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Abstract
As genetic analysis becomes less expensive, more comprehensive diagnostics such as whole genome sequencing
(WGS) will become available to the veterinary practitioner. The WGS elucidates more about porcine reproductive and
respiratory syndrome virus (PRRSV) beyond the traditional analysis of open reading frame (ORF) 5 Sanger sequencing. The veterinary practitioner will require a more complete understanding of the mechanics and consequences
of PRRSV genetic variability to interpret the WGS results. More recently, PRRSV recombination events have been
described in the literature. The objective of this review is to provide a comprehensive outlook for swine practitioners
that PRRSV mutates and recombines naturally causing genetic variability, review the diagnostic cadence when suspecting recombination has occurred, and present theory on how, why, and where industry accepted management
practices may influence recombination. As practitioners, it is imperative to remember that PRRS viral recombination
is occurring continuously in swine populations. Finding a recombinant by diagnostic analysis does not ultimately
declare its significance. The error prone replication, mutation, and recombination of PRRSV means exact clones may
exist; but a quasispecies swarm of variable strains also exist adding to the genetic diversity. PRRSV nonstructural
proteins (nsps) are translated from ORF1a and ORF1b. The arterivirus nsps modulate the hosts’ immune response and
are involved in viral pathogenesis. The strains that contribute the PRRSV replicase and transcription complex is driving replication and possibly recombination in the quasispecies swarm. Furthermore, mutations favoring the virus to
evade the immune system may result in the emergence of a more fit virus. More fit viruses tend to become the dominant strains in the quasispecies swarm. In theory, the swine management practices that may exacerbate or mitigate
recombination include immunization strategies, swine movements, regional swine density, and topography. Controlling PRRSV equates to managing the quasispecies swarm and its interaction with the host. Further research is warranted on the frequency of recombination and the genome characteristics impacting the recombination rate. With a
well-defined understanding of these characteristics, the clinical implications from recombination can be detected and
potentially reduced; thus, minimizing recombination and perhaps the emergence of epidemic strains.
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Introduction
Since being identified in the late 1980s, porcine reproductive and respiratory syndrome (PRRS) continues to
represent a significant cost to the swine industry [1]. In
the last 20 years, management of PRRS in the field has
been focused on improving prevention of lateral PRRS
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infections and managing the PRRS immune response
across the swine population. Use of filtration, herd closures, vaccination strategies, live virus exposure, and
production of PRRS virus (PRRSV) negative breeding
stock have been implemented to minimize PRRS impact
on swine farms. Even with these measures, PRRSV still
circulates at international, national, regional, and herd
levels.
Cost effective technologies to fully analyze the PRRSV
genome continue to be developed [2–9] emphasizing
PRRSV’s genetic variability as a perplexing problem in
PRRS disease management. Many classification and categorization schemes have been utilized to understand this
genetic diversity [3, 4]. These classification schemes will
most likely evolve with an increase implementation of
whole genome sequencing (WGS). As WGS becomes less
expensive, it will become more common place in swine
veterinary practice. While WGS elucidates more about
PRRSV than the traditional Sanger sequence of open
reading frame (ORF) 5, the veterinary practitioner will
require a more complete understanding of the mechanics
and consequences of PRRSV genetic variability to fully
interpret the WGS results.
PRRSV, as with many other ribonucleic acid (RNA)
viruses, is prone to mutations and recombination. Point
mutations occur frequently with each genomic replication. Nonstructural proteins (nsps) are generated from
ORF1a and ORF1b. ORF1 comprises 75% of the PRRSV
genome and codes for the PRRSV replicase and transcription complex (RTC) [10, 11]. It is also becoming
clear that the nsps modulate the hosts’ immune response
and are involved in viral pathogenesis [10, 11], as well as
influence the mutation rate and propensity to recombine.
In a recombination event, the strains contributing the
nsps may be driving replication and perhaps recombination in the quasispecies swarm [10].
The objective of this review is to elucidate for the swine
practitioners the current knowledge about PRRS natural
genetic variability through point mutations and recombination. This review also covers the diagnostic tools necessary for a practitioner to ascertain if a recombination has
occurred, and presents theory on how, why, and where
industry accepted management practices may influence
recombination and emergence of epidemic strains.

Mechanisms of mutation and recombination
PRRSV genome, viral structure, and function

PRRSV is a positive stranded RNA virus approximately
15 kilobase (kb) in length [12]. There are 11 ORFs that
includes: the replicase complex (ORF1) and ORFs that
code for structural proteins consisting of nucleocapsid
(N, ORF 7), major structural proteins (GP5, ORF 5; M,
ORF 6), minor structural proteins (GP2a, ORF 2a; E, ORF
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2b; GP3, ORF3; GP4, ORF 4), and other minor protein
ORF5a [12–14].
PRRSV nonstructural proteins

The PRRSV genome and replication cycle is depicted in
Fig. 1 [11]. ORF1 codes the PRRSV nonstructural replicase and transcription complex (RTC) [11, 15]. The
genomic replication cycle commences with the translation of polyproteins, PP1a and PP1ab. These polyproteins
are cleaved into the 14 nsps, which form the RTC. The
RTC transcribes the RNA minus strand and subgenomic
mRNA (sgRNA). The RTC switches to a discontinuous
transcription, which allows the leader TRS (transcription
regulatory sequence) to interact with the body TRS for
subgenomic RNA synthesis [11]. This may favor recombination and variation in the structural proteins that are
translated from the sgRNA [11]. These structural proteins are then assembled into the new viral particle.
Inherent genetic variability

PRRSV replication demonstrates three key features facilitating genetic variability. These are rearrangement of host
plasma cell membranes to establish viral replication complexes, synthesis and expression of genomic RNA, and
transcription of sgRNA to efficiently express structural
proteins [16, 17]. Viral genetic diversity is determined
through the study of multiple viruses and host-dependent processes [18]. RNA viruses that allow for persistent infections may have a higher rate of recombination
because a single host has an increased chance of acquiring multiple strains [19]. PRRS has a prolonged persistence phase where the virus can exist up to 250 days [15,
20–22].

Estimation of the frequency of recombination
The two major types of mutation identified are: point
mutations and complex genomic rearrangements
(recombination) [23–25]. Preliminary reports demonstrate a 0.5% mutation change in ORF2-7 sequences
in the short time between processing (birth) and preweaning (17–19 days of age) [26]. More recent WGS
of field clinical samples indicates 4.55% prevalence of
PRRS strain coinfections [27]. The study also found possible recombination in 6.5% of the 92 WGS successfully
sequenced [27]. PRRSV specifically has a mutation rate
between 4.71 × 102 to 9.8 × 102/synonymous sites/year
[16, 28–31], which is about one mutation per replication cycle [32–35]. Rearrangement (recombination) is a
mutation that replaces RNA sequences into a genome.
RNA-dependent RNA polymerase (RdRp), encoded by
PRRSV nsp9, is the PRRS replication polymerase [14,
23]. The RdRp is part of the PP1ab protein complex that
makes up the RTC [14]. RNA recombination is facilitated
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Fig. 1 PRRS genome and replication cycle. The genomic replication cycle commences with the translation of polyproteins PP1a and PP1ab. These
polyproteins are cleaved into the 14 nsps, which form the replication and transcription complex (RTC). The RTC transcribes the RNA minus strand
and subgenomic mRNA (sgRNA). Reproduced with permission from Ref. [11]

by the RdRp as it switches from one RNA molecule to
another during replication, particularly of the structural
subgenomic mRNA (Fig. 1) [11, 19]. This is referred
to as template switching and occurs at regions of high
sequence similarity [19]. Therefore, template switching
may occur more frequently when PRRS genomes with
areas of high similarity exist in the quasispecies [19].
Template switching is a natural process of RNA viruses
[36].

Tools available to identify recombination events
Researchers [37–43] have reported recombination from
the field through the application of multiple molecular
evaluations. Veterinary diagnostic laboratories in the
United States have recently reported cases demonstrating
the benefits of WGS to define recombination of attenuated vaccine strain and wild-type (wt) strain or different
attenuated vaccine strain [44, 45]. These case reports
begin with a discrepancy between the clinical observations and expected results of the respective immunization programs, thus prompting further diagnostic
investigations. A number of analytical and statistical

tools are needed to distinguish between recombination
and accumulation of point mutations [46, 47].
Discrepancies between the routine monitoring or surveillance and clinical observations is evidence of a potential immune escape or recombination event. In herds
previously wt exposed or attenuated live vaccinated, a
root cause of PRRS requires histopathological interstitial pneumonia and/or immunohistochemical evidence
of PRRS virus in the lung tissue. In cases of potential
recombination, it is likely to find multiple strains [19].
These clinical samples may include new strains, previous identified strains, strains with point mutations, or
potential recombined strains. Multiple samples or laboratory submissions from a herd may be needed to enumerate strains involved. The dominant strain may change
over time through point mutations or recombination
while less prevalent strains, once undetected, may be
implicated.
The steps to investigate abhorrent clinical findings in
monitoring and surveillance samples is depicted in Fig. 2.
A quantitative reverse transcription polymerase chain
reaction (RT-qPCR) verifies the presence of PRRSV.
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Fig. 2 The diagnostic steps to investigate abhorrent clinical findings
in monitoring and surveillance samples. Figure created by author

Depending on the case’s vaccine history, vaccine-like
preferential RT-qPCR may be performed. The presence
of wt virus is deduced through comparison of the cycle
threshold (ct) values of samples versus the vaccine-like
preferential RT-qPCR. An approximate difference of 6
ct values between the RT-qPCR and vaccine-like preferential RT-qPCR suggest multiple viruses are present
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in the sample, although these approximations may vary
between vaccines and techniques [48]. Sanger sequencing [49] or a vaccine-CLAMP [50] (to block vaccine
virus) of the ORF5 region is completed to determine
which strain is involved in the outbreak, potential number of strains, and the relatedness to previous strains in
the herd through phylogenetic classification (dendrogram). The dendrogram helps determine if a common
ancestor exists, and how long it may have existed [4].
Classification of PRRSV using the ORF5 sequencing and
restriction fragment length polymorphism (RFLP) pattern is well recognized but has limitations. An ORF5
sequence is not sufficient to identify a recombination
event; because of ORF5’s hypervariability, the small percent of the genome analyzed, and the limited analysis of
any structural and functional changes [3, 4].
If the initial diagnostics are inconclusive in determining root cause of clinical observations, WGS is utilized
for a more comprehensive analysis. Multiple software
programs (i.e. ClustalX, SimPlot, Bootscan) are utilized
to evaluate suspected recombinant and previously recognized wt strains from the population [41, 42, 44, 51, 52].
Alternatively, various novel sequencing technologies have
been developed and continue to be refined to characterize large sequences, be of low cost per base, and have
short turnaround time [9]. Researchers have described
the development of WGS for clinical samples containing
multiple PRRSV strains [9]. The WGS results are compared to the known attenuated vaccine strains, and the
herd’s previously identified wt strains. Precautions are
needed in WGS evaluations as analysis may be affected
by factors such as the ct value of the sample (recommended < 25), sample type (preference serum, then lung,
oral fluids, and lastly processing fluids), overall sample
quality, and PRRSV RNA integrity [9].
Figure 3 represents an illustration of an analysis of a
recombinant PRRSV. The similarities between a recombinant (IA70388-R) to the previous wt (IA76950-WT) and
an attenuated live vaccine-like strain [44] are illustrated.
The breakpoint (represented by the purple line in Fig. 3.)
is where sequence similarity crossed [44]. The strain indicated by the top line represents the recombinant strain
[51] and is the sequence’s best approximation. The “major
parent” strain contributes the majority of its genomic
sequence to the recombinant strain [53]. The “minor parent” strain contributes a smaller portion of its genomic
sequence to the recombinant strain [53]. In Fig. 3, the
major parent is IA76950-WT, while the attenuated live
vaccine-like strain is the minor parent.
As WGS becomes more common, more PRRSV recombination may be identified but the clinical significance of
the recombination will have to be discerned. Clinical significance should be elucidated through a well performed
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Fig. 3 Similarity plot analysis using IA70388-R (recombinant) strain of PRRSV as the query sequence against IA76950-WT (wt, blue line) strain and
an attenuated live vaccine-like strain (green line). A recombination breakpoint is shown with a purple dotted line and the location is underscored at
the nucleotide site. Reproduced from Ref. [44]

clinical challenge study of strains identified (recombinant
strain, major and minor parent strains). The challenge
study should include defined clinical outcomes, lung
pathology, and virologic and serological evaluations [42].
However, a challenge study is very difficult and expensive
to perform. A challenge study should be pursued if significant losses continue to occur over a large region for
an extended time.

Possible consequences of mutation (Emergence
of a dominant strain)
Two similar but fundamentally different theories have
been put forth to explain the phenomena of strain emergence. These theories are survival of the fittest, the Darwinian Theory, and the Quasispecies Theory based on
maintaining equilibrium in the quasispecies swarm.
Researchers debate about which theory drives the emergence (fitness) of a new PRRSV strain. It is likely a combination of these theories, and both quasispecies and host
factors at work to allow emergence of a more fit strain.
Quasispecies

RNA viruses exist as quasispecies swarm, which is a
group of similar but not identical virus particles [23].
When dissimilar viruses infect a herd, the virus with
greater fitness will supersede other less fit viruses [32].
Quasispecies exist because of the inherent characteristics of mutation rate and viral recombination [5, 54–56].

Quasispecies are natural and normal in a PRRSV infection. The goal, when managing PRRS in swine herds,
should be to have a similar quasispecies not a dissimilar
one. The more dissimilar the quasispecies, higher the
likelihood of a dually infected animal which increases the
risk of recombination [19].
The quasispecies theory exposes a state of equilibrium
where a majority strain exists in the quasispecies swarm
[57]. A majority strain’s survival is a function of mutation rate, frequency of mutation at a specific site, and the
fitness the genetic diversity imparts. The quasispecies is
influenced by internal (viral) factors and external (host)
factors. The internal factors present a phenotypic expression which then interacts with the external factors producing the most fit strain under the selection pressures
[57]. Internal factors favoring more rapid replication,
replication accuracy, or immune escape may favor strains
to become dominant and therefore emerge. The external
environment is primarily the host’s immune response
toward the quasispecies that influences the emergence of
strains.
Darwinian theory

When applying the Darwinian Theory [57], the quasispecies swarm is pressured to escape the host’s immune
response to produce a more “fit” virus [5, 57–59]. The
pig’s immune response thus may drive antigenic diversity through Darwinian selection pressure [2, 40, 59]. As
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the host’s immune system attempts to eliminate infection
and PRRSV attempts to replicate in the body, a mutation
favoring less immune pressure may allow emergence of
a more “fit” virus thus increasing their numbers in the
quasispecies swarm. This increase forces the quasispecies equilibrium toward a mutant less immunologically
recognized favoring the “escape mutant” strain in the
quasispecies swarm [57]. Other advantageous mutations
may result in a more efficient replicase, thus being able
to outnumber other isolates favoring its numbers in the
swarm’s equilibrium. Because these conditions exist, new
strains are expected to emerge [5].
As alluded to previously, herd immunity and genetic
mutation/recombination can explain strain emergence.
Herd immunity although important to control PRRSV
may drive emergence of a more “fit” strain as the virus
survives in the host tissues for extended periods. Genetic
mutation and recombination are also implicated in the
emergence of new PRRSV strains [5, 16, 30, 40, 60].
As molecular techniques improve and become less
costly, the ability to detect variants may increase. Further research will need to determine if PRRSV strains
with inherently greater capacity for genetic variability
are within some quasispecies swarm but not currently
detectable. Elucidation of genomic regions conferring
these qualities is yet to be fully described.

Cases study
A diagnostic case presented with a history of discrepancies in clinical observation, practitioner’s expectations,
and surveillance diagnostic results. Sequences of three
samples revealed a range of high similarity to an attenuated live vaccine strain previously used in the herd.
Table 1 demonstrates the RT-qPCR and ORF5 sequence
similarity data resulting from the three samples. Only
two of the three samples were positive for the vaccinelike preferential RT-qPCR.
The sequence similarity and ct value differences suggested the presence of three strains: a vaccine-like (sample #3), a wt (sample #1), and a recombinant (sample

Table 1 Percent similarity of three submissions over time from
the same herd
Samples

RT-qPCR

Sanger
sequencing
ORF5 (%
similarity)

1

27.8

94.9

2

26.7

97.3

3

22.7

97.7

Vaccine-like
preferential
RT-qPCR

+ (ct 33.4)

−

+ (ct 26.9)

Difference in
ct value of
preferential
RT-qPCR and
RT-qPCR
5.6
N/A
4.2

#2). WGS was pursued to further elaborate these findings. Sample number 2 was chosen for WGS because it
had a high percent similarity on ORF5 sequence and a
negative vaccine-like preferential RT-qPCR. The same
cadence of diagnostics was conducted on the temporally
last known wt (lwt) break isolate. Figure 4 demonstrates
the similarity of the sample number 2 strain to lwt and
attenuated live vaccine-like strain. The analysis identified
the lwt strain as the major parent, and the attenuated live
vaccine-like strain as the minor parent. The analysis identified a recombinant, but clinical relevance is still undetermined for the case.
A case example from the literature demonstrates
recombinant strain evaluations for clinical significance.
The epidemiological evaluation of sequences in Shandong Province China from 2014–2015 revealed three
recombinants [61]. WGS and animal studies were conducted to compare the three recombinants to three
known strains [61]. The variation in clinical outcome of
the three recombinant strains may have resulted from
different recombination breakpoints, which changed the
major parent strain contributing the ORF1 (bp between
10,000 and 12,000) region [61]. The ORF1 region originated from the major parent strain while the remainder
was contributed by the minor parent [61].
In this instance the pathogenicity of the recombinant
was driven by the major parent strain contributing ORF1
region. ORF1 determines the nsps which drives replication and best predicted the recombinant strain’s clinical
outcome [15]. Theoretically, the parent strain that contributes the replication complex, which is driving replication, influences the presence in the quasispecies swarm
and the interaction with the immune system [10].

Proposed practices that influence recombination
Controlling PRRS requires one to manage the quasispecies swarm and its interaction with the host. From this
perspective one can postulate managing the immunity
in the swine herd may influence the quasispecies [46].
Practices that may exacerbate or mitigate recombination could include: the timing of vaccine administration
(breeding herd, grow-finish, pre-weaning, or post-weaning), live virus inoculation verses attenuated vaccination, full or partial vaccine dosing, selection of vaccine,
frequency of vaccine administration, frequency of animal entry, and other wt introductions. Ideally the least
pathogenic strain, the strain with the least negative consequences to production, can maintain dominance in the
quasispecies swarm while continuously stimulating the
host immune system.
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Fig. 4 Similarity plot analysis using the strain from sample number 2 (recombinant) as the query sequence against the last know wild-type (lwt)
strain (green line) and the previously used attenuated live vaccine-like strain (blue line). Figure created by author

Immunization strategies

Breeding herd vaccination strategy starts with managing the immunity in the gilt production herd. Within
the last several years, the industry has succeeded at the
production of PRRSV negative breeding stock. However,
the naïve gilts undergo various immunization strategies
before entry into PRRSV positive herds. Gilt acclimatization is a critical time point for building PRRSV immunity of the breeding herd. This strategy is to minimize
circulation of endemic strain(s) within the herd. These
immunization strategies are variable between veterinary
and production systems. Without a convenient antibody
test to assess neutralizing immunity, success is judged
through quiescence of clinical signs, maintenance of
sow herd performance, and/or RT-qPCR negative piglet populations at birth. However, these assessments do
not always equate to population immunity. This perceived lack of population immunity has led practitioners to adapt various vaccination schemes; some include
wt virus inoculation and/or a combination of multiple
attenuated live vaccines. The consequences or rewards
are poorly documented in the literature.
The US swine industry has moved from production
cycle vaccinations to whole herd calendar vaccinations
becoming the standard for maintaining PRRS control
with variable success. The different philosophy of these
vaccination schemes needs to be considered in managing
the immune status of the entire herd (farrow to finish).

Initial consideration should be on the risk of lateral introductions, and success of biosecurity measures in the
various stages of production. Breeding herds are successful, as measured by negative RT-qPCR results on pigs at
weaning, at achieving clinical protection with whole herd
calendar sow vaccination, gilt acclimatization, and biosecurity measures [62, 63]. The challenge in these herds
is the potential waxing and waning maternal antibody
levels; that may influence post-weaning PRRS expression and secondary bacterial clinical control. If vaccination on a production cycle, 6 weeks prior to farrowing, is
included in the breeding herd program; more consistent
maternal antibody levels may be achieved subsequentially resulting in a more homogenous immune status of
the post-weaning population. Most post-weaning pigs
located in high-risk PRRS geographical areas are attenuated live vaccinated prior to weaning; however, wt exposure may occur as early as the day of weaning. These pigs
are relying on the maternal antibodies to bridge the gap
between the time of vaccination and wt exposure [64].
Few reports are available to document the efficacy of
these approaches [65].
The whole herd calendar vaccination program administers attenuated vaccines through quarterly mass vaccinations of breeding herds [66, 67]. However, over
time and due to the lack of perceived attenuated vaccines’ heterologous protection, some have developed
an attenuated vaccine rotation strategy [68, 69]. This
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approach utilizes different attenuated PRRSV strain 1,
2, 3, or 4 times a year. This strategy ignores the known
risk for in utero transmission and PRRSV mutation and
recombination [70]. Breeding herds have shown to be
prone to point mutations in the ORF5 region, regardless
of any amino acid changes, with transmission of PRRSV
between the sow and litter of pigs in utero [70]. Pigs from
bred sows vaccinated with PRRS attenuated live vaccine
may become persistent up to 260 days [71]. Most challenge evaluations in pregnant sows are in naive or minimally vaccinated sows and do not typically assess piglet
post-weaning impact of vaccination during pregnancy.
Furthermore, the literature has shown that utilization
of multiple attenuated vaccines in the same population
at the same time can increase the possibility of dually
infected pigs, in utero transmission, and exacerbate a
viral recombination environment [70, 72, 73]. These concepts support that the grow-finish pigs maintain the same
vaccine as the breeding herd. This is likely to minimize
live and attenuated strains present and continue supporting a dominant strain in the quasispecies swarm.
Based on the quasispecies theory, a more similar quasispecies is more desirable over a dissimilar one. The
administration of attenuated live vaccination during a
wt infection is a practice to mitigate a clinical outbreak.
There are studies on the value of vaccination to decrease
duration of shedding wt virus in growing pigs [74, 75].
The risk of recombination in this situation is not documented in literature. Additionally, further research is
needed to explain the risk of recombination in breeding
herds when an attenuated vaccine is administered during
a wt infection. This risk is most likely variable based on
the parity, prior immune status, and trimester of gestation of the breeding animal [70, 71, 76, 77].
In grow-finish pigs, use of multiple attenuated vaccines
may be less of a contributing factor to recombination,
especially in three site production systems [78]. Factors,
that may increase risk of recombination, to consider
before implementation of a new attenuated vaccine in
grow-finish include: the breeding herd PRRS status, the
timing of vaccination post-weaning versus pre-weaning, the population size, and other attenuated vaccines
administered to the same swine population. Conversely,
attributes of grow-finish pigs that may reduce the risk
of recombination include that those populations have a
shorter life span, are raised in all-in-all-out facilities, and
have unidirectional pig flow to market. All are mitigating
or exacerbating factors that implicate the growing herd in
recombination [79].
Reduced dose of vaccines

Prior to a new vaccine reaching swine barns, vaccine
manufacturers analyze the new product on various
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parameters. Dose titration studies are performed to
determine the most efficacious antigen level in an individual dose. Briefly, pigs are vaccinated with experimental vaccines of various antigen levels. After challenge,
the pigs are assessed on the clinical outcome, immune
response, and disease lesions to determine the appropriate antigen level. The antigenic mass in the attenuated
vaccine is determined to stimulate an efficacious immune
response through classical challenge studies. The administration of lower antigenic mass may not produce an efficacious immune response.
Partial dosing of attenuated PRRS vaccines has become
widespread in US swine production despite significantly
greater average daily gain, numerical better nursery mortality and feed conversion when a full dose is administered [80]. The risk of partial dosing on the safety and
efficacy of a vaccine is unknown; in addition, the impact
the partial dose has on the quasispecies and recombination has not been documented in the literature.
The maintenance of an attenuated dominant strain in
the quasispecies and a neutralizing immune response
should be the goal of a PRRS management program.
If a population does not reach an efficacious immune
response, persistence in lymphoid tissues may be variable and extended. This could lead to pathogenic strain
dominance in the quasispecies, a highly variable mixed
infection, and recombination. The higher the likelihood
of a single host infected with multiple strains, the higher
the likelihood of recombination [19, 27]. A proven immunogenic dose should be used to maintain the attenuated
PRRSV vaccine within a herd. Further investigations
are needed to determine the impact of partial dosing on
recombination.
Swine movements

An additional aspect of controlling the quasispecies and
minimizing mutations/recombination is the consideration of animal movements, and swine density. These
movements start with the frequency of replacement gilt
entry and continue through the flow to market. If we consider the prior health status and acclimatization of the
replacement gilts, the risk is that new naïve or less than
immune gilts entering in a breeding herd cause fluctuation in quasispecies [79]. This begins the cascade of disease through the breeding pyramid as exposed pigs move
between farms of different production phases through
the commercial growing herd, which may consist of a
nursery and finishing system or wean to finish sites [79].
The risk of recombination also applies to grow-finish
flows in which multiple sources of pigs are comingled
within the same site. Depending on their PRRS status,
this practice brings together populations with different PRRSV strains and varying immunity statuses. This
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common production practice may impact the dissimilarity of the quasispecies, and subsequently impact clinical
observations and performance outcomes. Under conditions where PRRSV is clinically controlled in grow-finish
herds, virus may still be present in some infected pigs as
a persistent state in the lymphoid tissues. Clinical outcome may depend on the virulence of the strain causing
infection and on management practices. Thus, it is possible that PRRSV is circulating without clear clinical signs.
This circulation, in combination with attenuated live vaccination practices and lateral entries of new wt viruses,
can potentiate recombination events.
Lateral transmission

Transmission of PRRSV within swine dense areas is a
common occurrence [79]. When susceptible pigs are
moved to a farm with any combination of the cited risk
factors the opportunity to spread disease and allow new
PRRSV strains to emerge is being documented [24, 79,
81]. When PRRSV spreads to another farm in a region
with low or incomplete immunity, the introduced strain
may create a clinical outbreak enhancing potential
mutation or recombination as the virus infects immunologically naive pigs. Because the immune pressure
has changed the introduced strain may survive, thrive,
and emerge as a dominant strain continuing to cause
clinical outbreaks in the herd or region. Others have
also observed regional disease transmission following
pig movements [81]. Although, this would depend on
the region’s probability for aerosol transmission of wt
or vaccine-like PRRSV. Factors contributing to region
spread are the diversity of production types (breeding vs.
grow-finish), variation of PRRS control mechanisms, the
swine density, and geography. The literature documents
the distance between farms and natural barriers impacts
PRRSV spread [79, 81–83]. Topography, vegetation, pig
density, and proximity to roads are factors contributing
to the spread of disease [79, 81–83]. In the production
systems where ORF5 sequences were evaluated, 1.3% of
the sequences were recombinants with almost half originating from one production system and 82% originating
from the breeding to wean (sow) units [79]. Furthermore,
many recombinant sequences were in the geographic
area from sow units. Thus, control of PRRSV at the sow
unit should reduce area infection. Review of large data
sets appears to point to a lack of sow herd stability allowing PRRSV to circulate in a geographic region. Any practice that minimizes the transmission of PRRSV will also
minimize the quasispecies dissimilarity and presumably
minimize recombination. These are important considerations in minimizing disease transmission within a herd
and regionally.
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Conclusion
PRRSV replication lends itself to genetic variability
through point mutations, template switching, immune
escape, and dissimilar quasispecies. As attenuated vaccine strains are derived from wt viruses, it comes as no
surprise that various wt and attenuated strains have been
reported to recombine in vitro and on farms worldwide
[40, 41, 43, 44, 68, 72].
The objective of this review was to inform swine veterinarians with the knowledge that PRRS will mutate
and recombine naturally causing genetic variability,
review the diagnostic cadence necessary when recombination is suspected, and present theory on how, why,
and where industry accepted management practices
may influence recombination which may cause a change
in the dominant variant in the viral quasispecies. PRRSV
potential to mutate and recombine is normal. The industry needs to recognize some accepted practices may
affect PRRSV transmission and recombination potential.
When considering to minimize mutations, managing
the quasispecies and its interaction with the host is a paramount. The industry’s focus on biosecurity and control/
elimination programs is necessary but has proved insufficient to fully manage PRRS as evident by the continued
evolution of PRRSV [6, 32].
Aspects of managing the quasispecies swarm should
be minimizing multiple strains in a herd, maintaining an
attenuated or low pathogenic strain, and maintaining a
neutralizing immune response as a goal of any successful
PRRS management program. Thus, a proven immunogenic dose should be used to maintain a similar quasispecies in a herd, if not a region depending on the swine
density and geography. Immunization strategy, swine
movements, regional swine density and topography all
need to be considered as factors in managing PRRSV. It
is time to use new resources to think not just of the pig
population, but of the viral population. More open sharing of data can elucidate insight into the management
of PRRSV in swine herds, as well as, managing the quasispecies swarm to decrease the potential for the emergence of PRRSV strains.
As practitioners, it is imperative to remember that viral
recombination is occurring continuously in swine herds.
Discrepancies between diagnosis and clinical observations are the first evidence of a potential recombination
event requiring further examination. If PRRS is substantiated through histopathology, a series of diagnostic tools
are employed to link the strains in the diagnostic samples to previous known herd strain(s). Clinical relevance
of genetic changes found in diagnostic investigations
require a proper genetic evaluation. Multiple diagnostic
tests and statistical analysis are needed to differentiate a
recombination from a series of point mutations. The rate
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of recombination, the genome characteristics impacting
the recombination rate, the clinical implications from
recombination, and how to minimize recombination are
the quandary for the scientific community to clarify and
the veterinary profession to implement.
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