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Porcine reproductive and respiratory syndrome 
(PRRS), one of the most destructive diseases in swine, 
is characterised by reproductive failure in sows and 
respiratory constraints in weaned piglets (27), and thus 
causes huge economic loss and public health problems 
worldwide. A recent study estimated that the economic 
impact of PRRS in China was ¥1424.37 (Chinese Yuan) 
per sow based on the management system before and 
after the PRRS outbreaks occurring in November 2014, 
March 2015, December 2016, and February 2017 (49). 
However, currently available vaccines on the market 

only provide rather limited protection from infection 
with porcine reproductive and respiratory syndrome 
virus (PRRSV), mainly due to insufficient cross-
protection, restored, or even enhanced virulence of 
attenuated vaccines (35, 39, 50). Consequently, there is 
an urgent need to develop some alternative vaccines by 
looking into the genetic and transcriptional profiles of 
both the virus and the host side, to effectively prevent 
and treat PRRS, combating the emergence of various 
new PRRSV strains with distinct immunopathologic 
phenotypes.
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Summary

The global outbreaks of porcine reproductive and respiratory syndrome (PRRS) led to a huge loss to the 
swine industry. Hence, there is a need to further understand how PRRSV transcribes its genes in host cells 
to better control PRRSV infection. In this study, we implemented RNA-seq and fluorescent in situ RNA 
hybridisation techniques to determine the temporal gene expression profile of PRRSV in Marc-145 cells. The 
expression level of PRRSV genes increases over infection time, with a tendency of the expression level from 
the highest to the lowest for ORF7, ORF6, PRF5, ORF4, ORF3, ORF2, ORF1b and ORF1b, which warrant 
further confirmations. Next, analyses of protein interaction showed that the host may react to PRRSV infection 
through many genes, proteins, and pathways involved in surveillance, metabolism, regulation, binding, and 
splicing of RNA. Furthermore, our codon usage bias (CUB) analysis proposed the hypothesis that synonym 
mutations by reverse genetic tools can mutate the third letters of codons to be different from the host system, to 
reduce viral gene transcription and protein translation. In this way, the same amino acids or protein sequences 
can be produced, but with much less efficacy, and as a result, the artificially synthesised virions can be used as 
live attenuated vaccines with synonym mutations to stimulate host defence responses and immunity against 
PRRSV infection. Collectively, our findings provided meaningful information to the temporal gene expression 
profile of PRRSV. This will assist in filling research gaps and developing strategies for better control of PRRS.
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The PRRSV is an enveloped single-stranded positive 
sense RNA virus and belongs to the order Nidovirales, 
family Arteriviridae, genus Arterivirus. PRRSV infects 
porcine alveolar macrophages (PAMs) in vivo, while 
in vitro some immortalized passaged cell lines such 
as Marc-145 and MA-104 cells can also be infected 
by PRRSV (46). The PRRSV is approximately 50 to 
65 nm in diameter and its genome is approximately 
15 kb in length, capped at the 5’end and polyadenyl-
ated at the 3’terminus. The PRRSV genome encodes 
at least eight open reading frames (ORFs), with 
ORF1a, ORF1b, ORF2 (subdivided into ORF2a and 
ORF2b), ORF3, ORF4, ORF5 (subdivided into ORF5 
and ORF5a), ORF6, and ORF7 from the 5’end to the 
3’end, respectively (23). Each ORF partially overlaps 
with its neighboring ORFs. ORF1a and ORF1b encode 
viral replicases, accounting for approximately 80% of 
the viral genome. ORF2-5 encodes the proteins GP2a, 
GP2b, GP3, GP4, GP5 and GP5a, respectively; while 
ORF6 and ORF7 encode the matrix protein (M) and 
the viral nucleocapsid protein (N), respectively.

RNA sequencing (RNA-seq) has been widely used 
to study the gene expression profile of viruses (14, 29) 
providing a complete overview of all genes expressed 
during the replication cycle of a virus and allowing 
a  better characterisation of the virus transcriptome. 
However, to our knowledge, there is no data on the 
gene expression profile of PRRSV in Marc-145 cells. 
Our current study provides pilot data to delineate 
the temporal gene expression profile of PRRSV in  
Marc-145 cells using RNA sequencing and fluorescent 
in situ RNA hybridisation techniques, which may 
deepen our understanding of PRRSV gene expression 
in vitro and pave the way toward further in vivo inves-
tigations for novel and potent PRRS control strategies.

Material and methods
Virus and cells. The pathogenic PRRSV YN-1 strain 

used in this study was isolated within our laboratory (Gen-
Bank accession No.: KJ747052.1) (54) and belongs to 
PRRSV genotype 2 (the North American genotype), with 
a viral titer of 10–5.3 TCID50/100 µl in Marc-145 cells. The 
Marc-145 cells, a PRRSV permissive immortal 
cell model derived from the kidney of green 
monkey (Chlorocebus sabaeus), were cultured 
in Dulbecco’s Modified Eagle Medium (DMEM, 
Gibco, Cat. #C11995500BT), supplemented 
with 10% feotal bovine serum (FBS, Gibco, Cat. 
#10099-141), 2 mM L-glutamine, 0.1 mM non-
essential amino acids, 1 mmol/l sodium pyruvate 
and an antibiotics mixture (Gibco, #15140-122) 
of 100 IU/ml penicillin and 100 µg/ml strepto-
mycin. Maintenance and use of PRRSV YN-1 
strain and Marc-145 cells were thoroughly 
described in our previous studies (21, 44, 45).

Infection of Marc-145 cells with PRRSV 
YN-1 strain. Marc-145 cell infection with 
PRRSV was performed as previously reported 
(20, 55). First, 3 × 105 Marc-145 cells per well 

were seeded in 6-well plates and cultured in 2 ml of DMEM 
medium at 37°C and 5% CO2 until approximately 80% 
confluence. The PRRSV YN-1strain (MOI = 1) was then 
added to Marc-145 cells. After a 1.5 h incubation to allow 
virus attachment to cells, the medium was replaced with 
fresh DMEM cell culture medium to remove unattached 
virus. Finally, the infected Marc-145 cells at selected time 
points were subjected to total RNA extraction for RNA-seq 
or fluorescence in situ RNA hybridisation (FISH), for which 
cells were cultured on glass slides.

Fluorescence in situ RNA hybridisation (FISH). 
Probes (Tab. 2) complementary ORF1b, ORF2, ORF3, 
ORF5 or ORF7 viral RNA sequences of the PRRSV YN-1 
strain (Tab. 1) were designed, synthesised with fluoro-
phore conjugation by Servicebio Co. Ltd (Wuhan, China), 
and applied to fluorescence in situ RNA hybridisation 
(FISH) according to the standard protocol. Briefly, infected  
Marc-145 cells were first fixed with 4% paraformaldehyde 
(PFA) for 20 min, washed with PBS three times (5 min for 
each), digested with proteinase K (20 µg/ml) for 8 min and 

Tab. 1. Primer sequences of qPCR in this study
Target 
gene

Primer 
name Primer sequence (5’-3’) Location of the 

primer (nt)

ORF1a
ORF1a-F ACTCTCGCCCGGTGACATTG 6747-6766

ORF1a-R CCATCCTGCGCCTCTTCTTCT 6998-7018

ORF1b
ORF1b-F GGCCGAATTGAGGTAGATTG 11169-11188

ORF1b-R CGACCACCGCAACTGATTCC 11323-11343

ORF2
ORF2-F ACCGTTCACCCTGAGCAATT 12177-12196

ORF2-R ACATTCGACGCGACACCATT 12312-12331

ORF3
ORF3-F CAGCTACACGGCCCAGTTCC 12956-12975

ORF3-R CAGCCATTCCAGGTGAAACC 13141-13160

ORF4
ORF4-F CTATGCTTCCGAGATGAGTGA 13465-13485

ORF4-R TGATCGACCACTAAGGAGCG 13583-13602

ORF5
ORF5-F GCTGAATGGCACAGATTGGC 13847-13866

ORF5-R AGGACATGCAGTTCTTCGCA 14081-14100

M
M-F CTACACGCCAGTGATGATATATGC 14362-14563

M-R GTGTACTCAGCCATAGAAACCTGG 14362-14385

ORF7
ORF7-F AATGGCCAGCCAGTCAATCA 14844-14863

ORF7-R TCATGCTGAGGGTGATGCTG 15185-15166

Tab. 2. Probe sequences used in this study
Target 
gene

Probe 
name Probe sequence (5’-3’) Location of the 

probe (nt)
Conjugated 
fluorophore

ORF1b
ORF1b-1 TGTAAGGTATGTCTCCAAACCTTGT 8110-8134

Cy3
ORF1b-2 GACGGACGCTGGAATGGTTGGCACA 8231-8255

ORF2
ORF2-1 CTTTTCCATGATGCGGTACATTCGA 12324-12348

Cy3
ORF2-2 TAATGTAGCCTCGCTCACCACCTGT 12344-12368

ORF3
ORF3-1 CAGGCGGAACCATGAACCCTAGTTC 12823-12847

FAM488
ORF3-2 CGCAGCCATTCCAGGTGAAACCAGT 13063-13087

ORF5
ORF5-1 AACTGAAAATGAGAGCTGTTGCTGG 13798-13822

FAM488
ORF5-2 CAGACTGCGTAAATGCTACTCAAGA 13995-14019

ORF7
ORF7-1 TTCTTTTGCTGCCTGCCGTTGTTAT 14809-14833

Cy5
ORF7-2 ATTGAAGGCAGTCTGGATCGACGAC 15004-15028
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again washed with PBS three times (5 min for each). Next, 
the pre-hybridisation was performed in the pre-hybridisation 
solution at 37°C for 1 h, followed by hybridisation in the 
hybridisation solution containing probes (500 nmol/l for 
each) at 40°C overnight. Next, the slides were sequentially 
washed with 2 × SSC (saline-sodium citrate) at 37°C for 
10 min, 1 × SSC at 37°C for 2 times (5 min for each) and 
0.5 × SSC at 37°C for 10 min. Subsequently, the nuclear 
specimens were counter stained with Hoechst 33342  
(1 µg/ml) at room temperature for 10 min. Finally, the slides 
were subjected to image acquisition on PANNORAMIC 
DESK/MIDI/250/1000 in the panoramic slide scanner 
(3DHISTECH, Hungary) and analysed using Case Viewer 
2.4 (Halo v3.0.311.314).

Library construction and RNA sequencing. Marc-145 
cells were infected with PRRSV YN-1 strain (MOI = 1) in 
duplicates for 2, 12, 24 and 48 h, with non-infected cells 
as corresponding controls. Total RNA was extracted from 
the 16 samples with Trizol (TIANGEN, DP424, Kunming, 
China) and the integrity of the RNA was verified by Bio-
analyzer 2100 (Agilent). Sequencing libraries were con-
structed using the VAHTS® Universal V6 RNA-seq Library 
Prep Kit for Illumina (Vazyme, NR604) according to the 
manufacturer’s recommendations. Briefly, a total amount 
of 500 ng of RNA per sample was used for the capture 
of Poly(A) mRNAs with oligo(dT)-conjugated magnetic 
beads. CDNA was synthesised following fragmentation of 
mRNA. End repair, dA-tailing, and addition of sequencing 
adapters were subsequently carried out. Enrichment PCR 
was performed to obtain the sequencing library. Librar-
ies were deep sequenced on the Illumina NovaSeq6000 
platform with the PE150 strategy (Biolinker Technology 
Kunming Co. Ltd, Kunming, China).

RNA-seqprocessing. RNA-
seq data were processed using 
a  widely used pipeline. Briefly, 
the sequencing qualities of 16-s 
RNA-seq profiles were examined 
with FASTQC V 0.11.9 (2) and 
MultiQC V1.11 (9). Sequencing 
reads were subjected to Trim-
momatic V 0.39 (3) programme 
for adapter and quality trim-
ming. To distinguish the differ-
ent sources, the remaining reads 
were separately aligned to the 
genomes of the PRRSV YN-1 
strain (KJ747052) and Chloro-
cebus sabaeus (assembly Vero_
WHO_p1.0, GenBank assembly 
accession: GCA_015252025.1) 
with STAR algorithm V 2.7.9a 
(7) to set up the databases with 
sequences and annotations of the 
two genomes. The reads derived 
from the virus were used for sub-
sequent analysis in this study, 
while the reads assigned to the 
Chlorocebus sabaeus genome 
will be used for another study. 

Expression levels of the eight viral genes were quanti-
fied using feature Counts v.2.0.1 (19). Normalised FPKM 
(fragments per kilobase of transcript per million fragments 
mapped) values were used to perform PCA analysis using 
the FactoMineR R package V2.4 (16).

Downstream bioinformatic analyses. First, the pro-
tein-protein interaction was downloaded from HPIDB3.0 
(https://hpidb.igbb.msstate.edu/index.html) (1), genes or 
homologs from Sus scrofa (pig) were used for the construc-
tion of a gene regulatory network by using the predicted 
interaction method psi-mi:MI:1110 (12). Trimmed net-
works were visualised with Cytoscape v.3.9.1 (32). Second, 
enriched GO terms and KEGG pathways for Sus scrofa 
genes from protein-protein networks were annotated with 
R package clusterProfiler (43). Significant GO terms and 
KEGG pathways were visualised with the dotplot function 
in the enrichplot package in the R package. Finally, YN-1 
and Chlorocebus sabaeus protein coding sequences were 
queried to codon W (V 1.4.4, http://codonw.sourceforge.
net/) for codon usage bias (CUB) analysis (4).

Results and discussion
Detection of viral transcripts from PRRSV in-

fected Marc-145 cells. In this study, our initial objec-
tive was to investigate how PRRSV infection would 
affect the global transcriptomic profile of Marc-145 
cells over the infection period from 2 hpi to 48 hpi 
(hours after infection). After mapping the sequenc-
ing reads to the Chlorocebus sabaeus genome, we 
found that for the samples from 24 hpi and 48 hpi, 
quite a number of reads could not be mapped to the 
Chlorocebus sabaeus genome, which is more remark-
able at 48 hpi, as shown with orange bars in Fig. 1A. 

Fig. 1. Mapping of the reads to the genomes of green monkey (Chlorocebus sabaeus, 
assembly Vero_WHO_p1.0, GenBank assembly accession: GCA_015252025.1) (A) or 
PRRSV YN-1 strain (GenBank accession No.: KJ747052.1) (B)
Explanation: X-axis shows the 16 sequencing samples, while Y-axis shows the mapping rate of 
each sample to the corresponding genomes. Blue bars indicate that the reads can be uniquely 
mapped to the genome, red bars indicate that the reads can be mapped to multiple locations 
of the genome, yellow bars indicated that the reads cannot be mapped to the genome. Both 
types of reads shown in red or orange were excluded from analyses
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Then we realised that the PRRSV genomic sequence 
is polyadenylated at the 3’ terminus (23), which might 
make it possible for viral transcripts to be captured 
using oligo (dT)-based library construction strategies 
and pair end 150 bp sequencing platform. Therefore, 
the sequencing reads were remapped to the PRRSV 
genome (KJ747052). Subsequently, we found that the 
viral transcripts were detected by RNA-seq at 24 hpi 
and more prominently at 48 hpi, as shown with blue 
bars (Fig. 1B), with the proportions corresponding 
to the yellow bars (Fig.  1A). We then summarised 
all the mapping statistics into Fig. 3A, where we can 
see that the proportions of undetermined and multiple 
alignments of each of the 16 samples to Chlorocebus 
sabaeus genome remain at a similar alignment and that 
the decreased percentage of reads uniquely assigned to 
Chlorocebus sabaeus genome at 24 hpi and 48 hpi was 
replaced by the increased percentage of reads uniquely 
assigned to the genome of the PRRSV YN-1 strain. 
A conclusion can be drawn based on Fig. 3B that with 
RNA-seq technology, we could detect viral transcripts 
from PRRSV infected Marc-145 cells at 24 hpi, and on 

a much higher level at 48 hpi, with no or very few viral 
transcripts detected from noninfected cells or samples 
collected at early time points post infection.

Determination of the expression level of viral 
mRNA sequences in PRRSV-infected Marc-145 
cells. PRRSV reads were further mapped to the eight 
individual ORFs (Tab. 1). As shown in (Fig. 3C), very 
few reads were detected as a  background from the 
non-infection samples, while the expression of the 
eight viral genes gradually increased over the selected 
time points post infection from 2 hpi to 48 hpi, with 
a similar level between the duplicate of each treatment. 
Furthermore, hierarchical cluster analysis (Fig.  3C) 
showed that there was a  tendency to increase the  
expression level of ORF1a, ORF1b, ORF2, ORF3, 
ORF4 to ORF5, ORF6 and ORF7, which was con-
firmed by the distribution of each individual viral gene 
in PCA (Fig. 2 and Tab. 1).

To validate the observations from RNA-seq de-
scribed above, fluorescence in situ RNA hybridisation 
(FISH) was used and five viral genes were selected to 
exemplify the determination of the viral RNA expres-

Fig. 2. Principal Component Analysis (PCA) of the RPKM of the eight viral genes
Explanation: Marc-145 cells in duplicates were infected with PRRSV YN-1 strain for 2 h (A), 12 h (B), 24 h (C) and 48 h (D),  
respectively. Color code indicates the RPKM amount or expression level
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sion levels in PRRSV infected Marc-145 cells: ORF7, 
which encodes the only nucleocapsid protein (N) of 
high immunogenicity in infected pigs (5); ORF5, 
which encodes a transmembrane glycosylated major 
envelope protein GP5 (22); ORF3, which encodes the 
minor glycosylated envelope viral protein GP3, one of 
the most variable PRRSV proteins decisive for virus 
assembly and infection (5); ORF2, which encodes two 
minor structural proteins (GP2a and E) (34); ORF1b, 
encoding polyproteins pp1ab, which can be processed 
in nsp9 to nsp12, critical for participation in virus 
transcription and replication (37).

Due to the limited detection channels of the slide 
scanner, we divided the five probes into two groups 
for FISH. As ORF7 or its encoded N protein has been 
widely applied in PRRSV research due to its high 
expression, the probe against ORF7 was used in both 
groups as a positive control for comparison. The RNA 
expression levels of all the five selected viral genes 

increased over the infection time in PRRSV infected 
Marc-145 cells (Fig. 4 and Fig. 5), which is consis-
tent with our previous N expression data (44, 45). 
Furthermore, we can see that the expression level of 
ORF7 (cyan signal) is higher than that of ORF5 (red 
signal), followed by ORF2 (green signal) (Fig. 4), 
and that the expression level of ORF7 (cyan signal) is 
also higher than that of ORF3 (red signal), followed 
by ORF1b (green signal) (Fig. 5). Furthermore, under 
experimental conditions, we observed the signal co-
localization of ORF7/ORF5/ORF2, or ORF7/ORF3/
ORF1b, as highlighted by white squares; however, 
we also observed that ORF7 RNA did not colocalize 
with ORF3 or ORF1b, while ORF3 signal overlapped 
with ORF1b signal, shown in red squares. In addition, 
no nuclear viral transcripts were detected in this test.

Viral protein-host protein interaction. When 
viruses invade cells, the host’s antiviral immune sys-
tem is quickly activated to inhibit virus replication. 

Fig. 3. Detection of viral transcripts by RNA-seq from Marc-145 cells inoculated with PRRSV in an infection-time-dependent 
manner
Explanation: Marc-145 cells (3 × 105cells/well) were cultured in 6-well plates overnight, followed by PRRSV infection (MOI = 1). 
Subsequently after a 1.5 h incubation to allow virus attachment to cells, the medium was replaced with fresh DMEM cell culture me-
dium to remove the unattached virus. Finally, infected (NV) and corresponding noninfected control (NN) Marc-145 cells in duplicates 
(-1 and -2) at selected time points (2 h, 12 h, 24 h, and 48 h) were subjected to total RNA extraction and RNA sequencing analysis. 
A. Percentage of reads of each sample assigned to the genomes of the PRRSV YN-1 strain (GenBank accession No.: KJ747052.1) 
or green monkey (Chlorocebus sabaeus, assembly Vero_WHO_p1.0, GenBank assembly accession: GCA_015252025.1), where  
Marc-145 cells were originally from (unique or multiple). Other means that the reads can be mapped to either of the two genomes. 
The X-axis indicates the sample name, while the Y-axis shows the percentage of reads. B. Average percentage of reads from each 
treatment in duplicated mapped to the genomes of the PRRSV YN-1 strain at the four selected time points. C. Hierarchical clustering 
of the eight viral genes based on reads detected from the RNA-seq. Red blocks indicates higher expression while blue lower expression
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For host adaptation, viruses have evolved multiple 
effective strategies to manipulate the host genes and 
proteins to escape host antiviral responses. Therefore, 
the determination of virus-host protein interactions is 
fundamental for a better understanding of host defence 
against viral infections and the pathogenesis of viral 
infectious diseases. To understand the interactions 
between the PRRSV protein and host cellular factors 
(46), the interacting PRRSV proteins and Sus scrofa 
proteins were downloaded from HPIDB3.0 (1) and the 
network was visualised with Cytoscape v.3.9.1 (32) 
(Fig. 6) analysis of the KEGG pathway (Fig. 7A) and 
enriched GO terms (Fig. 7B, 7C, and 7D) for the Sus 
scrofa genes from the protein-protein network revealed 
that many of the Sus scrofa genes are involved in the 
surveillance, metabolism, regulation, binding and 
splicing of RNA and ribonucleoproteins (highlighted 
in red squares in Fig. 7). Interestingly, according to 
this database, ILF2 (interleukin-2 enhancer binding 

factor 2) can interact with ORF1a, ORF1b, and ORF7 
or their encoding proteins, according to previous stud-
ies (31, 41).

Codon usage bias analysis of PRRSV genes. 
Due to differential transfer RNA supply within the 
cell, synonymous codons are not used with equal 
frequency, a  phenomenon termed codon usage bias 
(CUB). Previous studies have demonstrated that CUB 
of endogenous genes transregulates the translational 
efficiency of other genes. CUB has evolved through 
mutation, natural selection, and genetic drift, and can 
be influenced by genome composition, GC content, 
gene length, position and context of codons in the 
genes, recombination rates, mRNA folding, and tRNA 
abundance and interactions. CUB is the preferential use 
of synonymous codons, an ubiquitous phenomenon 
observed in pathogens, plants, and animals. Different 
species have consistent and specific codon biases. 
Furthermore, codon bias varies not only with species, 

Fig. 4. Determination of the expression of three viral mRNA sequences (ORF7, ORF5, and ORF2) in Marc-145 cells by fluo-
rescence in situ RNA hybridisation (FISH)
Explanation: Marc-145 cells were cultured on a glass slide overnight and infected with PRRSV YN-1 strain (MOI = 1), followed by 
fixation at four selected time points (2 h, 12 h, 24 h, and 48 h after infection) and subjected to FISH using the dye conjugated probe 
mix targeting viral mRNA sequences of ORF7, ORF5, and ORF2 (Tab. 2). Hoechst 33342 staining was performed to counter stain 
the nuclei. The images were acquired using PANNORAMIC DESK/MIDI/250/1000 in the panoramic slide scanner (3DHISTECH, 
Hungary) and analysed using CaseViewer 2.4 (Halo v3.0.311.314). Magnification is 10 × and the scale bar indicates 100 µm. Cyan 
signal represents the hybridisation signal from Cy5-labeled probe against the ORF7 sequence, red signal represents the hybridisation 
signal from Cy3-labeled probe against the ORF5 sequence, while green signal represents the hybridisation signal of the FAM488-
labeled probe against the ORF2 sequence. The cells in the white squares represent cells where we detected colocalization of the three 
hybridisation signals
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family, or group within kingdom, but also between 
the genes within an organism. Therefore, analysis of 
codon usage is a good measure for understanding the 

genetic and evolutionary characteristics of an organ-
ism (13). However, there is no report related with the 
codon usage of PRRSV. Hence, the codon usage of 

PRRSV was analysed here to 
reveal the constraint factors 
and it could be helpful to im-
prove the understanding of the 
pathogenesis of PRRSV and 
vaccine development to further 
control PRRS.

CUB analyses clearly 
showed that PRRSV YN-1 
strain used codons simi-
lar to the green monkey 
(Chlorocebus sabaeus) for 
protein translation, which can 
be reflected by analysis of CBI 
(codon bias index, Fig.  8A), 
FOP (Frequency of optimal 
codons, Fig. 8B) index and 
GC3s (GC content on the third 
synonymous codon position, 

Fig. 5. Determination of the expression of three viral mRNA sequences (ORF7, ORF3, and ORF1b) in Marc-145 cells by 
fluorescence in situ RNA hybridisation (FISH)
Explanation: Except for the dye conjugated probe mix targeting viral mRNA sequences of ORF7, ORF3 and ORF1b (Tab. 2), 
the other experimental parts are the same as shown in Fig. 5. Cyan signal represents the hybridisation signal from Cy5-labeled  
probe against ORF7 sequence, red signal represents the hybridisation signal from Cy3-labeled probe against ORF3 sequence, while  
green signal represents the hybridisation signal from FAM488-labeled probe against ORF1b sequence. The cells in the white squares 
represent cells where we detected colocalization of the three hybridisation signals, while the cells in the red squares represent cells 
where colocalization of red and green signals was detected, but not cyan signal

Fig. 6. Protein-protein interaction network between host proteins of Sus scrofa (Pig) and 
viral genes ORF1a, ORF1b and ORF7 or their protein products
Explanation: The data was downloaded from HPIDB3.0 and visualised with Cytoscape v.3.9.1 
(see Material and methods)
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implying the difference in codon usage between or-
ganisms, Fig. 8C) analysis. In Fig. 8, the eight viral 
proteins (indicated by the red bars) are located within 
the peak areas for all the three analyses, suggesting 
PRRSV can hijack and adapt to the host transla-
tion machinery to replicate in the host cells to the  
best extent.

Most viruses, including 
PRRSV, interact with host cel-
lular factors (including genes, 
RNAs and proteins) during infec-
tion. On the one hand, such an 
interaction is beneficial for the 
virus to escape from the host im-
mune system. On the other hand, 
interactions regulate the host 
cell immune response to inhibit 
viral infections. RNA-seq has 
been widely implemented to gain 
a global transcriptomic landscape 
of the interaction between viruses 
and hosts. However, in PRRSV 
field, most of the publicly avail-

able RNA-seq studies focused on the host side, to study 
how the PRRSV infection altered the host transcrip-
tome, such as the differential microRNA (miRNA) 
responses in porcine alveolar macrophages (PAMs) 
upon antiviral activation during PRRSV infection and 
interferon stimulation (17), a  few kinetic transcrip-
tomic analysis using bronchoalveolar lavage cells or 

Fig. 7. KEGG and GO enrichment analyses of the known host proteins of Sus scrofa (Pig) that can interact with the viral 
genes ORF1a, ORF1b, and ORF7 or their protein products 
Explanation: The input were the host proteins of Sus scrofa (Pig) displayed in Fig. 4. A. KEGG analysis. B. GO biological process 
(BP) analysis. C. GO cellular component (CC) analysis. D. GO molecular function (MF) analysis. The numbers in the brackets  
beside ORF1b or ORF7 indicate the numbers of proteins from Sus scrofa which may interact with the corresponding viral protein. 
The enriched items in the red squares are of high interest for further investigations

Fig. 8. Codon usage bias (CUB) analysis of PRRSV genes
Explanation: A. CBI (codon bias index) analysis. B. FOP (Frequency of optimal codons) 
analysis. C. GC3s (GC content on the third synonymous codon position) analysis. X-axis 
indicates the computed values for CBI, FOP and GC3s, respectively, by software codonW. 
Y-axis shows the number of mRNA coding sequences. Blue bars suggest mRNA coding 
sequences from green monkey (Chlorocebus sabaeus), while the red bars stand for mRNA 
coding sequences from PRRSV YN-1 strain
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PAMs upon experimental infection with PRRSV-1 
strains of different virulence (30, 38), integrated time-
serial white blood cells transcriptomic and serum me-
tabolomic analyses to investigate the host resistance 
to PRRSV (42), the transcriptional characteristics of 
NADC34-like PRRSV in PAMs (40), integration of 
transcriptome and proteome in lymph nodes to reveal 
the different immune responses to PRRSV in pigs (18), 
characterization of the recombined RNA molecules 
produced in PAMs during early passage infection of 
PRRSV by long-read direct RNA sequencing (47). 
However, to our knowledge, there is no report on the 
study and characterise the viral transcriptomic expres-
sion during PRRSV infection.

Here, we first used RNA-seq to investigate the 
temporal gene expression profile of PRRSV in Marc-
145 cells and found that in general, viral genes that 
are closer to the 3’ terminus showed a higher expres-
sion level than those closer to 5’ end at all four time 
points after the infection we selected (2, 12, 24 and 
48 hpi) (Fig. 1-3). To minimize the bias stemmed from  
RNA-seq process and to validate the observations from 
RNA-seq, we then performed fluorescent in situ RNA 
hybridisation to visualize the RNA expression in situ 
in Marc-145 cells. Indeed, Fig. 4 and Fig. 5 displayed 
similar tendency of a higher RNA expression level of 
the viral genes closer to the 3’ terminus, although we 
cannot directly compare the hybridisation signals be-
tween these two Figs., as they were performed on sepa-
rate slides. It would be of great importance to perform 
similar analyses in PAMs infected with various PRRSV 
strains of different virulence at more time points after 
infection, to draw a solid conclusion about whether 
the PRRSV gene expression profile is cell type, strain, 
or time dependent. Furthermore, the sensitivity and 
specificity of the hybridisation signal detection should 
be explored, together with the multiplexing capacity 
of more probes in a single assay, to better measure the 
hybridisation signals for direct comparisons.

Next, we constructed the interaction network of 
PRRSV proteins and green monkey proteins (Fig. 6) 
using the publicly available database, followed by GO 
and KEGG analyses of host proteins that can interact 
with viral proteins (Fig. 7). We found that many host 
proteins are ribonucleoproteins, enriched in RNA bind-
ing, metabolic, splicing, and degradation, suggesting 
how the host cells react to PRRSV infection. It should 
be noted that the database we used is far from complete 
and some other host factors reported to be involved 
in PRRSV infection are not included in this database, 
therefore not analysed in this study, such as porcine 
von Hippel-Lindau tumour suppressor (pVHL), which 
could stabilise PRRSV NSP1β via K63-linked ubiqui-
tination to enhance PRRSV replication (25); exostosin 
glycosyltransferase 1 (EXT1), an enzyme involved in 
the biosynthesis of heparin sulphate that is a PRRSV re-
ceptor (15) and can interact with NSP3 and NSP5 (48); 

porcine TRIM26 that binds to N protein and affects 
PRRSV replication in PAM (53); TRIM4 that inhibits 
PRRSV replication through ubiquitination and deg-
radation of the NSP2 protein in Marc-145 cells (52); 
porcine E3 ubiquitin ligase RNF122 that orchestrate 
NSP4 to promote PRRSV proliferation (36). A more 
comprehensive analysis of relevant porcine proteins 
should be performed to see which pathways could be 
enriched and essential for PRRSV infection, so that we 
can target those host genes, proteins, and pathway to 
develop new strategies for better PRRS control from 
the host side.

To our knowledge, there are some vaccines avail-
able on the market or in clinical trials for PRRSV con-
trol, exemplified by recombination PRRSV GP3 and 
GP5 DNA vaccines (51), modified live virus vaccine 
Fostera® PRRS (F-PRRS) (28) and commercial modi-
fied live PRRSV-1 vaccine „Ingelvac PRRSFLEX® 
EU” (8). However, the protection efficacy is rather 
unsatisfactory due to the high mutation and recombi-
nation rate of PRRSV strains. CUB is a critical factor 
determining gene expression and cellular function by 
influencing diverse processes such as RNA processing, 
protein translation and protein folding, and reflects the 
origin, mutation patterns and evolution of the species or 
genes. Investigations of codon bias patterns in genomes 
can reveal phylogenetic relationships between organ-
isms, horizontal gene transfers, molecular evolution 
of genes and identify selective forces that drive their 
evolution. One of the most important applications of 
codon bias analysis is to design transgenes, to alter 
gene expression levels through codon optimization, 
and to develop vaccines (26). Based on the results of 
codon bias index, frequency of optimal codons and 
GC3s as shown in Fig. 8, and according to the previous 
study (4) that virus CUB tended to be more similar to 
that of symptomatic hosts than that of natural hosts, 
supporting a  general deleterious effect of excessive 
CUB similarity between virus and host, synonym 
mutations can be achieved by reverse genetic tools to 
mutate the third letters of codons and thus not hijacking 
the most frequently used codon system from the host 
side, to reduce the viral gene transcription and protein 
translation levels. Subsequently, on the one hand, the 
same amino acids or even the same protein sequences 
can be synthesised, but with fewer virion particles 
and less virulence or pathogenicity, and on the other 
hand, artificially synthesised virions, as live attenuated 
vaccines with synonym mutations, can still stimulate 
host defence responses and immunity against PRRSV 
infection. This novel vaccine development strategy has 
been thoroughly evaluated in coronavirus (6, 33) and 
influenza A virus (10, 11, 24), as a proof-of-principle. 
Therefore, to overcome the disadvantages of currently 
available vaccines, at least partially, our codon usage 
bias (CUB) analysis may shed some new light on vac-
cine development to further control PRRS.
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