protein N (Snijder et 

al., 2013) (Fig 3). 

 

1.3 PRRSV infectious cycle 

 

PRRSV has the similar life cycle as other nidoviruses (Fig. 4). The clathrin-mediated 

endocytosis is triggered after the virus binding to the cellular surface receptor, and then the viral 

membrane fuses with the endosomal membrane to release the viral genomic RNA into the 

cytoplasm. Subsequently, part of the genome is translated into the pp1a and pp1ab, which are 

later cleaved by internal viral proteinases into the mature nonstructural proteins and then these 

NSPs assemble into a replication and transcription complex (RTC). The RTC then engages to 

synthesize the continuous genome-length minus-strand RNA and discontinuous subgenomic 

(sg)-length minus-strand RNAs. Next, the full-length minus-strand RNA serves as the template 

for genome replication, while the sg minus-strand mRNAs serve as templates for the sg mRNAs 

synthesis. The viral structural proteins translation relies on the nested sg mRNAs. The newly 

synthesized genome and structural proteins are then assembled together at the endoplasmic 

reticulum (ER) into an intact virion and released into the extracellular environment by exocytosis 

to infect other naïve cells (Y. Fang & E. J. Snijder, 2010; E. J. Snijder et al., 2013). 

 

1.4 The interplay between PRRSV and host immune system 

PRRSV is “notorious” for its immunosuppression to the host. Generally, PRRSV 

infection elicits poor host immune responses. The induction of innate immune cytokines such as 

type I interferons (IFNs), tumor necrosis factor-α (TNFα), and interleukin-1 (IL-1) in PRRSV-
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infected pigs are significantly inhibited (M. P. Murtaugh, Xiao, & Zuckermann, 2002; Van 

Reeth, Labarque, Nauwynck, & Pensaert, 1999). Specifically, many PRRSV nonstructural 

proteins were determined to inhibit type I IFN synthesis and / or signaling in in vitro expression 

systems. Previous studies suggested that PRRSV NSP1α/β and NSP2 strongly antagonize IFN-β 

activation, PRRSV NSP4 and NSP11 also have the inhibitory effect on the IFN-β promoter 

activation (Beura et al., 2010; Huang et al., 2014). More recently, our lab demonstrated that the 

newly-identified NSP2-related proteins NSP2TF and NSP2N also play an important role in the 

suppression of type I IFN production (Y. Li et al., 2018).  

 The activation of adaptive immunity is also suppressed due to the weak innate immune 

response, which in turn causes a postponed and insufficient production of neutralizing 

antibodies. However, in contrast to the weak neutralizing antibody responses, PRRSV infection 

results in the early and lasting production of  antibodies specifically against viral proteins such as 

nsp1α, nsp1β, nsp2 and nsp7(Ansari, Kwon, Osorio, & Pattnaik, 2006; Brown et al., 2009; 

Johnson, Yu, & Murtaugh, 2007; Lopez & Osorio, 2004; Ostrowski et al., 2002) . 

 

 1.5 PRRSV evolution and re-emergence 

 

Due to the infidelity of RNA polymerase, PRRSV is highly diversified in nature, and is 

continuously and quickly evolving, generating the new strains with increased virulence. Since 

the initial outbreak in 1991PRRSV-2 has evolved into many different representative historical 

variants such as NVSL97-7895 isolated in 1997, MN184C  isolated in 2001, Chinese HP-

pathogenic strains isolated since 2006 and Chinese NADC30-like strains isolated from 2013-

2015 (C. Li et al., 2016). Recently, the PRRSV variants isolated from newly emerging PRRS 
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outbreaks in the middle US have been identified to have a predominant restriction fragment 

polymorphism (RFLP) of 1-7-4, with increased mortality in piglets and more sever reproductive 

failure in sows.(van Geelen et al., 2018). 

 

 

 

 

Figure 1. Schematic diagram of PRRSV virion. 

The PRRSV virion has a spherical shape with a size about 65 nm, a hollow core of around 40 nm 

and a smooth outer surface with the envelope protein complexes embedded. The genome is 

enclosed by nucleocapsid protein. The nucleocapsid core is surrounded by a lipid membrane, the 

envelope where the structural proteins are embedded. The major protein components of the lipid 

envelope are GP5 and M, which forma a heterodimer. The minor structural proteins GP2, GP3, 
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and GP4 forms a multimeric complex incorporated in the lipid envelope. Figure adapted from 

Snijder et al., 2013. 

 

 

 

 

 

Figure 2. Schematic diagram of previously identified PRRSV genome structure. 

The PRRSV is a positive sense, single-stranded RNA virus. The viral genome is about 15 kb in 

length and is previously known to contain 10 ORFs. The ORF1a and ORF1b occupy ¾ of the 

whole genome. They encode two large polyproteins pp1a and pp1ab, which are further processed 

into individual functional nonstructural proteins (NSPs) through the proteolytic processing. 

Figure adapted Fang & Snijder et al., 2010. 
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Figure 3. Schematic diagram of newly identified PRRSV genome structure. 

In our lab’s previously study, a -1/-2 programmed ribosomal frameshifting (PRF) signal was 

identified in the nsp2 region, which contains a slippery sequence and a C-rich motif. The -1 

frameshifting generates the novel protein nsp2N, while the -2 frameshifting generates a novel 

protein nsp2TF. These nsp2-related proteins all share the same N-terminal region including a 

papain-like protease PLP2 domain and a long uncharacterized hvpervariable region. Figure 

adapted from Fang, et al., 2012. 
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Figure 4. PRRSV infectious cycle.  

PRRSV enters the cells by receptor-mediated endocytosis. Genomic RNA released into cytosol 

and subsequent translation yields replicase polyproteins pp1a and pp1ab. These polyproteins are 

cleaved by internal proteinases yielding 11 nsps, which are further assembled into a replication 

and transcription complex (RTC). Both full-length and subgenome-length minus strands are 

produced with RTCs, the latter serving as templates for the synthesis of sg mRNAs required to 

express the structural protein genes. Newly synthesized genomes are encapsulated into 

nucleocapsids that become enveloped by budding from smooth intracellular membranes, after 

which the new virions leave the cell using the exocytic pathway. Figure adapted from Snijder et 

al., 2013. 
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Chapter 2 - Genetic characterization of emerging variants of 

PRRSV in the United States: new features of -2/-1 programmed 

ribosome frameshifting in nsp2-coding region 

 

2.1 Introduction 

 

Porcine reproductive and respiratory syndrome virus (PRRSV) is the etiological agent of 

porcine reproductive and respiratory syndrome (PRRS), characterized by respiratory diseases in 

growing pigs and reproductive failure in sows (Michael P Murtaugh, Stadejek, Abrahante, Lam, 

& Leung, 2010; Shi, Lam, Hon, Hui, et al., 2010; Shi, Lam, Hon, Murtaugh, et al., 2010). 

PRRSV is an enveloped, positive-stranded RNA virus, which belongs to the order Nidovirales, 

family Arteriviridae (Eric J Snijder, Marjolein Kikkert, & Ying Fang, 2013). Historically, 

PRRSV isolates have been divided into two distinct genotypes, European genotype (Type 1) and 

North American genotype (Type 2), which were recently promoted to the species level, named as 

PRRSV-1 and PRRSV-2, respectively (Kuhn et al., 2016).  

The PRRSV genome is a positive sense RNA, about 15kb in length. It contains 5'- and 3'-

untranslated region (UTR) that flank with 11 known open reading frames. The 3’ end of the 

genome encodes four membrane-associated glycoproteins (GP2a, GP3, GP4 and GP5), three 
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unglycosylated membrane proteins (E, ORF5a and M) and a nucleocapsid protein (N) (Ying 

Fang & Eric J Snijder, 2010; Eric J Snijder et al., 2013). The replicase-associated genes, ORF1a 

and ORF1b, situated at the 5’ end and represent nearly 75% of the viral genome. The ORF1a and 

ORF1b encode two long nonstructural polyproteins, pp1a and pp1ab, with expression of the 

latter depending on a -1 ribosomal frame shift signal in the ORF1a/ORF1b overlap region. 

Following their synthesis from the genomic mRNA template, the pp1a and pp1ab replicase 

polyproteins are processed into at least 14 nonstructural proteins (nsps) by a complex proteolytic 

cascade that is directed by four proteinase domains encoded in ORF1a, which includes two 

papain-like cysteine proteases (PCPα and PCPβ) located in the nsp1α and nsp1β, a papain-like 

protease (PLP2) domain located at the N-terminal of nsp2, and a serine protease located in nsp4. 

The PCPα autocleaves between nsp1α/1β, PCPβ autocleaves between nsp1β/2, and PLP2 cleaves 

between nsp2/3, which mediate nsp1α, nsp1β and nsp2 rapid releasing from the polyprotein (Y. 

Li, Tas, Snijder, & Fang, 2012). The nsp2 is the largest replicase cleavage product, containing 

multidomains for multifunctions (Ying Fang & Eric J Snijder, 2010). Besides cleaving the 

nsp2/3 site, PLP2 domain functions as a cofactor for the nsp4 serine protease during proteolytic 

processing of the C-terminal half of pp1a and pp1ab (Y. Li et al., 2012). Recently, a new ORF 

(TF) was discovered in the central region of ORF1a, which expresses a novel protein, nsp2TF 

(Ying Fang et al., 2012). The nsp2TF is expressed by -2 ribosomal frameshift mechanism to 

access an alternative open reading frame (ORF) through a frameshifting site that overlaps the 

nsp2-encoding region of their replicase ORF1a in the +1 frame, which results a transframe fusion 

protein consisting of the N-terminal two thirds of nsp2 followed by a unique C-terminal domain 

that is specified by the novel TF ORF. Remarkably, the same frameshift site was also found to 

direct an efficient -1 PRF, which is followed by a stop codon, thus yielding a second truncated 
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nsp2 variant named nsp2N (Ying Fang et al., 2012; Eric J Snijder et al., 2013). Besides their 

potential roles involved in viral replication, our recent studies showed that nsp2TF and nsp2N 

may play important roles in suppressing host innate immune responses (Li et al., 2018). 

PRRS was initially recognized in the United States at late 1980s, then in Europe at early 

1990s (Hill, 1990; Hopper, White, & Twiddy, 1992; Plana et al., 1992; G Wensvoort et al., 

1991). Since then, PRRSV has rapidly evolved into one of the leading pathogens threatening 

global swine industry. It causes numerous acute respiratory disease outbreaks and abortion 

storms, including the ‘porcine high fever disease’ outbreaks in South-East Asia (Kegong Tian et 

al., 2007), the emergence of the highly virulent MN184 strain in the US (Han, Wang, & Faaberg, 

2006), and the pathogenic NADC30-like strains emergence in China during 2013-2014 (Han, 

Zhou, Ge, Guo, & Yang, 2017; C Li et al., 2016; X. Li, Bao, Wang, & Tian, 2016; X. Li, J. Wu, 

et al., 2016; Liu et al., 2017; Shi, Holmes, Brar, & Leung, 2013; L.-j. Wang et al., 2017; Zhao et 

al., 2015). Since 2014, occurrence of pathogenic PRRSV-2 variants has been frequently reported 

from swine farms in United States. The epidemic strains were characterized as 1-7-4 cutting 

pattern with the restriction fragment length polymorphism (RFLP) analysis on the ORF5 region 

(Wesley et al., 1998; Aspen M Workman, Timothy PL Smith, Fernando A Osorio, & Hiep LX 

Vu, 2016b). Recently, we have isolated two emerging PRRSV variants (KS17-C1 and KS17-C2) 

from pigs in swine farms at Midwest of United States, which had been experiencing outbreaks 

since the end of 2016. In this study, we performed detailed genetic characterization of these 

PRRSV variants. These new strains were determined to possess ORF5 RFLP 1 -7-4 and 1-18-2 

pattern, respectively; and remarkably, they contain a unique -2/-1 PRF signal that expresses the 

C-terminus extended nsp2N protein. The potential correlation of nsp2N extension and 

pathogenicity of these group of PRRSV variants was further explored using reverse genetics and 
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a nursery pig model. This study provides an insight into the molecular pathogenic mechanisms of 

the newly emerging PRRSV variants in the US swine herd. 

 

2.2 Materials and methods 

2.2.1 Cells and viruses 

 

BHK-21 cells were cultured in Minimum Essential Medium (MEM) (Gibco, Carlsbad, CA) 

supplemented with 10% fetal bovine serum (Sigma Aldrich, St. Louis, MO), antibiotics [100 

units/ml of penicillin (Gibco, Carlsbad, CA) and 100 ug/ml of streptomycin (Gibco, Carlsbad, 

CA)] and 0.25 ug/ml fungizone (Gibco, Carlsbad, CA) at 37 °C with 5% CO2. Primary porcine 

alveolar macrophages (PAM) were cultured in RPMI 1640 medium (Gibco, Carlsbad, CA) 

supplemented with 10% fetal bovine serum and antibiotics at 37°C with 5% CO2. Infected PAM 

cells were maintained in MEM supplemented with 2% horse serum (HyClone, Logan, UT) at 

37°C with 5% CO2.  

The PRRSV positive serum samples were obtained from a swine farm in Midwest US, in 

which pigs were experiencing respiratory diseases and abortion. KS17-C1 and KS17-C2 strains 

were isolated by inoculating the serum samples into the cell culture of PAMs as described 

previously (Ropp et al., 2004). PRRSV infection was confirmed by observation of cytopathic 

effect and indirect immunofluorescence assay (IFA) as described in previous studies (Ropp et al., 

2004; Shang, Misra, Hause, & Fang, 2017). Viruses (cell culture supernatants) were harvested 

between 24 to 48 hours post infection (hpi).  
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2.2.2 Full-length genome sequencing and sequence analysis 

 

The passage 1 of KS17-C1 and KS17-C2 isolates from the PAM were subjected to Sanger 

sequencing by Genscript (Piscataway, NJ). The genome sequences were completed by 

GeneRacer (Invitrogen). The genome sequence identity of KS17-C1 and KS17-C2 was initially 

compared with that of prototypic PRRSV-2 strain VR-2332 (Genbank accession No. 

AY150564.1). Complete PRRSV genome sequences were further aligned with representative 

PRRSV genome sequences obtained from GenBank using the ClustalW algorithm in MEGA 7.0 

software. Phylogeny was inferred with maximum likelihood algorithm using the best-fitting 

model with gamma distribution. The topology of the phylogenetic tree was assessed with 500 

bootstrap replicates.  

 

2.2.3 Construction of full-length cDNA clones of KS17-C1 and PRF site mutants  

 

The full-length cDNA clone of KS17-C1 was constructed based on previously built 

infectious clone of PRRSV SD95-21 strain(Y. Li et al., 2014)(Fig 5). The viral genome of SD95-

21 strain was removed by restrictions enzymes-SphI and XbaI, in order to generate an empty 

vector-pACYC177 containing cytomegalovirus (CMV) promoter. SphI recognition site is located 

between CMV promoter and SD95-21 genome. XbaI restriction site is located at the immediately 

3’ end of Hepatitis delta virus (HDV) ribozyme. The four fragments of KS17-C1 genome and 

HDV element were amplified by Polymerase chain reaction (PCR) with Phusion® High-Fidelity 

DNA Polymerase (New England BioLabs, Ipswich, MA), and ligated into pACYC177-CMV 
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vector with NEBuilder® HiFi DNA Assembly Cloning Kit (New England BioLabs, Ipswich, 

MA). To construct the PRF site mutants, the upstream and downstream regions of the -2/-1 PRF 

slippery site were amplified and assembled using NEBuilder® HiFi DNA Assembly Cloning Kit 

(Fig 6).  

 

2.2.4 Recovery of recombinant viruses from full-length cDNA clones 

 

The recombinant viruses were launched by transfecting BHK-21 cells as described 

previously (Y. Li, Zhu, Lawson, & Fang, 2013). Briefly, BHK-21 cells (70-80% confluency) 

were transfected with 2 μg of the full-length cDNA clone pKS17-C1 or its mutants (pKS17-M1 

and pKS17-M2) using FuGENE HD reagent (Promega, Madison, WI). At 48 h post transfection, 

cell culture supernatant was harvested and passaged onto PAM cells. The viability of 

recombinant viruses was confirmed by indirect immunofluorescence assay using mAb SDOW17. 

The recombinant viruses were harvested at 24-48 hpi and serially passaged on PAM cells. The 

passage three viruses were used for subsequent experiments.  

 

2.2.5 In vitro growth characterization of recombinant viruses in cell culture  

 

Growth kinetics of the wild-type and recombinant viruses were examined by infecting 

PAM cells at MOI of 0.01. Infected cells were collected at 0, 12, 24, 36, and 48 hours post-

infection (hpi). Viral titers were determined by TCID50 method and calculated as fluorescent 

focus unit (FFU)/ml as we described previously(Y. Li et al., 2013). 
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2.2.6 Quantitative RT-PCR for immune gene detection 

 

PAMs were infected with WT virus or recombinant virus at MOI of 0.1. At 18 hpi, cells 

were harvested and the expression levels of selected immune genes were determined by 

quantitative RT-PCR. Briefly, viral RNA was extract using SV Total RNA Isolation System 

(Promega, Madison, WI). The first strand cDNA was generated with 1 μg total RNA using 

SuperScript VILO cDNA Synthesis Kit (Life Technologies, Carlsbad, CA). PCR reaction 

contains 10 µl TaqMan Fast Advanced Master Mix (Applied Biosystems, Foster City, CA), 1 μl 

cDNA, and 1 μl of predesigned primer/probe sets (Applied Biosystems, Foster City, CA) for 

IFN-α, IFN-β, IRF-7, IL-28B, IFIT1, IFITM1 and ISG15. Reactions were completed on CFX96 

Real-Time PCR system (Bio-Rad) under the following conditions: 2 min of 50 oC for UNG 

activation, 20 sec of 95 oC for polymerase activation, 40 amplification cycles of 30 sec of 95 oC 

and 30 sec of 60 oC. The mRNA expression levels of IFN-α, IFN-β, IRF-7, IL-28B, IFIT1 and 

IFITM1 were normalized to the endogenous Glyceraldehyde-3-Phosphate Dehydrogenase 

(GAPDH) mRNA level. 

To assess the ability of mutant viruses to stimulate innate immune responses in virus-

infected swine macrophages, PAMs were infected with WT virus, vKO1 or vKO2 at MOI of 1.0. 

At 12 hpi, cells were harvested in TRIzol LS (Life Technologies, Carlsbad, CA) and total 

cellular RNA was extracted according to the manufacturer’s instruction. The mRNA expression 

levels of IFN-α, IFN-β, IRF-7, IL-28B, IFIT1, IFITM1 were quantified by quantitative RT-PCR 

using predesigned probe/primer sets (Applied Biosystems, Foster City, CA) and normalized to 

the housekeeping gene GAPDH mRNA. 



 25 

 

2.3 Results 

 

2.3.1 Isolation and genetic characterization of newly emerging PRRSV variants 

 

In spring of 2017, serum samples were obtained from 7-week old pigs in a swine farm at 

the Midwest of the US, in which pigs had been experienced PRRSV outbreaks since the end of 

2016. Over 40% mortality in growing pigs and 20-30% reproductive failure in sows have been 

observed. Two PRRSV strains (KS17-C1 and KS17-C2) were isolated by inoculating swine 

serum on cell culture of porcine alveolar macrophages (PAMs) (Figure 7). Cytopathic effect on 

the PAMs was observed in 48 hours post infection. The full-length genome sequencing was 

performed with the first passage of the virus from PAMs. The full-length genome of KS17-C1 is 

15110 nucleotides (nt) in length, while the genome of KS17-C2 contains 15023-nt, excluding the 

poly(A) tail. The KS 17-C1 and KS 17-C2 have ORF5 RFLP cutting pattern of 1-7-4 and 1-18-2, 

respectively. In comparison with the prototypic PRRSV-2 strain VR-2332, the full-length 

genomic sequences of KS17-C1 and KS17-C2 showed 82.18% and 82.45% nt identity with that 

of VR-2332, respectively (Table 2.1). Phylogenetic analysis showed that they each belongs to a 

distinct phylogenetic clade (Figure 8), which includes newly emerging US PRRSV strains that 

reported to cause severe clinical manifestations in infected pigs (Chen et al., 2017; Wang & 

Zhang, 2015; Aspen M Workman, Timothy PL Smith, Fernando A Osorio, & Hiep LX Vu, 

2016a). 
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The most variable region in the genome of KS17-C1 and KS17-C2 is nsp2, in which KS17-

C1 contains 300-nt deletion at genome position of 2323 to 2622 nt of VR2332, while KS17-C2 

contains 333-nt deletion at genome position of 2306 to 2638 of VR2332 (Figure 9). Therefore,  

 

KS17-C1 and KS17-C2 encode nsp2 proteins of 1096 amino acid (aa) and 1065aa, which are 

65.42% and 66.92% aa identity with nsp2 from VR-2332, respectively. Further in depth 

sequence analysis revealed that the -2/-1 programmed ribosome frameshifting (PRF) signal 

located within nsp2 of KS 17-C1 and KS 17-C2 differs from traditional signal sequences (Figure 

10). As we described previously (Ying Fang et al., 2012), at the traditional slippery sequence 

(G_GUU_UUU) site, -2 frameshifting generated a transframe fusion protein, nsp2TF, with the 

N-terminal two thirds of nsp2 fused to a 169-aa C-terminal region encoded by the TF ORF. At 

the same slippery site, -1 PRF also occurs. The -1 frameshifting immediately encounters a stop 

codon (UGA), which terminates the translation of -1 reading frame to produce nsp2N. The KS 

17-C1 and KS 17-C2 isolates contain the slippery sequences of G_GUU_UUC (UG) and 

G_GUU_UUU (GG). The substitution of G_GUU_UUU to G_GUU_UUC in KS 17-C1 could 

reduce the -2 PRF efficiency. Most remarkably, mutations immediately downstream of the 

slippery sequence disrupt the -1 PRF stop codon (UGA to CUG or UGG; Fig. 3), which extends 

the translation of nsp2N that generates additional 16 or 23 amino acids at 3’-end (nsp2N+16aa, 

nsp2N+23aa). The emergence of -1 PRF stop codon mutants was traced back in the PRRSV 

sequences published in the Genbank since 2011 and percentage of such mutants has quickly 

increased afterward (up to 69% of the sequences; Table 2.1). More importantly, these -1 PRF 

stop codon mutants were mostly reported from swine farms experiencing PRRSV outbreaks with 
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increased mortality/morbidity (Iseki et al., 2016; L. J. Wang et al., 2017; A. M. Workman, T. P. 

Smith, F. A. Osorio, & H. L. Vu, 2016).  

 

2.3.2 Recombinant viruses with restored PRF signal shared the similar growth kinetics with 

the parental virus in cell culture 

To explore the potential contribution of the mutations in the -2/-1 PRF site to the 

pathogenicity of these emerging PRRSV variants, we generated a full-length cDNA infectious 

clone of KS17-C1 (pKS17-C1; Fig 5). The pKS17-C1 construct contains a CMV promoter at the 

5′ terminus of the viral genome, the 15111-nt full-length genome of KS17-C1, a 20 nt poly(A) 

tail and incorporated at the 3′ end of the genome (Fig 5). To rescue the cloned virus, plasmid 

DNA of pKS17-C1 was transfected into BHK-21 cells, and cell culture supernatant from the 

transfected cells were passaged onto PAM cells at 48 hours post transfection. At 18 hours post 

infection (hpi), infected cells were stained using N protein-specific mAbs (Fig 11). The result 

indicates that viable cloned virus (vKS17-C1) was recovered from the full-length cDNA 

infectious clone pKS-C1. Sequence analysis confirmed that vKS17-C1 genome contains 8-nt 

differences at the following genome positions: the G514 to A mutation located within the ORF1a-

NSP1a-coding region; the A1942 to G,  the C2582 to T, the A2646 to G  and the G2654 to A mutations 

located within the ORF1a-NSP2-coding region;  the C8939 to T mutation within the OFR1ab-

NSP9-coding region; the T12174 to C mutation located within the ORF2a-GP2a-coding region and 

the G14191 to C mutation within the ORF6-M-coding region, which differentiate vKS17-C1 from 

original isolate  KS17-C1.  

Using the pKS17-C1 infectious clone, two mutants with modified PRF signal site were 

generated and successfully recovered from PAMs (Figure 11). Mutations were designed to 
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restore the traditional slippery sequence G_GUU_UUU (mutant vKS17-M1) and also the 

immediate stop codon after -1 PRF (mutant vKS17-M2; Figure 6b&c). Growth kinetics of the 

parental virus KS17-C1, clone virus (vKS17-C1) and PRF mutants (vKS17-C1-M1 and vKS17-

C1-M2) were compared. PAMs were infected with each of the virus and the supernatant was 

harvested at 0, 12, 24, 36, and 48 hpi. The result showed that the cloned virus vKS-C1, vKS-C1-

M1 and vKS17-C1-M2 exhibit growth kinetics similar to the parental virus KS17-C1 (Fig. 12). 

The parental virus, vKS17-C1 and vKS17-C1-M2 all reached a titer of 107 FFU/ml at 24 hpi, 

while vKS17-C1-M1 reached a titer of a106.67 FFU/ml at 24 hpi (Fig. 12). 

 

2.3.3 The -2/-1 PRF mutant stimulated higher level of innate immune gene expression in 

porcine alveolar macrophages 

In our previous studies (Li et al., 2018), the nsp2TF and nsp2N were determined to 

function as innate immune antagonists, and recombinant viruses with impaired nsp2TF/nsp2N 

stimulated higher level of innate immune gene expression. Based on these previous findings, the 

WT, cloned virus, and PRF slippery site mutants were tested on their ability to stimulate the 

expression of a panel of representative genes in PAMs. The swine macrophages were infected 

with each virus at MOI of 1, and the viruses were harvested at 12 hpi. Swine gene specific qRT-

PCR assays were used to analyze the expression level of the selected innate immune genes, 

including interferon beta (IFNB), interferon regulatory factor 7 (IRF7), interferon induced with 

helicase C Domain 1 (IFIH1), interferon induced transmembrane protein 1 (IFITM1), and 

interferon-stimulated gene 15 (ISG15). 

As we expected, all recombinant viruses stimulated limited level of innate immune gene 

expression. There is no significant difference on the immune gene expression levels in the cells 
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infected with vKS17-C1-M1 (restored traditional slippery sequence), in comparison with those 

cells infected with vKS17-C1. In contrast, the nsp2N stop codon mutant vKS17-C1-M2 

consistently induced about 2-fold of increase in expression levels for IFN-α, IFN-β, IRF7, IFIH1, 

IFITM1, in ISG15 in PAM cells (Fig. 13) suggesting that the extension of nsp2N may be 

enhanced innate immune suppression ability of the virus. On the other hand, we cannot exclude 

the possibility that this is due to the effect of mutations on viral growth ability. 

 

2.4 Discussions 

➢ Isolation and characterization of two newly emerged PRRSV variants. Two PRRSV 

strains (KS17-C1 and KS 17-C2) were isolated in serum samples from swine farms in the 

Midwest of US, where PRRSV outbreak was reported. Sequence analysis revealed that 

KS 17-C1 and KS 17-C2 have a RFLP cutting pattern of 1-7-4 and 1-18-2, respectively. 

They each belongs to a distinct phylogenetic clade, which includes newly emerging US 

PRRSV strains that reported to cause severe clinical manifestations in infected pigs.  

➢ Mutations identified in PRF signal region of KS 17-C1 and KS 17-C2 strains. Both 

KS17-C1 and KS 17-C2 contain mutations disrupting the -1 PRF stop codon in the 

slippery sequence region that extends the translation of nsp2N with an additional 16 and 

23 amino acids C-terminal peptide, respectively. 

➢ The emergence of -1 PRF mutants has been rapidly increased in the US since 2011. 

The frequency of mutants with mutated -1 PRF stop codon has been increased more than 

5 times since 2011. 
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➢ The elongation of nsp2N may be correlated with increased pathogenicity of the 

newly emerging PRRSV variant. Recombinant KS17-C1 mutants with restored -1 stop 

codon and/or PRF signal were generated. Compared with that of WT cloned virus, nsp2N 

stop codon mutants consistently showed a higher expression level of innate immune 

genes. The data indicate that the extension of nsp2N may be enhanced innate immune 

suppression ability of the nsp2N protein, which further linked to the pathogenicity of 

these strains in infected pigs. 
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Table 2.1. Genome comparison of PRRSV new isolates with prototype strain VR-2332 

 VR-2332 KS17-C1 KS17-C2 

Genetic regions Length (nt) Length (nt) 

% of identity 

(vs VR-2332) 

Length (nt) 

% of identity 

(vs VR-2332) 

Full-length 15,412 15110 82.18 15023 82.45 

5’ UTR 190 189 94.24 194 91.79 

ORF1a 7,512 7,212 77.96 7,119 77.63 

ORF1ab 11,882 11,582 80.71 11,489 80.63 

ORF1a’-TF 3907 4207 81.92 3814 83.43 

ORF1a’-N 3449 3701 81.92 3377 83.43 

ORF2a 771 771 88.72 771 89.75 

ORF2b 222 222 89.19 222 89.64 

ORF3 765 765 83.53 765 85.62 

ORF4 537 537 86.78 537 88.83 

ORF5a 156 141 80.77 156 87.18 

ORF5 603 603 87.23 603 86.07 

ORF6 525 525 89.71 525 91.24 

ORF7 372 372 92.47 372 90.32 

3’ UTR 151 151 94.70 151 92.72 

Proteins Length (aa) Length (aa) 

% of identity 

(vs VR-2332) 

Length (aa) 

% of identity 

(vs VR-2332) 

nsp1a 180 180 95.00 180 95.56 

nsp1b 203 203 75.86 203 79.31 

nsp2 1,196 1,096 65.42 1,065 66.92 

nsp2TF 1,019 919 59.34 888 61.77 

nsp2N 850 766 54.97 742 56.80 

nsp3 230 230 92.17 230 91.30 
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nsp4 204 204 92.16 204 92.16 

nsp5 170 170 88.82 170 85.29 

nsp6 16 16 93.75 16 100 

nsp7a 149 149 95.30 149 92.62 

nsp7b 110 110 83.64 110 79.09 

nsp8 45 45 91.11 45 91.11 

nsp9 685 685 95.91 685 95.91 

nsp10 441 441 94.78 441 94.56  

nsp11 223 223 95.07 223 95.07 

nsp12 153 153 89.54 153 91.50 

pp1a 2,503 2,403 77.76 2,372 78.16 

pp1ab 3,960 3,860 84.06 3,829 84.36 

GP2a 256 256 87.11 256 86.72 

E 73 73 89.04 73 84.93 

GP3 254 254 83.46 254 85.04 

GP4 178 178 87.64 178 88.20 

GP5a 51 46 82.35 51 82.35 

GP5 200 200 85.50 200 85.00 

M 174 174 91.38 174 92.53 

N 123 123 95.12 123 91.06 
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Table 2.2. Emergence of -1 PRF mutants in the US since 2011 

 

 

 

 

 

 

 

 

 

 

 

 

 

Slippery sequences 

Prior to 

2011 
2011 2012 2013 2014 2015 2016 2017 -1 PRF -2 PRF 

No. of 

genomes 

No. of 

genomes 

No. of 

genomes 

No. of 

genomes 

No. of 

genomes 

No. of 

genomes 

No. of 

genomes 

No. of 

genomes 
Length  

No. of 

genomes 
Length  

No. of 

genomes 

NN_NUU_UUU AAN 

NN_NUU_UUU AGN 

NN_NUU_UUU GAN 

23 1 10 3 25   1 0 63 

169aa 145 

NN_NUU_UUU UAN     1    23aa 1 

NN_NUU_UUU GCN   1      23aa 1 

NN_NUU_UUU GGN   5 4 33 3 8 1 
23aa 13 

16aa 39 

NN_NUU_UUc  TGN       1  16aa 1 

NN_NUU_UUU GAN   3 1     16aa 4 

NN_NUU_UUU GGN 1 3 6 3 10    
23aa 21 

16aa 2 

Total No. of genomes 24 4 25 11 69 3 9 2     
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  Figure 5. Construction of the full-length cDNA of KS17-C1 wild-type strain. 

The full-length cDNA clone of KS17-C1 was constructed based on previously built infectious 

clone of PRRSV SD95-21 strain. The viral genome of SD95-21 was removed by restrictions 

enzymes-SphI and XbaI to generate the empty vector-pACYC177 containing cytomegalovirus 

(CMV) promoter. The four fragments of KS17-C1 genome and HDV element were amplified by 

PCR and assembled into pACYC177-CMV vector via HiFi DNA Assembly Cloning kit. 
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Figure 6. Construction of the full-length cDNA of KS17-C1 PRF mutants. 

 To construct the PRF site mutants, the pCMV-KS17-C1-WT was used as the template, the 

upstream and downstream regions of the -2/-1 PRF slippery site were amplified and assembled 

using via DNA Assembly Cloning Kit. 
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Figure 7. Isolation and genetic characterization of newly emerging PRRSV variants. 

 The PRRSV positive serum samples were obtained from a swine farm in Midwest US. KS17-C1 

and KS17-C2 strains were isolated by inoculating the serum samples into the cell culture of 

PAMs. PRRSV infection was confirmed by observation of cytopathic effect and indirect 

immunofluorescence assay (IFA). Viruses (cell culture supernatants) were harvested between 24 

to 48 hours post infection (hpi). 
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Figure 8. Phylogenetic analysis of newly emerging isolates KS17-C1 and 

KS17-C2 with other epidemic and historical strains. 

The phylogenetic tree was constructed by maximum likelihood method using full-length genome 

sequences. Green: US variants identified after 2011; blue: Chinese variants identified after 2011; 

Red: KS17-C1 and KS17-C2 isolates. 
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Figure 9. Sequence comparison between KS17-C1 and KS17-C2 with PRRSV-

2 prototypic strain VR2332. 

The most variable region in the genome of KS17-C1 and KS17-C2 is nsp2, in which KS17-C1 

contains 300-nt deletion at genome position of 2323 to 2622 nt of VR2332, while KS17-C2 

contains 333-nt deletion at genome position of 2306 to 2638 of VR2332.  
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Figure 10. Sequence analysis of -2/-1 PRF signal region. 

A). Sequence alignment of -2/-1 PRF signal region between traditional PRRSV strains and 

emerging PRRSV variants since 2011. The PRF slippery sequence is underlined in red while 

the C-rich motif is underlined in blue. Sequences of KS17-C1 and KS17-C2 were generated from 

this study. Sequences of traditional and other emerging strains were obtained from GenBank. B). 

Sequence mutations of KS 17-C1 and KS17-C2 in the -2/-1 PRF region. At the traditional 

slippery sequence G/A_GUU_UUU(GA) site, the -1 PRF immediately encounters a stop codon 

(UGA), which terminates the translation of -1 reading frame to produce nsp2N. However, The 

KS 17-C1and KS17-C2 isolates contain different slippery sequences sites of G_GUU_UUC(UG) 

and G_GUU_UUU(GG), mutations immediately downstream of the slippery sequence disrupt 

the -1 PRF stop codon (UGA to CUG or UGG), which extends the translation of nsp2N that 

generates additional 16 or 23 amino acids at 3’-end. 
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Figure 11. Recovery of recombinant viruses of pKS17-CI and its PRF mutants. 

 A.) Transfection of full-length cDNA of pKS17-C1 and its PRF mutants. 2 ug/well of each 

plasmid was transfected into BHK-21 cells on 6-well plates. The supernatant was collected 48 hours 

post transfection and the cell plates were stained with mAb against PRRSV-N protein. B.) Recovery 

of recombinant viruses on PAMs. The P0 supernatant of each clone was inoculated into PAMs on 

24-well plates. Part of the wells were stained with mAb against PRRSV-N protein 24 hours post 

infection and the P1 supernatant was collected 24-48 hours post inoculation.  
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Figure 12. Growth kinetics comparison of the wild-type KS17-C1 isolate and 

its recovered recombinant viruses. 

Growth kinetics of the wild-type and recombinant viruses were examined by infecting PAM cells 

at MOI of 0.01. Infected cells were collected at 0, 12, 24, 36, and 48 hours post-infection (hpi). 

Viral titers were determined by TCID50 method and calculated as fluorescent focus unit 

(FFU)/ml. 

 

 

 

 

 



 43 

 

 

Figure 13. Immune gene expression in recombinant KS 17-C1 viruses- 

infected porcine alveolar macrophages (PAMs).  

PAMs were infected or mock infected by wild type pKS17-C1 virus, mutant viruses pKS17-C1-

M1 of “normal” shiftsite and pKS17-C2-M2 of “normal” shiftsite + “normal” nsp2N stop codon. 

The relative expression levels of immune genes IFNB1, IRF7, IFIH1, IFITM1 and ISG15 were 

quantified by qRT-PCR. 
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