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Comparative ORF and whole genome sequen-
cing analysis of the porcine reproductive and 
respiratory syndrome virus (PRRSV) in routine 
samples reveal a recombinant virus strain
ORF- und Gesamtgenomsequenzierung des porcinen reproduk-
tiven und respiratorischen Syndrom-Virus (PRRSV) in Routinepro-
ben führen zum Nachweis eines rekombinanten Virusstammes
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Reinhard Sting1

Porcine reproductive and respiratory syndrome virus (PRRSV) causes one of the 
economically most important diseases in pig farming. In view of the particularly 
high level of genetic variation of this virus, molecular epidemiological methods are 
very well suited for the characterisation of virus strains. In our study, we present the 
results of PRRSV testing using RT-qPCR and following ORF5, ORF4–ORF6 and whole 
genome sequencing (WGS) in two pig farms, connected by purchase and both 
suffering from PRRSV outbreaks. Analyses based on ORF5 sequences detected only 
a field virus strain in farm A, despite vaccination with a modified live vaccine (MLV). 
In farm B, the MLV used in farm A and a field virus strain could be determined. How-
ever, the ORF4–ORF6 sequences confirmed the results from farm A, but revealed two 
different field virus strains in farm B. This phenomenon could be resolved using next 
generation sequencing (NGS) technologies for WGS analyses of two representative 
virus strains originating from farm B. WGS revealed two closely related field virus 
strains with a nucleotide sequence identity of 97.72%. One strain was a recombinant 
PRRSV strain, apparently created from the MLV used in farm A and a field virus strain. 
The fact that only the ORF5 region originated from the MLV explains the differences 
in the sequences of ORF5 compared to ORF4–ORF6 and WGS. Our study shows 
that ORF-based molecular characterisation of PRRSV strains might be deceptive due 
to mosaic recombination events requiring WGS to accurately reveal the molecular 
relationships between virus strains.
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Summary

Zusammenfassung Das porcine reproduktive und respiratorische Syndrom-Virus (PRRSV) verursacht eine 
der wirtschaftlich wichtigsten Krankheiten in der Schweinehaltung. Im Hinblick auf 
die besonders große genetische Varianz des Virus eignen sich molekular-epidemi-
ologische Methoden zur Charakterisierung von Virusstämmen sehr gut. In unserer 
Studie stellen wir die Ergebnisse der PRRSV-Testung mittels RT-qPCR und anschlie-
ßender Sequenzierung von ORF5 und ORF4–ORF6 sowie Gesamtgenomsequenzie-
rung (WGS) in zwei durch Kauf von Tieren in Kontakt stehenden Schweinebetrieben 
mit PRRSV-Ausbrüchen vor. Bei ausschließlicher Verwendung von ORF5-Sequenzen 
konnte in Betrieb A trotz Impfung mit einem modifizierten Lebendimpfstoff (MLV) 
nur ein Feldstamm nachgewiesen werden. Im Gegensatz hierzu gelang in Betrieb B 
der Nachweis des in Betrieb A eingesetzten MLV sowie eines Feldstammes. Die 
ORF4- bis ORF6-Sequenzen bestätigten die Ergebnisse aus Betrieb A, ergaben jedoch 
in Betrieb B zwei unterschiedliche Feldstämme. Dieses Phänomen konnte mithilfe 
einer Gesamtgenomanalyse anhand der Next Generation Sequencing(NGS)-Techno-
logie von zwei repräsentativen Virusstämmen aufgeklärt werden. Anhand der WGS CC BY-NC-ND 4.0
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konnten zwei eng verwandte Feldviren mit einer Nukleotidsequenzidentität von 
97,72 % nachgewiesen werden. Ein Virusisolat stellte sich dabei als ein rekombi-
nanter Virusstamm heraus, offensichtlich zusammengesetzt aus dem in Betrieb A 
verwendeten MLV und einem Feldvirus. Da nur die ORF5-Region aus dem MLV 
stammte, erklärt dies, weshalb sich die Sequenzen von ORF5 gegenüber denen 
von ORF4–ORF6 und WGS signifikant unterschieden. Die Ergebnisse zeigen, dass 
eine ORF-basierte molekulare Charakterisierung von PRRSV-Stämmen aufgrund 
von unterschiedlich lokalisierten Rekombinationsereignissen irreführend sein 
kann. Nur die Sequenzierung des gesamten Genoms kann die korrekte moleku-
lare Verwandtschaft zwischen Virusstämmen aufdecken.

Schlüsselwörter: Next generation sequencing, Molekulare Epidemiologie, Modi-
fizierte Lebendvaccine

Introduction

Porcine respiratory and reproductive syndrome (PRRS) 
is one of the economically most important diseases in 
global pig production, and is caused by the PRRS virus 
(PRRSV). Annual losses caused by PRRS in the United 
States are estimated to be $664 million (Holtkamp et al. 
2013). In Germany, PRRS was detected for the first time 
in November 1990 (Drew 1995). Outbreaks in Baden-
Württemberg (a federal state of Germany) in 2012–2013 
cumulated in costs up to €135,000 per farm and outbreak 
(Richter et al. 2014).

PRRSV is a 45–60  nm in diameter enveloped RNA 
virus with a positive-sense, single stranded RNA 
genome of around 15 kbp with at least 10 open reading 
frames (ORFs) (Dokland 2010). Belonging to the order 
of Nidovirales, family Arteriviridae, PRRSV is nowa-
days classified into the genus Betaarterivirus with the 
two different subgenera: Eurpobartevirus with the spe-
cies Betaarterivirus suid1 (PRRSV-1, originating from 
Europe) and subgenus Ampobarterivirus, with the spe-
cies Betaarterivirus suid 2 (PRRSV-2, originating from 
North America) (ICTV, 2018). Like other RNA viruses, 
PRRSV has a high genetic variability (Stadejek et al. 
2006) with a high mutation rate (Hanada et al. 2005), 
whereby the ORF-5 region seems to be one of the most 
variable regions of the genome (Martin-Valls et al. 2014; 
Shi et al. 2010a, b). This variability is caused by a rela-
tively poor fidelity of the RNA-polymerase (Castro et al. 
2005) and selective pressures by the immune system 
(Mateu et al. 2006). The ORF 5 encodes the Major Gly-
coprotein 5 (Dokland et al. 2010) and this Glycoprotein 
is part of the envelope, participates in viral attachment to 
cells, contains a neutralisation epitope and is therefore a 
target for the immune system (Mateu et al. 2006).

To control acute PRRSV outbreaks, the use of modified 
live vaccines (MLV) can be effective (Charerntantanakul, 
2012). The correct use of live vaccines combined with 
further measures such as early diagnosis and monitor-
ing, high level of biosecurity, strict hygiene, and an 
optimized herd management, promises high stock pro-
tection. As a result, a reduction in clinical symptoms as 
well as viral shedding due to an ongoing repression of 
the field virus can be expected (Charerntantanakul, 2012; 
Pileri and Mateu, 2016; Rathkjen, Dall, 2017). However, 
there is also the risk of a recombination event between 
field and vaccine viruses by using MLVs during an acute 
PRRSV outbreak (Charerntantanakul, 2012; Eclercy et 
al. 2019; Montaner-Tarbes et al. 2019). Homologous 
recombination of two field viruses (Martin-Valls et al. 

2014; Yuan et al. 1999), of a field and vaccine viruses and 
even of two vaccine viruses have been described in pre-
vious studies (Burgara-Estrella et al. 2014, Li et al. 2009; 
Steinrigl, 2018; CVMP, 2019; Eclercy et al. 2019; Marton 
et al. 2019). PRRSV type 1 vaccine strains leading to a 
recombinant strain that has been associated with clinical 
signs of disease in PRRS-naive herds in Denmark has 
recently prompted the Committee for Medicinal Prod-
ucts for Veterinary Use (CVMP) to make recommenda-
tions. These concern the use of live attenuated PRRSV 
vaccines and reporting of any suspected adverse inci-
dents and sequence data which indicate recombination 
events of vaccine strains with each other or wild types 
(CVMP, 2019).

In our case report, we present the results of PRRS 
outbreaks in two farms which came into contact through 
the purchase of animals. Our aim is to elucidate the 
relationship of the PRRSV strains that were responsible 
for these PRRS outbreaks. The comparison of sequence 
data obtained from Sanger sequencing of ORF5 and 
ORF4–ORF6 attracted our attention due to the differ-
ent results. To resolve this phenomenon, we decided to 
use next generation sequencing (NGS) technologies for 
whole genome analyses.

Material and Methods

Origin of samples

Farm A – piglet production
In September 2017, in a piglet production farm with 400 
sows, nearly all suckling piglets showed suddenly fever, 
anaemia, coughing and poor suckling. Tissue samples 
from the lung were taken from an euthanised piglet 
(piglet A) and blood samples from ten suckling piglets 
pooled in two samples (serum pool 1 and 2) were tested 
by PRRSV reverse transcription real-time PCR (RT-
qPCR) followed by ORF4–ORF6 Sanger sequencing. The 
routine vaccination scheme for the suckling piglets on 
this farm consisted of a PRRSV-1 MLV (named MLV II) 
vaccine and a combination vaccine against Mycoplasma 
hyopneumoniae and PCV-2. The sows were vaccinated 
every four months with the same PRRSV-1 MLV and a 
combination vaccine against Parvovirus und erysipelas.

Farm B – piglet rearing farm
At the same time, the piglet rearing farm B which had 
received 4-week-old piglets with an average weight of 
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8 kg from farm  A, reported greater differences in the 
growth of the piglets and an increase in the number 
of runts suffering from coughing and sneezing. These 
symptoms were evident in all age groups. Fifteen blood 
samples tested in three serum pools (serum pool 3, 4 and 
5) and lung tissue (piglet B) were taken from piglets with 
typical symptoms to test for PRRSV using RT-qPCR. 
Sequencing of ORF4–ORF6 was performed for PRRSV 
from lung tissue of piglet B and from serum pool 3. Five 
months later, in February 2018, piglets again showed 
slight coughing, sneezing and sporadic mild conjunctivi-
tis. Therefore, three serum pool samples from ten piglets 
(serum pool 6, 7 and 8) were tested by PRRSV RT-qPCR. 
Subsequently, serum pool 7 and serum pool 8 were 
examined by Sanger sequencing of the ORF4–ORF6 
region and NGS to obtain whole genome sequence data. 
Due to the vaccination of the pigs with a PRRS MLV 
in farm  A, no further vaccination against PRRSV was 
administered to the pigs.

RNA isolation and PRRSV RT-qPCR
Viral RNA for RT-qPCR was isolated from blood sam-
ples and lung tissue using the MagMAX Pathogen 
RNA/DNA Kit (Thermo Fisher Scientific, Waltham, 
USA) following the manufacturer´s instructions.

For conventional PCR and following sequencing, 
RNA was isolated from lung tissue as described before 
(Frey et al. 2017) using a TRIzol® reagent (Thermo 
Fisher Scientific, Waltham, USA) for pre-treatment 
and the RNeasy Mini Kit (Qiagen, Hilden, Germany). 
Briefly, 50 mg organ sample was initially transferred 
into a grinding tube and homogenised in 1 ml TRI-
zol® reagent at 5000 rpm / 5 sec / 1 cycle using the 
Precess 24 (Bio-Rad Laboratories, Hercules/ Kaliforn-
ien, USA). After centrifugation (1 minute, 16 000 x g) 
and incubation (5 min at room temperature), 200 μl 
chloroform (chloroform minimum 99%, Sigma-Aldrich, 
Taufkirchen, Germany) was added; the mixture was 
vigorously shaken, incubated for 10 min at room tem-
perature and centrifuged (10 min, 4°C, 16 000 x g). 
The upper aqueous phase (500−600 μl) and 600 μl of 
70% ethanol (Carl Roth, Karlsruhe, Germany) were 
thoroughly mixed and transferred into an RNeasy Mini 
Spin column. The following purification steps were 
performed with the RNeasy Mini Kit (Qiagen, Hilden, 
Germany) according to the manufacturer’s instructions.

RNA for NGS analysis was isolated from 200 μl 
serum using the MagMAX™ CORE Nucleic Acid Puri-
fication Kit and a KingFisher Flex device according to 
the manufacturer´s instructions (Thermo Fisher Sci-
entific, Waltham, USA). Each sample was prepared 
twice, with and without a DNase treatment. For the 
DNase digestion the script of the manufacturer was 
extended. After the second washing step the beads 
were incubated for 15 min at RT with the DNase solu-
tion (10 μl DNase Stock I + 70 μl RDD; Qiagen RNase 
free DNase Set; Qiagen, Hilden, Germany). After two 
further washing steps the beads were eluted at 65°C in 
90 μl elution buffer.

For PRRSV screening and species identification 
(PRRSV-1, EU and PRRSV-2, US and HP) the commer-
cially available virotype PRRSV RT-qPCR Kit (Indical 
Bioscience, Leipzig, Germany) was used according to 
the manufacturer´s instructions on a CFX96 TouchTM 
Real-Time PCR Detection System (Bio-Rad Laborato-
ries, Hercules/ Kalifornien, USA).

Conventional RT-PCR
In preparation for the Sanger sequencing, a conven-
tional PCR with following gel electrophoresis was 
performed. As a result of validation and optimization 
processes, two different protocols were used for the 
PCR for blood samples and lung tissue. 

For blood samples, the isolated RNA and the 
primers PRRS-ORF4-F (TGG TTT CTS AGG CGT 
TCG C) and PRRS-ORF6-R (GGG CAG GGG CCA 
GAA TGT) (Frey et al. 2017) were added to the 
SuperScriptTM III One-Step RT-PCR System with 
PlatinumTM Taq (Thermo Fisher Scientific, Waltham, 
USA) and the reverse transcription PCR was per-
formed according to the manufacturer´s instructions 
with slight modifications: the cycler programme steps 
consisted of 15 min at 50°C followed by 2 min at 95°C 
for cDNA synthesis and pre-denaturation, respec-
tively. These steps were followed by 45 cycles of a) 
15 sec at 95°C, b) 30 sec at 57°C, c) 90 sec at 72°C, 
finalised by 5 min at 72°C. The master mix consisted 
of 12.5 μl 2x Reaction Mix, 1 μl Taq-Mix, 1 μl MgSO4, 
2 μl forward primer (10 μM), 2 μl reverse primer (10 
μM), 1.5 μl DEPC water, to which 5 μl template RNA 
per sample was added.

Using lung tissue, a three-step PCR was performed 
as published previously (Frey et al. 2017). The isolated 
RNA and anchored-oligo (dT)18 primer were added 
to the PCR reagents provided by Roche (Transcriptor 
High Fidelity cDNA Synthesis Kit, Roche, Mannheim, 
Germany) and the RT-PCR was performed according 
to the manufacturer´s instructions. In the third step, 
the PCR was carried out using the FastStart High 
Fidelity PCR System, dNTPack (Roche, Mannheim, 
Germany) according to the manufacturer´s protocol, 
also using the PRRS-ORF4-F and PRRS-ORF6-R 
primers as mentioned before.

DNA generated by RT-PCR was analysed in 2% 
agarose gel. Gel electrophoresis and visualisation 
by staining with peq-GREEN (VWR, Erlangen, Ger-
many) revealed a single band with a size of around 
1,450 bp. The PCR product was then purified using 
the Mag-Bind® Total Pure NGS Kit (Omega Bio-tek, 
Norcorss, Georgia, USA) run on a KingFisher Flex 
device (Thermo Fisher Scientific, Waltham, USA) for 
subsequent DNA Sanger sequencing on demand 
(Microsynth, Balgach, Switzerland).

Sequencing
Samples yielding Cq values < 22 in the RT-qPCR were 
forwarded for sequencing of the ORF4–ORF6 region 
on demand using Sanger sequencing (Frey et al. 2017). 
The amplified DNA strand was sequenced in both the 
forward and reverse direction for confirmation.

The whole genome sequencing of the serum pool 
samples 7 and 8 was performed on demand using 
NGS technology (CeGaT, Tübingen, Germany). Both 
samples were chosen based on the results of the previ-
ous Sanger sequencing. As quality controls, the RNA 
content, concentration and RIN were determined using 
Qubit RNA (Thermo Fisher Scientific, Waltham, USA) 
and the Bioanalyzer RNA Pico (Agilent, Santa Clara, 
USA), respectively. For library preparation with the 
NuGen Trio RNA-Seq Library Preparation Kit (Tecan 
Genomics, Redwood City, USA), an amount of 0.8–2.5 
ng RNA was used. Sequencing was carried out by the 
MiSeq 300 cycle v2 Sequencing Kit (Illumina, San 
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Diego, USA) with 2 x 150 bp, yielding QC-values of 
89.56% Q30 (Supplementary Table S1).

Analysis of sequence data
The program Geneious Prime 2019.1.1 (Biomatters, 
Auckland, New Zealand) was used for further pro-
cessing and evaluation of the obtained sequence data. 
For the sequences obtained by Sanger sequencing, the 
forward and the reverse sequences were merged into 
a common consensus sequence and then aligned with 
other sequences from this case and from the CVUAS 
PRRSV database (multiple alignment with other regional 
field isolates, reference strains and vaccine strains, 
data not shown) (Frey et al. 2017). For the alignment, 
the “Geneious Alignment” (program Geneious Prime 
2019.1.1, Biomatters, Auckland, New Zealand) was cho-
sen; performing a global alignment with free end gaps, 
cost Matrix: Identity (1.0/0.0), Gap open penalty 12 and 
gap extension penalty 3.

For bioinformatics analysis of the NGS data, the Illu-
mina bcl2fastq (2.19) (Illumina, San Diego, USA) was 
used for the de-multiplexing of the reads. Adapters were 
trimmed using Skewer (Version 0.2.2) (Jiang et al. 2014). 
Further quality trimming of the reads was not performed. 
The FASTQC (Brahaman Bioinformatics, version 0.11.5-
cegat) (CeGaT, Tübingen, Germany) was used for analy-
ses of the FASTQ files. The FASTQ-files of the NGS were 
imported into the programme Geneious Prime 2019.1.1. 
After pairing, duplicates were removed by the Plug-In 
Dedupe Duplicate Read Remover (Version 38.37 by Brian 
Bushnell) using a Kmer seed length of 31, zero maximum 
edits and zero maximum substitutions. The quality trim-
ming was performed by the Geneious programme (error 
probability limit: 0.01; filtering post-trim > 50). The fol-
lowing mapping was carried out by the Geneious map-
per programme, using up to five iterations for fine-tun-
ing. The previously trimmed reads were mapped to the 

Sscrofa11.1 (GCF_0000003025.6) sequence to identify 
reads belonging to Sus scrofa. (Supplementary Table 1). 
All non-mapped reads were mapped on a database of 
775 PRRSV whole genome sequences (NCBI, GenBank, 
Bethesda MD, USA; download: 19.06.2018; Supplemen-
tary Table S2). 

The sequence with the highest sequence coverage 
was set as reference sequence and the mapping was 
repeated against this one sequence (KT033457 for all four 
sequences), leading to a consensus sequence (Zhang et al. 
2017). The consensus sequences of the preparations with 
and without DNase treatment were finally aligned, gen-
erating the final viral whole genome consensus sequence. 
A de-novo assembly of the reads was performed by using 
different software tools (Supplementary Document S3).

Because ORF5 is the preferred region for charac-
terisation of the PRRSV genome by sequencing due 
to its high genetic variability (Dortman et al. 2019), 
we extracted the ORF5 (604 nt) from the ORF4–ORF6 
sequences. Then we aligned the sequences of all virus 
strains of this case with the MLV II, on the one hand 
only based on ORF5 and on the other hand based on 
the longer sequences of ORF4-ORF6. The results of 
the alignments, especially the nucleotide sequence 
identity between the virus strains and MLV, were 
compared. The interpretation of the results based on 
the assumption, that virus strains with a nucleotide 
sequence identity of more than 97% evolved from 
one common origin (Cortey et al. 2017). Therefore, the 
virus strains were classified as MLV derived strains or 
as one or more related or unrelated field strains.

In addition, phylogenetic trees were constructed 
with the Geneious Tree Builder (Biomatters, Auckland, 
New Zealand) using Tamura-Nei as the Genetic Dis-
tance Model and Neighbor-Joining as the tree build 
method. The phylogenetic trees base on the alignment 
of ORF5 and ORF4-ORF6 sequences of this case and 

TABLE 1: Results of testing on PRRSV-1
Farm A

Sample material (source) PRRSV-1 RT-qPCR Sequencing results (genomic region)
GenBank accession number

lung tissue (piglet A) positive (Cq 14.03) field virus (ORF4–ORF6)
(MT795918)

serum pool 1 (5 piglets) positive (Cq 25.07) not performed

serum pool 2 (5 piglets) Negative not available

Farm B

Sample material PRRSV-1 RT-qPCR Sequencing results (genomic region)

lung tissue (piglet B) positive (Cq 26.75) recombinant field virus (ORF4–ORF6)
(MT795919)

serum pool 3 (5 piglets) positive (Cq 18.12) field virus (ORF4–ORF6)
(MT795917)

serum pool 4 (5 piglets) positive (Cq 29.02) not performed

serum pool 5 (5 piglets) positive (Cq 33.82) not performed

5 months later

serum pool 6 (3 piglets) positive (Cq 17.12) field virus (ORF4–ORF6)
(MT795920)

serum pool 7 (4 piglets) positive (Cq 19.54) recombinant field virus (whole genome)
(MT795921 ORF4-ORF6; MT857222 NGS)

serum pool 8 (3 piglets) positive (Cq 21.55) field virus (whole genome)
(MT795922 ORF4-ORF6, MT857223 NGS)
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three modified live vaccines (MLV I, MLV II, MLV III) 
(Frey et al. 2017).

The recombination analysis was performed using 
RDP4, a recombination detection programme that 
implements an extensive array of methods for detect-
ing and visualising recombination in virus genome 
sequence alignments (Martin et al. 2015). As second 
tool, a similarity plot was generated with help of 
SlimPlot (Lole et al. 1999), using serum pool 7 as 
query sequence and MLV II and serum pool 8 as com-
parison sequences. In both plots, recombination sites 
are identified on crossover regions and breakpoints 
are determined.

Results

RT-qPCR
In September 2017, nearly all suckling piglets in a pig-
let production farm suddenly showed fever, anaemia, 
coughing and poor suckling. Tissue and blood sam-
ples from this farm, as well as from a second affected 
holding, were tested by PRRSV RT-qPCR followed by 
ORF4–ORF6 Sanger sequencing of selected samples. 
Subsequently, two serum pools were examined by NGS 
to obtain WGS data. 

In farm  A, a high viral load of PRRSV-1 could be 
detected in the lung tissue of piglet A and in one of 
the tested serum pools by RT-qPCR. In farm B, all sam-
ples taken at two different times tested positively for 
PRRSV-1 by RT-qPCR with variable viral load (Table 1).

Sequencing
The results of the alignments based on ORF5 and 
based on ORF4-ORF6 were compared. Sequences of the 
PRRSV strain obtained from piglet A (farm A) revealed 
high nucleotide sequence identity values (> 98.68%) to 
PRRSV sequences retrieved from the serum pools 3, 6, 
and 8 (farm  B), but low nucleotide sequence identities 
to the vaccine strain MLV II, piglet B and serum pool 7 
(both farm B) (< 93.06%). This applies for the ORF5 and 
ORF4–ORF6 sequences (Table  2). This means that the 
administered vaccine strain MLV II in farm A could not 
be detected, but a field strain in piglet A that had also 
been detected in farm  B in three serum pools (serum 
pool 3, 6 and 8) could be detected.

In farm  B, the PRRSV strain detected in serum pool 
7 showed a high nucleotide sequence identity to the 
strain found in piglet B based on ORF 5 and ORF4–
ORF6 sequencing (99.67% and 99.47%, respectively). 
The nucleotide sequence identities of serum pool 7 and 
piglet B to the vaccine strain MLV II was very high based 
on ORF5 (98.01% and 97.68%, respectively), but yielded 
low nucleotide sequence identity values (94.02% and 
93.7%, respectively) when using ORF4–ORF6 sequences 
(Table 2). The findings based on ORF5 sequencing sug-
gest the presence of a MLV II vaccine derived strain in 
farm B; however, confirmation by ORF4–ORF6 sequenc-
ing failed. In fact, the nucleotide sequence identity values 
of the ORF4–ORF6 sequencing suggest the presence of 
two different field virus strains in farm B.

A phylogeny analysis based on ORF 5 and ORF4–
ORF6 sequences was performed to investigate the  rela-
tionship of the different isolates in this study (Fig-
ure 1B). Within the ORF5 based phylogenetic trees, the 
sequences of piglet B and serum pool 7 form a cluster 
containing MLV II (Figure 1A). However, if the analysis 
is based on ORF4–ORF6 sequences, the piglet B/pool 
7 cluster is intercalated between the MLV and the field 
strain cluster (Figure 1B). 

The alignments of the ORF5 sequences show a clear 
difference in the distribution of nucleotides differing 
from MLV II (reference) between piglet B and serum 
pool 7 on the one hand, and piglet A and the serum 
pools 3, 6, and 8, on the other hand (Figure 2A). Expand-
ing the examined genome section from ORF5 to ORF4–
ORF6 for more detailed analyses, it becomes evident that 
the nucleotide differences of the PRRSV strains originat-
ing from piglet B and serum pool 7 compared to piglet A 
and the serum pools 3, 6, and 8 are localized especially 
towards the 3’ region of ORF5 (Figure  2B). However, 
approximately 300 nucleotides within the sequences of 
ORF4 and of the directly adjacent ORF5 proved to be 
very similar (Figure 2B), suggesting a possible recombi-
nation event.

Due to these inconsistent results obtained by ORF5 
and ORF4–ORF6 sequencing, a NGS of the whole 
genome was performed on serum pool 7 representing 
the vaccine strain MLV II in the ORF5 region, and serum 
pool 8 representing the field strain cluster for compara-
tive purposes. With a sequence identity of 97.72% over 
the whole sequence, these two viral strains could be 

TABLE 2: Comparison of nucleotide sequence identities (%) of ORF5 and ORF4–ORF6 of different PRRSV strains and the vaccine 
strain MLV II used in farm A (MLV II is set as reference strain).
Identity values >97% (cut off) are underlined and written in bold numbers.

piglet A piglet B pool 7 pool 3 pool 6 pool 8

ORF5 ORF4–ORF6 ORF5 ORF4–ORF6 ORF5 ORF4–ORF6 ORF5 ORF4–ORF6 ORF5 ORF4–ORF6 ORF5 ORF4–ORF6

MLV II 87.11 87.3 98.01 94.02 97.68 93.7 87.56 87.3 86.94 87.19 87.4 87.41

piglet A 89.09 93.06 88.93 93.06 99.50 100 99.17 99.25 98.68 99.25

piglet B 99.67 99.47 89.55 93.06 88.93 92.96 89.39 92.96

pool 7 89.39 93.06 88.76 92.74 89.22 92.74

pool 3 98.68 99.25 99.17 99.25

pool 6 99.50 99.79
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FIGURE 1: Phylogenetic trees based on ORF5 sequences (A) and ORF4–ORF6 sequences (B). 
Overview of selected PRRSV isolates aligned with three vaccine strains (MLV I (GenBank accession number KJ127878), MLV II 
(GenBank accession number GU067771.1) and MLV III (GenBank accession number LQ787781.1)) based on ORF5 and ORF4–ORF6 
sequencing. Node heights are printed cursively; substitutions per site are printed regularly 
The phylogenetic tree was constructed with Geneious Tree builder using Tamura-Nei as genetic distance model and Neighbor-Joining 
as tree build method. Graphic: CVUA Stuttgart.

FIGURE 2: Alignment of the ORF5 (A), ORF4–ORF6 (B) regions and of the whole genome (C) of PRRSV isolates compared to the 
MLV II as reference strain with CDS annotation and nucleotide sequence identity based on GenBank accession number GU067771 
(medium grey arrows). Slight grey bars of the samples show identities, vertical black bars show differences to the reference strain.
In B: the boxes mark regions with high identity. In C: the box marks the region of a possible recombination.
Wg = whole genome. Graphic: CVUA Stuttgart.
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considered as field virus strains of one common origin 
and clearly separated from the vaccine strain MLV II, 
yielding a nucleotide sequence identity value of only 
83.43% and 85%, respectively. A closer look at the align-
ment of whole genome sequences shows that only a 
part the ORF5 sequence of the PRRSV strain obtained 
from serum pool 7 shows a high nucleotide sequence 
identity to the MLV II strain, while the other regions of 
the genome match with serum pool 8 but not with MLV 
II (Figure 2C).

In further evaluations of the WGS data, the recom-
bination event could be localized exclusively to the 
genome nucleotide positions 13,648 to 14,186 by 
recombination analyses using the programmes RDP4 
(recombination detection program) (Martin et al. 2015) 
(data not shown) and to the genome nucleotide posi-
tions 13,600 to 14,200 using SlimPlot (Lole et al. 1999). 
Both analysis procedures revealed that the PRRSV strain 
detected in serum pool 7 shows strong evidence of being 
a recombinant virus strain derived from serum pool 8 as 
major parent, and MLV II as minor parent (Figure 3). The 
recombination site comprises 538 nt using RDP4 or 600 
nt using SlimPlot, respectively.

Validation of the NGS data
The DNase treatment was primary performed to deter-
mine any influences on the results. As expected, it had 
no effect, but this completely independently generated 
set of data could be used as duplicate and merged with 
the correspondent sequences without DNase treatment 
to a consensus sequence (data not shown). By this way 
we could increase the quality of the data and assure 
a confirmed and genome wide high read coverage. A 
de novo assembly was performed by Tadpole (http://

seqanswers.com/forums/showthread.php?t=61445). 
An alignment of the reference sequence MT857222 
with the de novo assembled contigs of pool 7 showed a 
covering of 75.4% of the genome, an alignment of the 
reference sequence MT857223 with the de novo assem-
bled contigs of pool 8 showed a covering of 97.2%. 
The pairwise nucleotide identity was very high in both 
alignments (pool 7 99.7% and pool 8 98.4%) (Supple-
mentary Document S3).

Furthermore, the validity of the sequences gener-
ated by NGS could be confirmed by an alignment with 
the sequences achieved by Sanger sequencing (nucle-
otide sequence identity of 100% for pool 7 and pool 8; 
data not shown). Even though only a short part of the 
whole genome could be verified in this way, it was suf-
ficient to prove that the entire recombination region 
was not a bioinformatics artefact from mapping.

Discussion

Control of PRRS is important due to the enormous 
economic losses caused by this viral disease, but is chal-
lenging due to the high genetic variability of the virus 
(Frey et al. 2017; Hanada et al. 2005; Stadejek et al. 2006). 
Furthermore, virus variability is enhanced by genetic 
recombination with modified live vaccines (MLV) which 
are used as a very effective preventive tool (Eclercy et 
al. 2019). These features of the PRRSV make molecu-
lar epidemiology for characterisation of PRRSV strains 
very valuably. The results of molecular epidemiology 
allow taking specific measures concerning biosecurity, 
hygiene, and vaccine management to control the PRRSV 
situation (Dortmans et al. 2019; Frey et al. 2017). 

FIGURE 3: Recombination analysis using SlimPlot. Y axis: similarity in %, X axis position in the genome. Grey 
line at 100%: pool 7 as query sequence = recombinant, black dotted line: pool 8 (major parent), dashed line = MLV II 
(minor parent). The crossing over of both lines flagged by the box marks the recombination event.
Graphic: CVUA Stuttgart.
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In our case study, we could show the importance 
of sequencing and the impact of sequence data of 
the PRRSV genome on the interpretation of results in 
routine diagnostics. Our results show that conclusions 
based on partial sequencing should be drawn cautiously 
and depend on the available sequence data volume. In 
the case presented, analysing only the ORF5 sequences 
leads to the contradictory interpretation that the PRRSV 
detected in piglet B and serum pool 7 in farm  B is a 
vaccine virus (nucleotide sequence identity 98.01% and 
97.68% to MLV II, respectively), although no vaccina-
tion had been administered. As a consequence of this 
assessment, it could be concluded that the MLV vac-
cine strain had established a clinically apparent PRRSV 
infection in farm  B, even though no vaccine measures 
had been taken. This would be of critical concern to the 
pharmacological safety of modified live vaccines. In con-
trast, evaluation of the ORF4–ORF6 sequences reveals 
two circulating field viruses in piglet B and serum pool 
7, respectively (nucleotide sequence identity of 94.02% 
and 93.7% to MLVII, respectively). This scenario would 
result in tracing the source of the PRRSV field strains to 
adapt and improve biosecurity measurements (Cortey et 
al. 2017; Dortmans et al. 2019).

Inconsistent results of the nucleotide sequence identity 
values obtained by ORF5 and ORF4–ORF6 sequenc-
ing and the results of comparative alignments of the 
sequences of these ORF regions led to the suspicion 
that a recombination event had occurred. Therefore, we 
decided to sequence the whole PRRSV genome. Analys-
ing the whole genome data and performing a recom-
bination analysis revealed that the PRRSV detected in 
serum pool 7 proved to be neither a vaccine virus nor a 
second field virus strain, but a recombinant virus strain 
with the field virus as major and the MLVII vaccine virus 
strain as minor parent. The recombination event that had 
occurred exclusively in the ORF5 sequence which repre-
sents the most commonly used sequence for molecular 
epidemiology (Martin-Valls et al. 2014; Shi et al. 2010a, 
b), masked the true presence of a field virus/MLV recom-
binant PRRSV-1 strain when focusing only on evaluation 
of the ORF5 sequences. There are several studies report-
ing on recombinant field virus strains that had been 
characterised as vaccine virus strains based on ORF5 
sequencing. However, using WGS and recombination 
analysis, only parts of the ORF5 region could be attrib-
uted to sequences of a vaccine virus strain, whereas other 
parts of the genome apparently originated from a field 
virus strain as a result of recombination events (Marton 
et al. 2019; Steinrigl et al. 2018). These findings support 
the assumption that ORF5 is a hotspot of recombination 
(Li et al. 2009; Murthaugh et al. 2001; Shi et al, 2010a, 
b) but recombination events can be found also in other 
genome regions, with or without involvement of ORF5 
(Eclercy et al. 2019; Marton et al. 2019;). For characterisa-
tion of the PRRSV based on WGS data, it is necessary to 
make the whole image of the genetic mosaic visible for 
accurate epidemiological studies (Cortey et al. 2017). It 
has been shown that partial sequences lead to different 
interpretation regarding the relationship of viruses, inde-
pendent of the use of a highly variable region like ORF5 
or a more stable region like ORF7 (Dortmans et al. 2019; 
Martin-Valls et al. 2014). Therefore, creating phylogenetic 
trees of the same virus strains based on different genome 
sequences might differ significantly (Martin-Valls et al. 
2014; Stadejek, 2012). Hence, each ORF-based sequenc-

ing result might be misinterpreted, but in-depth studies 
using WGS may help to solve relevant issues (Cortey 
et al. 2017). Currently, the use of WGS data in routine 
diagnostics is limited due to the current high price and 
large amount of data generated for sophisticated analy-
ses and comparative evaluations (Cortey et al. 2017). 
However, it can be expected that prices are dropping, 
and large amounts of data generated by WGS will be 
processed more rapidly in the near future, superseding 
partial sequencing. The benefits of WGS outweigh the 
costs significantly, especially when incorrect conclusions 
in diagnosis, therapy and epidemiology drawn from mis-
interpretation due to partial sequences can be avoided 
(Cortey et al. 2017, Dortmans et al. 2019). 

The clinical relevance of this hypothetical recombina-
tion event remains unclear. Cortey et al. (2017) advises 
to be very careful with incorrect conclusions based 
on mutation analysis only by NGS. The differentia-
tion between biological significant mutations regarding 
adaption or mutation or stochastic mutations should be 
determined in in vitro and in vivo experiments in order 
to conclude biological properties. Up to now, consistent 
genetic signatures of virulence were not known (van 
Geelen et al, 2018). 

Another important aspect that emerged from our 
study is that multiple PRRSV strains occurred in farm B 
at the same time and over a longer period. This phe-
nomenon of circulating and re-circulating of identical 
PRRS strains in swine herds had also been previously 
described by Larochelle et al. (2003) and recently by 
Torrents et al. (2019). Consequently, single samples are 
not sufficient for a sound assessment of the PRRSV 
situation in a farm due to super- and coinfection, 
mutation and recombination (Larochelle et al. 2003). 
In general, recombination can occur if one cell is coin-
fected by two or more virus strains at the same time 
and can be considered as basic process in the develop-
ment of diversity of RNA viruses (Simon-Loriere and 
Holmes, 2011), but the exact mechanisms for arterivi-
rus homologous and nonhomolougus recombination 
are not completely understood (Kappes and Faaberg, 
2015). Unfortunately, we could not clarify whether 
the recombinant virus strain had been created in the 
production farm A caused by using the MLV life vac-
cine, or later in the piglet rearing farm B. Nonetheless, 
the use of a modified live vaccine during an acute 
PRRSV outbreak usually favours the creation of recom-
binant viruses (Eclercy et al. 2019). Recombination 
events between field and vaccine viruses are quite often 
described in the literature (Eclercy et al. 2019, Marton 
et al. 2019; Steinrigel, 2019) and are one of the major 
safety issues regarding vaccine strategies (Montaner-
Tarbes et al. 2019). This is a current issue that caused the 
Committee for Medicinal Products for Veterinary Use of 
the European Medicines Agency to release recommen-
dations on the use of live attenuated PRRSV vaccines, 
due to clinical signs of disease in PRRSV-naive herds 
in Denmark being ascribed to recombination events of 
PRRSV type 1 vaccine strains (CVMP, 2019). Evaluation 
and collecting data obtained from WGS of recombinant 
PRRSV strains is therefore of particular relevance. 

Beside the risk of reversion of a vaccine strain to a 
virulent PRRSV strain (Kappes and Faaberg, 2015; Mon-
taner-Tarbes et al. 2019), recombination events might 
lead to viruses with increased pathogenicity (Mon-
taner-Tarbes et al. 2019). Furthermore, recombination 
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events are even considered to be the cause of reversion 
of circulating PRRSV-2 strains in China to highly path-
ogenic PRRSV-2 (HP-PRRSV) with increased fatality 
and a wide spread around China and Southeast Asia 
(Shi et al. 2013). Eclercy et al. (2019) also showed that 
the recombination of two modified live vaccine viruses 
had led to increased viral excretion and transmission 
compared to parental vaccine strains and a higher viral 
fitness with the increased risk of reversion to virulence 
due to genetic evolution. In Denmark, a recombina-
tion event in two live attenuated PRRSV type 1 vac-
cine strains also led to clinical signs of disease in 
PRRSV-naive herds (CVMT, 2019). In our case, the 
recombinant MLV II/field virus strain was also able to 
circulate simultaneously together with an “established” 
field virus over months. Indeed, all these findings sup-
port the demand for a careful use of MLV live vaccines 
for prevention and control of PRRSV in order to avoid 
recombination events and the consequent risk of evo-
lution of novel, more pathogenic virus strains (Char-
erntantanakul, 2012; Eclercy et al. 2019; Kappes and 
Faaberg, 2015; Montaner-Tarbes, 2019).

Conclusion

Inconsistent sequencing results of single ORFs should 
be verified by in-depth WGS sequencing using NGS to 
achieve accurate molecular epidemiological interpretations. 
For phylogenetic analysis and detection of mosaic recombi-
nation events, full genome sequences are most appropriate 
for a comprehensive view of the PRRSV genome.

Furthermore, NGS provides the opportunity for a deep 
and open-view diagnostic method when sequencing of 
the metagenome including information on all viruses 
contained in a sample. A crucial issue to achieve these 
goals is the use of reliable methods for extraction of 
nucleic acids from different matrices, standardisation of 
data analyses and creation of comprehensive up-to-date 
reference datasets on an open access web-based geno-
typing platform.
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