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PRRS is a viral disease characterized by increasing reproduction losses in breeding herds and
worsening performance of growing pigs, which leads to a considerable economic impact.
A better understanding of the differences in the infection patterns of the virus in growing pig
batches would help to develop cost-effective surveillance methods and disease control and
elimination programs. Therefore, field studies documenting growing pig productivity according
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to the patterns of wild-type-PRRSV (wt-PRRSV) detection in the field are needed. This study
was conducted with the objectives to (1) characterize patterns of wt-PRRSV-1 and wt-PRRSV-2
RNA detection over time in modified-live virus (MLV)-vaccinated batches of growing pigs
raised in pig-dense regions of the USA; (2) compare wean-to-finish mortality among batches of
growing pigs characterized with the different patterns of wt-PRRSV-1 and wt-PRRSV-2
detection; and (3) compare wean-to-finish mortality among batches of growing pigs
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characterized with the different patterns of wt-PRRSV-2 detection and vaccinated with two

ro

different doses of PRRS MLV vaccine.

Eighty-one batches of growing pigs were originated from PRRSV positive-stable and unstable
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sow farms and vaccinated with two different doses of PRRS MLV vaccine. All batches were
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monitored for wt-PRRSV by testing six oral fluids every three weeks from weaning to
marketing. Diagnostics were conducted to detect wt-PRRSV-1 and wt-PRRSV-2 by RT-qPCR

lP

testing and ORF-5 region sequencing. K-means clustering analysis was applied to identify
batches sharing similar patterns of wt-PRRSV detection over time. Regression analyses were
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used to compare mortality among batches of growing pigs characterized with different patterns
of wt-PRRSV detection over time.

Thirty-eight percent of batches were detected with wt-PRRSV-1 during the growth phase, with
three different patterns of detection. Detection of wt-PRRSV-1 was not associated with
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significant increase on mortality. Ninety-one percent of batches were detected with wt-PRRSV-2
during the growth phase, with four different patterns of detection. Batches originated from
PRRSV positive-unstable farms had highest mortality rate (p<0.0001) and were characterized as
Unstable wt-PRRSV-2 detection pattern. Batches characterized with Early wt-PRRSV-2
detection pattern had higher mortality than batches characterized by Mid, Late and No wt-
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PRRSV-2 detection during the growth phase (p<0.0001). Batches with Mid wt-PRRSV-2
detection had higher mortality than batches characterized with Late wt-PRRSV-2 detection
(p<0.0124). Mortality rate of batches characterized with Unstable and Early wt-PRRSV-2
detection patterns was lower when pigs were vaccinated with two doses of PRRS MLV vaccine,
compared to batches that received only one dose.
Results presented in this study suggested that early wt-PRRSV exposure on pig populations was
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associated with higher wean-to-finish mortality. Additionally, results suggested that vaccination
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with two PRRS MLV doses was associated with lower mortality rate, when growing pig
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populations had early wt-PRRSV exposure.
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Introduction

Porcine reproductive and respiratory syndrome virus (PRRSV) is the causal agent of the porcine
reproductive and respiratory syndrome (PRRS). Two viral species are described, PRRSV-1
(predominant in Europe, also detected in the Americas and Asia) and PRRSV-2 (predominant in
the Americas and Asia) (Zimmerman, 2019). The clinical consequences of the PRRSV infection
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in swine are characterized by increasing reproduction losses in breeding herds and worsening
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performance of growing pigs, which leads to a considerable economic impact (Neumann et al.,
2005; Holtkamp et al., 2013). Considering that 55% of the economic impact of PRRSV in the US
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swine industry was estimated to occur during the growing phase (Holtkamp et al., 2013), there is
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the need to develop strategies to manage PRRSV infections in growing pig populations more
effectively.
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A field study, conducted at a single growing pig site in 2012, reported that the frequency of
PRRSV-2 RNA detection over time varied considerably among barns from the same production
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system. PRRSV-2 detection ranged from one of ten samplings in one barn to seven of ten
samplings in another barn (Ramirez et al., 2012). The findings suggest that PRRSV infects and
spreads within growing pig populations with different patterns. A better understanding of the
differences in the infection patterns of the virus in the field would help to develop cost-effective
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surveillance methods and disease control and elimination programs.
A study conducted under controlled conditions in 2009 showed that disease was markedly more
severe and prolonged in 3-week-old piglets infected with PRRSV compared to finisher pigs or
sows (Klinge et al., 2009). Another controlled experiment reported that pigs that received higher
doses of PRRSV challenge had higher levels of viremia, higher number of days with pyrexia,

4

and lower average daily gain compared to pigs that received lower doses (Haiwick et al., 2018).
However, field studies documenting growing pig productivity according to the patterns of
PRRSV detection over time are still needed.
Based on the literature reporting that PRRSV infects and spreads within growing pig populations
resulting in different patterns of detection, and that the production impact of PRRSV infection is
age-dependent, we hypothesize that early detection of wild-type PRRSV (wt-PRRSV) in batches
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of growing pigs leads to higher wean-to-finish mortality compared to the detection of wt-PRRSV
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at later stages of production. Therefore, there is a critical need to understand the common

patterns of wt-PRRSV detection in batches of growing pigs, and how these different patterns are

-p

associated with wean-to-finish mortality, under field conditions.
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To fill this knowledge gap, we conducted a prospective epidemiological field study focused on
growing pig populations vaccinated with PRRS modified-live-virus (MLV) vaccines and
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originating from PRRSV-endemic sow farms and raised in high pig dense regions of USA with
the objectives to: (1) characterize the patterns of wt-PRRSV-1 and wt-PRRSV-2 detection over
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time ; (2) compare wean-to-finish mortality among batches of growing pigs characterized with
the different patterns of wt-PRRSV-1 and wt-PRRSV-2 detection; and (3) compare wean-tofinish mortality among batches of growing pigs characterized with the different patterns of wt-
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PRRSV-2 detection and vaccinated with two different doses of PRRS MLV vaccine.

Materials and Methods

Study design
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This multi-source prospective epidemiological field study was conducted from the Fall of 2017
to Summer of 2019, to characterize wt-PRRSV detection patterns on eligible batches of growing
pigs in the USA, and assess the association of each detection pattern on wean-to-finish mortality,
under field conditions. Additionally, the study compared the mortality of batches of growing pigs
characterized with the different patterns of wt-PRRSV-2 detection and vaccinated with two
different doses of PRRS MLV vaccine.
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Batches of growing pigs (n=81) from three different production systems located at Southeast
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(SE) or Midwest (MW) regions of the USA were conveniently selected and included in the study
based on specific eligibility criteria. The selected batches of growing pigs were originated from
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multiple sow farms (n=9) and flowed onto wean-to-finish, or nursery and finishing production
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flows, and always maintained group integrity from weaning until marketing. The batches of
growing pigs were randomly selected to receive one dose or two doses of PRRS MLV vaccine,
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by a coin toss. All batches of growing pigs received one dose with 2ml of Ingelvac PRRS® MLV
vaccine (Boehringer Ingelheim Animal Health USA Inc., Duluth, GA.), either around processing
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or weaning age. The batches allocated into the two doses group received the second dose of 2ml
of Ingelvac PRRS® MLV vaccine, via intramuscular route, approximately three to four weeks
from the first vaccination.

Batches of growing pigs were monitored for wt-PRRSV-1 and wt-PRRSV-2 through repeated
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diagnostic testing throughout the wean-to-finish period, which was defined by the phase between
weaning and marketing (Figure 1). The batches were classified based on the proportion of oral
fluid samples, collected every three weeks, that were positive for PRRSV-1 or PRRSV-2 RNA
by RT-qPCR (quantitative reverse transcription polymerase chain reation). Closeout performance
parameters were collected from each study population and statistical methods were applied to
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measure the association of observed patterns of wt-PRRSV detection over time on wean-to-finish
mortality. The Iowa State University institutional animal care and use committee (IACUC)
reviewed and approved this study protocol on 6/15/2017 (log number 6-17-8538-S).

Eligibility criteria of the study population
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All batches of growing pigs included in the study were selected based on the following eligibility
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criteria: (1) all pigs in the batch originated from PRRSV-positive unstable or PRRSV-positive
stable sow farms according to the 2011 American Association of Swine Veterinarians (AASV)
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PRRSV classification (Holtkamp et al., 2011); (2) pigs from sow farms of different PRRSV
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status were not commingled (Holtkamp et al., 2011); (3) study pigs were previously vaccinated
with Ingelvac PRRS® MLV vaccine (Boehringer Ingelheim Animal Health USA Inc., Duluth-
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GA); (4) placed in high pig dense areas and (5) housed in all-in-all-out flows, maintaining group
integrity from weaning until marketing. For this study, areas having more than 185 pig farms per
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square kilometer, as described by (Alkhamis et al., 2018), were defined as pig-dense areas.
Additionally, eligibility criteria for production systems included in the study included (1)
availability to provide eligible batches of growing pigs and (2) availability to provide farm staff

Jo

to collect and ship all the oral fluids as per the study protocol.

Sampling and Diagnostics
Wt-PRRSV detection over time was measured by testing oral fluid samples for PRRSV RNA by
RT- qPCR in all batches of growing pigs throughout the wean-to-finish period. The oral fluids
collection procedure consisted of allowing pigs to chew on a 5/8-inch cotton rope for 20 to 30
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minutes and manually harvesting the fluid into a falcon tube (Prickett et al., 2008). Sample
collection started within one week after weaning (fourth week of age) and was repeated every
three weeks, for a total of eight collection times per batch during the study period (4, 7, 10, 13,
16, 19, 22 and 25 weeks of age) (Figure 1). At each sampling event, six ropes were distributed in
the batches using spatially fixed pattern (Rotolo et al., 2017) in the same pens each time
(Ramirez et al., 2012). Samples were refrigerated after collection and shipped to the Iowa State

of

University Veterinary Diagnostic Laboratory (ISU-VDL) for the detection of PRRSV-1 and

ro

PRRSV-2 RNA by RT-qPCR, using previously validated commercial assays.

If there was at least one PCR-positive sample, the group was defined as positive for PRRSV-1 or

-p

PRRSV-2, at the designated sampling event. The sample with the lowest PCR Ct value was then
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submitted for PRRSV open reading frame-5 (ORF-5) sequencing, to differentiate between
vaccine-like and wild-type virus as described below. The ORF-5 sequencing result was used to

lP

represent the status of all other PCR-positive samples for that group at the designated sampling
event. All PCR-positive samples for PRRSV-1 were assumed to be wild-type virus since there
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was no vaccine against this virus used in the study population, nor the source farms. All viruses
showing more than 1% homology difference than Ingelvac PRRS® MLV vaccine were defined
as wt-PRRSV-2. The selected cut-off of 99% was due to the shorter interval between sample
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collections.

Statistical analyses
Statistical analyses were performed using the batches of growing pigs (populations) as the
experimental units. Two independent clustering analyses were performed, using the K-means
analysis in R program, to characterize (1) patterns of wt-PRRSV-1 detection over time and (2)
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patterns of wt-PRRSV-2 detection over time, on batches of growing pigs. The patterns of
detection included the magnitude and timing of wt-PRRSV RT-qPCR and ORF-5 nucleotide
sequencing results on the oral fluids samples over time. To determine the optimal number of
clusters the NbClust function was used (Charrad, 2014). Clustering analysis was performed only
with batches of growing pigs that originated from PRRSV stable sow farms (Holtkamp et al.,
2011) and with at least one wild-type detection during the study period.
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Generalized linear mixed regression models were built, using “PROC GLIMMIX” in the SAS

ro

version 9.4 program, to compare differences in wean-to-finish mortality among batches

characterized by different wt-PRRSV detection patterns. Poisson distribution was used to fit the
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wean-to-finish mortality data by modeling the counts of dead pigs in each growing pig batch and
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adjusting by the counts of pigs placed as the off-set variable. The region, the production system
and the sow farm of origin were used as random effects, while vaccination dose and timing of
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vaccination were used as fixed effects in the model. The mean mortality with a 95% confidence
interval was reported for each comparison group. All pairwise comparisons were performed, by
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including “PDIFF” in the “LSMEANS” statement. As multiplicity, results of PRRSV-2 patterns
were reported by the two different geographical regions of study. The same model was used to
compare differences in wean-to-finish mortality between batches vaccinated with one dose and
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two doses of PRRSV MLV vaccine from each wt-PRRSV-2 detection pattern.

Results

The study included a total of 136,482 growing pigs from 81 batches. The average number of pigs
started per batch was 1685, with a higher size of 5203 pigs and lower size of 633 pigs per batch.
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Seventeen batches of pigs were flowing into wean-to-finish production during the growing pig
phase, while the other 64 batches were composed of nursery and finishing production flows. All
pigs included in the study were vaccinated with Ingelvac PRRS® MLV vaccine either around 3-5
days of age (n=43) or around 19-21 days of age (n=38). Thirty batches of growing pigs were
vaccinated with one dose of PRRS MLV vaccine, while 42 batches were vaccinated with two

ro

events. Fourteen (2%) samplings were missed during the study period.
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doses of the same vaccine. There were 3,646 oral fluid samples collected from 634 sampling

PRRSV-1 patterns results
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For PRRSV-1, a total of 361 (10%) oral fluid samples were RT-qPCR-positive and 3,285 (90%)

re

tested negative. A total of 93 (15%) samplings events were RT-qPCR-positive and 541 (85%)
were defined as negative, for PRRSV-1. All RT-qPCR-positive cases were assumed to be due to

population or source farms.

lP

wild-type virus infection since there was no vaccine against PRRSV-1 used in the study
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Diagnostic sampling design of this study detected wt-PRRSV-1, at least in one of the eight
sampling events, in 38% (31/81) of growing pig batches. None of the wt-PRRSV-1 positive pig
batches were from the Midwest region. In the Southeast region, 56% (31/55) of the batches of
growing pigs had wt-PRRSV-1 detected, in at least one of the sampling events.

Jo

Three different patterns of wt-PRRSV-1 detection were observed, using the K-means clustering
method, and were characterized as Early wt-PRRSV-1 detection pattern (n=8), Mid wt-PRRSV-1
detection pattern (n=6), and Late wt-PRRSV-1 detection pattern (n=17) (Figure 2). Fifty batches
(62%) of growing pigs had no wt-PRRSV-1 detection at any of the sampling events and were
characterized as No wt-PRRSV-1 detection pattern.
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Early wt-PRRSV-1 detection pattern had the highest wean-to-finish mortality, with 5.44% (95%
CI 3.26% – 9.10), Mid wt-PRRSV-1 detection pattern had mortality of 7.09% (95% CI 3.75% –
13.42%) and the Late wt-PRRSV-1 detection patterns had 5.77% (95% CI 3.66% – 9.09%). The
No wt-PRRSV-1 detection pattern had wean-to-finish mortality of 7.34% (95% CI 4.68% –
11.51%). The wean-to-finish mortality of the No wt-PRRSV-1 detection pattern was
significantly higher than the mortality of the Early wt-PRRSV-1 detection pattern (p=0.0364)

of

and the Late wt-PRRSV-1 detection pattern (p<0.0001). Wean-to-finish mortality of the

ro

remaining patterns were not significantly different from each other (Figure 3).
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PRRSV-2 patterns results

re

For PRRSV-2, there were 2674 (73%) oral fluid samples that were RT-qPCR-positive and 972
(27%) tested negative. A total of 559 (88%) sampling events were defined as RT-qPCR-positive

lP

and 75 (12%) tested negative. The ORF-5 sequencing results of the 559 RT-qPCR-positive
samples, representing each sampling event, resulted in 165 (30%) MLV vaccine-like, 214 (38%)

ur
na

wt-PRRSV-positive, and 180 (32%) could not be sequenced.
The sampling design of this study detected wt-PRRSV-2, in at least one of the eight sampling
events, in 91% (74/81) of growing pig batches. In the Southeast region, wild type virus was
detected, in at least one of the eight sampling events, in 89% (49/55) of growing pig batches,
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while in the Midwest region, 96% (24/25) of batches of growing pigs were positive.
Twenty-two (27%) batches of growing pigs were not included in the clustering analysis as
established in the study protocol: 15 (19%) batches, that came from PRRSV positive-unstable
sow farms (Holtkamp et al., 2011), were allocated in the Unstable wt-PRRSV-2 detection
pattern. The other seven (9%) batches of growing pigs had no wild-type PRRSV-2 detection at
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the sampling events and were allocated to the No wt-PRRSV-2 detection pattern. The remaining
batches were assigned to one of three different patterns of wild-type PRRSV-2 detection
observed, using the K-means clustering method, and were characterized as Early wt-PRRSV-2
detection pattern (n=18), Mid wt-PRRSV-2 detection pattern (n=30), and Late wt-PRRSV-2
detection pattern (n=11).
Unstable wt-PRRSV-2 detection pattern had the highest wean-to-finish mortality of 13.04%

of

(95% CI 7.29% – 23.33%), followed by the Early wt-PRRSV-2 detection pattern, with 7.67%
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(95% CI 4.75% – 12.38%), the Mid wt-PRRSV-2 detection pattern, with 5.15% (95% CI 3.19%
– 8.29%), and by the Late wt-PRRSV-2 detection pattern, with 4.24% (95% CI 2.60% – 6.91%).
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The No wt-PRRSV-2 detection pattern had wean-to-finish mortality of 4.78% (95% CI 2.93% –
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7.80%). Batches characterized as Unstable wt-PRRSV-2 detection pattern had significantly
higher mortality than all other patterns (p<0.0001). Batches characterized with Early wt-PRRSV-

lP

2 detection pattern had significantly higher mortality than batches characterized by Mid, Late
and No wt-PRRSV-2 detection during the growth phase (p<0.0001). Batches with Mid wt-
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PRRSV-2 detection had significantly higher mortality than batches characterized with Late wtPRRSV-2 detection (p=0.0124) (Figure 5). The mortality results of the different patterns of wtPRRSV-2 detection, by the two different geographical regions of the study, are reported in Table

Jo

1.

Table 1: Wean-to-finish mortality results of PRRSV-2 detection patterns, reported by the two
different geographical regions of the study.
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PRRSV-2

Number of

Wean-to-finish Standard error of

detection pattern

Batches

Mortality*

No detection

6

5.14%

Southeast

15.33%

0.0307

c

0.0095

c

0.0089

Early detection

8

6.72%

Mid detection

17

6.23%

Late detection

9

5.03%

No detection

1

4.64%

Early detection

10

Mid detection

13

Late detection

2

0.0074

ro

a

-p

a

0.0113

b

0.0187

c

0.0062

d

0.0053

8.05%
2.73%
2.16%

lP

Midwest

0.0085
b

15

the mortality

of

Unstable detection

a

re

Region

*=Superscript letters indicate statistical differences, with a significance level of 0.05, within each

ur
na

region.

When batches were characterized with Unstable and Early wt-PRRSV-2 detection patterns, the
mortality rate of the batches vaccinated with two doses of PRRS MLV vaccine was significantly
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lower than that of batches that received only one dose (Figure 6).

Discussion

This epidemiological study sought to identify distinct patterns of PRRSV-1 and PRRSV-2
detection over time in MLV-vaccinated growing pig batches that originated from PRRSV
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endemic sow farms in the USA and were raised in high pig dense areas, and associate it with
wean-to-finish mortality. All PRRSV-positive batches included were naturally exposed to wtPRRSV.
Overall, more than 90% of the batches of growing pigs had wt-PRRSV-2 detected, in at least one
of the sampling events, that was unrelated to those previously reported in their respective sow
source farms. In the Southeast region, wt-PRRSV-2 was detected in 89% of the batches
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compared to 96% detection in the Midwest. These results suggest that MLV-vaccinated growing
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pigs originated from PRRSV-endemic sow farms and raised in high pig dense areas, from

Southeast or Midwest regions in the USA, are very likely to be exposed to wt-PRRSV-2 during
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the growing phase period. These findings are consistent with results reported by another study
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conducted in 2012 at a growing pig site in Minnesota (USA), where 10 groups were monitored
for PRRSV by oral fluid collection every two weeks, and nine groups reported positive results in

lP

at least one of the oral fluids sample collections (Ramirez et al., 2012).
Overall, 38% of batches of growing pigs tested positive for wt-PRRSV-1. Interestingly, none of
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the batches from Midwest were positive for PRRSV-1. However, 56% of the batches belonging
to the Southeast region were wt-PRRSV-1 positive in at least one of the sampling events. This
finding is consistent with data reported by the Swine Disease Reporting System (SDRS),
suggesting that the frequency of detection of PRRSV-1 in the USA is more concentrated in

Jo

Southeast region (Trevisan et al., 2019).

Results reported in this study also suggest that the earlier the wt-PRRSV-2 is detected, the higher
the wean-to-finish mortality in those batches of growing pigs. A controlled trial from 2009 also
showed that the consequences of PRRSV infection were age-dependent (Klinge et al., 2009). The
disease was markedly more severe and prolonged in 3-week-old piglets compared to finisher
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pigs or sows. Investigators concluded that this effect was, perhaps, due to a well developed
innate immune response developed by the older animals. Another study has concluded that
regardless of the virus strain, young pigs were more susceptible to infection than older pigs (van
der Linden et al., 2003). Results showed more viremic pigs and more pigs shedding the virus in
the younger group. A study conducted under controlled conditions observed similar responses to
PRRSV infection among different age groups (Rossow et al., 1994). Additionally, based on the

of

results of this study, the detection of wt-PRRSV-1 on batches of growing pigs from the USA

ro

does not appear to be associated with changes in wean-to-finish mortality. In general, PRRSV-1
is considered less virulent and causes less severe respiratory disease in growing pigs compared to
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PRRSV-2 (Halbur et al., 1996; Martínez-Lobo et al., 2011; Han et al., 2013). The detection of

re

wt-PRRSV-1 and wt-PRRSV-2 on the batches of growing pigs simultaneously was not
associated with any significant increase on the wean-to-finish mortality rate.

lP

Results from this study suggest that the consequences of PRRSV challenge in growing pigs are
more severe in groups infected early in the growing phase. Based on the results, it may be
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beneficial to focus on improving biosecurity practices in the early phases of production to help
reduce the infection pressure and potentially decrease losses associated with PRRSV infection as
well. Moreover, results reported that when pigs populations were infected with wt-PRRSV-2 at
early stages of life, the wean-to-finish mortality rate was significantly lower on batches with pigs
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vaccinated with two doses of PRRS MLV vaccine than on batches with pigs vaccinated with
only one dose.

The fact that results were based on ORF-5 nucloetide sequencing (not whole genome
sequencing) of only one RT-qPCR positive sample (not all the six samples) at each sampling
event, is a limitation of this study. In addition, this study did not include data on other pathogens
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that may have influenced the outcome. Our study also did not provide sufficient evidence to
confirm if wt-PRRSV detections originated from sow farms, virus mutations, or lateral
introductions.

Conclusions

of

Ninety-one percent (74/81) of batches of growing pigs placed in pig-dense areas in the USA
were found to be positive for wt-PRRSV-2 at least once, despite being vaccinated with PRRSV

ro

MLV. Results presented in this study suggested that early wt-PRRSV exposure on pig

-p

populations was associated with higher wean-to-finish mortality. This association suggests the
potential benefit of improving bio-exclusion, bio-management, and bio-containment practices,

re

especially on breeding herds and nursery groups, to reduce wt-PRRSV activity and improve
performance, of growing pig populations. Additionally, results described that vaccination with

lP

two PRRS MLV doses was associated with lower mortality rate, when growing pig populations
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had early wt-PRRSV-2 exposure.
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Figure 1: Study design. Weeks (4-25) represent pig age in weeks.
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Figure 2: Patterns of wild type PRRSV-1 detection over time, based on clustering analysis.

Figure 3 – Wean-to-finish mortality by patterns of PRRSV-1 detection.
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*=Superscript letters indicate statistical differences at the significance level of 0.05.
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Figure 4: Patterns of wild type PRRSV-2 detection over time, based on clustering analysis, of
batches that originated from PRRSV stable (Holtkamp et al., 2011) sow farms and with at least

Jo

one wt-PRRSV-2 detection during the growing phase.
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Figure 5 – Wean-to-finish mortality by patterns of PRRSV-2 detection over time.
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*=Superscript letters indicate statistical differences at the significance level of 0.05.
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Figure 6 – Wean-to-finish mortality by patterns of PRRSV-2 detection over time and by PRRS
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