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Long-distance airborne transport of pathogens, such as
t-and-mouth disease virus (FMDV), Aujezsky’s disease
s (ADV), porcine reproductive and respiratory syn-

me virus (PRRSV) and Mycoplasma hyopneumoniae (M

) is a significant risk factor for the health and
ductivity of livestock populations. Regarding FMDV,
sport of virus via aerosol plumes can occur 60 km over

d and from 100 to 280 km over the sea (Donaldson et al.,
2). long-distance airborne spread of ADV has been
dicted to occur where the distance between farms
ged from 1.3 to 13.8 km (Grant et al., 1994). Recently,
dence of airborne transport of a specific variant of

PRRSV (PRRSV 1-8-4) and M hyo out to 4.7 km has been
published; however, due to the limited size of the sampling
region, it was not determined whether transport over
longer distances via the airborne route was possible (Dee
et al., 2009). It was also not possible to prove whether the
M hyo detected in the long-distance samples was
infectious and whether it could infect susceptible pigs.
Recently, field veterinarians have reported the emergence
of two new highly virulent PRRSV variants: PRRSV 1-18-2
and PRRSV 1-26-2 (Murtaugh and Yeske, 2008). These new
variants appear to be capable of long-distance airborne
spread between herds; however, this observation has not
been tested under controlled conditions. Therefore, the
objectives of this study were to simulate clinical conditions
observed in the field through the creation of a mixed
infection of heterologous PRRSV variants, including PRRSV
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Airborne transport of porcine reproductive and respiratory syndrome virus (PRRSV) and

Mycoplasma hyopneumoniae (M hyo) has been reported out to 4.7 km. This study attempted

to determine whether this event could occur over longer distances and across multiple

viral variants. To accomplish this goal, a mixed infection of 3 PRRSV variants (1-8-4, 1-18-2

and 1-26-2) and M hyo 232 was established in a source population of growing pigs. Over

21-day period, air samples were collected from the source population and at designated

distances from the herd. Samples were tested for PRRSV RNA and M hyo DNA by PCR and if

positive, further characterized. In exhaust air from the source population, PRRSV and M

hyo were detected in 21 of 21 and 8 of 21 air samples, respectively. Five of 114 (4.4%) long-

distance air samples were positive for PRRSV and 6 of 114 (5.2%) were positive for M hyo.

The 5 PRRSV-positive samples were collected at 2.3, 4.6, 6.6 and 9.1 km from the herd. All

contained infectious virus and were >99.2% homologous to PRRSV 1-8-4. No evidence of

PRRSV 1-18-2 or 1-26-2 was detected in long-distance samples. All 6 M hyo-positive

samples were 99.9% homologous to M hyo 232 and 3 samples (collected at 3.5, 6.8 and

9.2 km from the herd) were infectious. These results indicate that airborne transport of

PRRSV 1-8-4 and M hyo 232 occurs over longer distances than previously reported and that

both pathogens remained infectious.
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1-8-4, 1-18-2 and 1-26-2 in conjunction with M hyo 232 in
a population of growing pigs. We planned to use this
unique model to evaluate the long-distance airborne
transport of these agents out to and beyond 4.7 km and
assess their viability in long-distance air samples. The
study was based on the hypothesis that long-distance
airborne transport of PRRSV is not variant-specific.

1. Methods

1.1. Description of study site, animal groups and

experimental inoculation

The study utilized the University of Minnesota Swine
Disease Eradication Center (SDEC) production region model
and 166 km2 of the surrounding landscape, located in the
west-central region of the state of Minnesota, USA (Pitkin
et al., 2009). The topography of the study site was flat with
elevations ranging from 306 to 315 m above sea level. The
land consisted of fields used for the raising of corn, soybeans
and wheat, as well as pasture for the grazing of cattle. The
closest swine farm to the SDEC site was 16 km to the north
and was free from both PRRSV and M hyo infection. The
study was conducted over a 21-day period from October 2 to
October 22, 2009 and involved an on-site finishing facility.
This building was mechanically ventilated with 8 wall fans,
each 0.83 m in diameter and capable of delivering 5.5 m3 of
air per second. It housed 252 grow-finish (25–120 kg) pigs
which served as a source of PRRSV and M hyo bioaerosols for
the surrounding region following experimental inoculation
with M hyo 232 and PRRSV 1-8-4 (Dee et al., 2009; Pitkin
et al., 2009). This PRRSV variant was selected based on its
ability to be shed at high frequencies in bioaerosols from
experimentally inoculated pigs (Cho et al., 2007). The
finishing facility utilized in this study contained 11 pens
(numbered 1 through 11) with partial slotted floors and
open gating. For the purpose of maintaining pathogen
circulation within the source population, the facility
operated under continuous pig flow principles with 50
PRRSV and M hyo-naı̈ve pigs introduced every 2 weeks and
spread randomly throughout various pens in the building
(Dee et al., 2009; Pitkin et al., 2009).

Since the source population had been in existence for 3
years prior to the study, a survey was conducted to
estimate the prevalence of PRRSV and M hyo in the herd on
day 0 and day 21 PI. Blood samples and nasal swabs (BBL
CultureSwab, Becton Dickinson, France) were collected
from 30 randomly selected animals, 3 animals per pen, 10
pens total. Sera were tested for the presence of PRRSV
antibodies by IDEXX 2XR ELISA (IDEXX Laboratories,
Westbrook, ME, USA) and M hyo antibodies by Dako ELISA
(Dako Corporation, Carpentaria, CA, USA). Sera and swabs
were tested for the presence of PRRSV RNA (sera) and M

hyo DNA (swabs) by PCR (Applied Biosystems, Foster City,
CA, USA). In addition, a scoring system to calculate the
number of cases of clinical respiratory disease present each
day within the 252 source population pigs was devised.
The scoring system was based on published data describ-
ing clinical signs associated with PRRS and enzootic
pneumonia, including (1) anorexia, (2) lethargy, (3) poor
condition i.e. rough hair coat, weight loss, (4) dyspnea, i.e.

thumping, and (5) coughing (Cano et al., 2007; Fano et al.,
2007). For a pig to be considered a clinical case it had to
demonstrate a minimum of 4 of the 5 signs on a given day.
To maximize consistency of the scoring process, a single
person evaluated these parameters daily.

In order to create the mixed infection, we planned to
introduce 2 newly emerged variants of PRRSV (PRRSV 1-
18-2 and 1-26-2) to the endemically infected source
population. To serve as the source of the new variants, 50
25-kg PRRSV and M hyo-naı̈ve pigs were introduced to the
source population on day 0 PI (October 1, 2009). These
animals originated from the source herd for the SDEC site
over the past 10 years (Genetiporc, St. Bernard, Quebec,
CA), which was known to be naı̈ve for both agents for a 10-
year period based on monthly testing and the absence of
clinical signs. Upon arrival to the study site, the 50 new
animals were divided into 2 groups of 25 pigs per group.
One group of 25 pigs was placed into pen number 4 and the
other group of 25 pigs was placed into pen number 8
(Fig. 1). Ten of the 25 new animals in both pens were
selected for experimental inoculation with either PRRSV 1-
18-2 (pen 4) or 1-26-2 (pen 8). These 10 animals were
individually identified with numbered ear tags (virus

group). Five other naı̈ve pigs in both pen 4 and 8 were ear
tagged to document shedding of the new variants within
each pen (direct contact control group). Finally, 6 pigs were
selected at random from the source population, were ear
tagged, divided equally across pens 4 and 8 (3 pigs per pen)
and co-mingled with the 25 new animals (prior exposure

group). Following placement and identification, all tagged
animals in both pens were blood tested and nasal swabbed.
Following the organization of each pen and its respective
sampling, the pen 4 virus group was inoculated with a total
dose of 3.8� 105 TCID50 of PRRSV 1-18-2 via the
intramuscular (IM) route. Similarly, the pen 8 virus group
were inoculated IM with a total dose of 1.06� 105 TCID50

of PRRSV 1-2-6-2. Phylogenetic analysis of the ORF 5 region
of PRRSV 1-8-4 had indicated an 87% homology to both of
the new variants, while a similar comparison indicated a
high degree of homology (97%) between PRRSV 1-18-2 and
PRRSV 1-26-2. Following inoculation, it was planned to test
the pen 4 and pen 8 virus groups, along with their
respective direct contact control groups and prior exposure
groups on days 7, 14 and 21 PI. In addition, it was planned
to sequence (ORF 5) PCR-positive samples from 3 selected
animals in each of the pen 4 and 8 virus groups and all 5
animals in the direct contact control groups on days 7, 14
and 21 PI. During the study, animals were cared for using
approved protocols of the University of Minnesota
Institutional Animal Care and Use Committee.

1.2. Protocol of air sampling

To assess the potential for long-distance airborne
spread of PRRSV and M hyo, a sampling area within the
166 km2 region around the SDEC site was plotted. It
consisted of 31 sampling points radiating outward from
the source population facility in the 4 cardinal directions:
north (N), south (S), east (E) and west (W) and the 4
intermediate directions: northwest (NW), northeast (NE),
southwest (SW) and southeast (SE) (Fig. 2). Due to a
Please cite this article in press as: Otake, S., et al., Long-distance airborne transport of infectious PRRSV and Mycoplasma
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Fig. 1. Organization of the designated animal groups within the source population facility.

Fig. 2. Arial map of sampling area illustrating the points at which long-distance air samples were collected in relationship to the source population. The

distances of the sampling points from the source population are provided in Table 1.
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physical obstruction, it was not possible to establish a
fourth sampling point in the westerly direction from the
facility, resulting in a total of 31 sampling points in the
region. The distance from the source population facility to
each sampling point was calculated using Google Earth and
each point was marked using a fuchsia-colored plastic flag
(Table 1). Daily air samples were collected from the source
population facility in accordance with the direction of the
predominant wind (Dee et al., 2009). This decision was
based on the findings of Pitkin et al. (2009), who had
previously determined that the odds of detecting a PRRSV-
positive bioaerosol were 6.4 times higher when the
prevailing wind was moving from a facility which housed
a PRRSV-infected population. Therefore, if prevailing
winds were from the northwest, air samples would be
collected ‘‘downwind’’ from the source population facility
at the 4 designated sampling points, i.e. SE-4, SE-3, SE-2
and SE-1, in that order (Dee et al., 2009). Wind direction
was determined using the wind vane on a HOBO weather
station (Onset Computer Corporation, Bourne, MA, USA)
located adjacent to the source population facility. For
consistency, a designated person collected all air samples.

For the collection of air samples, a liquid cyclonic
collector capable of capturing 400 L of air per minute was
utilized (Midwest MicroTek, Brookings, SD, USA) (Cage et al.,
1996). The instrument’s sensitivity for detecting PRRSV in
aerosols had been previously determined to be 1� 101

TCID50/mL (Pitkin et al., 2009). To transport the instrument
to the designated sampling points each day, the cyclonic
collector was placed in the cab of a farm vehicle (Chevrolet S-
10 1987), elevated 25 cm off the seat by means of a wooden
box and powered using the vehicle’s battery (Dee et al.,
2009). The dimensions of the vehicle cab were 1.5 m H� 2 m
W� 1 m L, allowing it to act as a chamber to capture
incoming air at a height of 2 m. At each sampling point, the
vehicle was parked with the passenger side of the cab facing
into the prevailing wind (Dee et al., 2009). For an air inlet, the
passenger window was opened in its entirety while the
driver side window was opened approximately 5 cm to act
as an air outlet. At each designated point, a 30-min air

sample collected. Airborne particles inspired by the instru-
ment were washed with 10 mL of minimum essential
medium (MEM) supplemented with 3% fetal calf serum
(Difco, Detroit, MI, USA). After each 30-min sampling, a 5-mL
aliquot of MEM was removed. To minimize contamination,
study personnel changed gloves and sanitized the collector
between samples (Dee et al., 2009; Pitkin et al., 2009). The
instrument was sprayed with alkyl dimethly benzyl
ammonium chloride (Lysol, Reckitt Benckiser, Wayne, NJ,
USA), the collection vessel rinsed with fresh MEM, dried
with disposable paper towels and swabbed using sterile
Dacron swabs (Fisher Scientific, Hanover Park, IL, USA) (Dee
et al., 2009). Swabs were stored in sterile plastic tubes
(Falcon, Becton Dickinson, Franklin Park, NJ, USA) containing
MEM plus 3% fetal calf serum and stored on ice. Upon
completion of long-distance air sampling, a single 30-min
air sample from the source population was collected daily
with the cyclonic collector placed outside of the source
population facility 1 m from a designated exhaust fan (Pitkin
et al., 2009) located directly adjacent to pen 8 which housed
the 1-26-2 infected pigs.

1.3. Controls

Prior to the initiation of the study, controls were
employed to validate the ability of the collection method to
successfully recover aerosolized PRRSV (positive controls)
and to demonstrate a lack of mechanical contamination
during the sampling process (negative controls). For
positive controls, artificial PRRSV aerosols of varying
concentrations were developed using a modified live PRRS
virus vaccine (Ingel Vac MLV, Boehringer-Ingelheim
Vetmedica, St. Joseph, MO, USA) (Dee et al., 2009). One
hundred mL aliquots of vaccine virus were diluted 10-fold
in 1-L aliquots of sterile saline to produce concentrations
from 1� 101 TCID50/L to 1� 107 TCID50/L. Prior to the
initiation of the study, the quantity of virus in each dilution
was titrated. To aerosolize the virus into the vehicle cab, a
cold fog mister (Hurricane ULV/mister, Curtis Dyna-Fog
Ltd. Westfield, IN, USA) was filled with 1 L of each
concentration, beginning with 1� 101 TCID50 (Dee et al.,
2009). The mister was set at a flow rate of 200 mL/min,
placed 1 m off the ground and 1 m from the vehicle, with
the nozzle set at a 458 angle. A 5-min release period was
utilized, resulting in the aerosolizing of 1 L of diluted
vaccine. Following release of the aerosolized virus, the
cyclonic collector was allowed to run for 30 min, after
which a 5-mL aliquot was removed.

For negative controls, the process was repeated 7 times
using saline only. In addition, daily sanitation controls
were conducted to validate the absence of residual PRRSV
and M hyo in the vehicle and the cyclonic collector. At the
conclusion of daily sampling, the entire cab of the vehicle
was disinfected with alkyl dimethly benzyl ammonium
chloride spray and wiped dry with disposable paper
towels. Swabs were collected from surfaces within the cab
including the seat, steering wheel, accelerator, brake and
dashboard. Windows of the cab were closed and the
vehicle was stored overnight in a garage on the study site.
Each morning, a 30-min air sample from the cab was
collected to validate the absence of residual PRRSV or M

Table 1

Distance in kilometers (km) of each long-distance air sampling point from

the source population facility. Due to physical obstacles, it was impossible

to establish a West-4 sampling point. NA = not available.

Sampling point km Sampling point km

North-1 1.6 Northeast-1 2.1

North-2 2.1 Northeast-2 3.9

North-3 3.2 Northeast-3 7.1

North-4 6.8 Northeast-4 9.4

South-1 1.7 Northwest-1 2.3

South-2 3.5 Northwest-2 4.2

South-3 5.2 Northwest-3 6.6

South-4 6.9 Northwest-4 10.2

East-1 1.4 Southeast-1 2.3

East-2 2.7 Southeast-2 4.5

East-3 4.5 Southeast-3 6.9

East-4 6.0 Southeast-4 9.1

West-1 1.6 Southwest-1 2.4

West-2 3.5 Southwest-2 4.6

West-3 4.5 Southwest-3 6.9

West-4 NA Southwest-4 9.2
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in the cab. During this process, the windows of the cab
ained closed and the vehicle remained in the garage.

ally, in between every field-based air sampling, the
rementioned cab surfaces and the cyclonic collector
re sanitized and swabbed. At the end of each day’s

pling period, the vehicle was returned to the garage,
nfected and allowed to sit overnight with its windows
ed in preparation for the next day’s sampling. The

lonic collector was then sanitized one final time and
red in the house on the study site overnight. These
cesses were repeated daily.

Diagnostic laboratory assays

All assays were conducted at the Minnesota Veterinary
gnostic laboratory. Sera, air and swab samples were
ed for the presence of PRRSV RNA by TaqMan
litative polymerase chain reaction (PCR) assays
plied Biosystems, Foster City, CA, USA) using
difications of previously published procedures (Egli
l., 2001). The following primers and probes were used:
F (ORF 6) forward primer (26 oligomer) (50 ! 30

uence: GTAGTYGCRCTCCTTTGGGGGGTGTA), NA F2
F 6) forward primer (33 oligomer) (50 ! 30: TTCATCACY
AGRTGCCGTTTGTGCYTGCTA), NA R (ORF 6) reverse
er (18 oligomer) (50 ! 30 sequence: CGASAAAT-
TGGTTAT), EU (ORF 7) forward primer (19 oligomer)
! 30: TGGCCAGCCAGT CAATCAA) EU (ORF7) reverse

er (21 oligomer) (50 ! 30: TGTGGCTTCTCA GGCTT-
C) PRRS NA/EU FAM labeled ORF6 TAMRA probe (22
omer) (50 ! 30: FAM-TACATTCTGGCCCCTGCCCAYC-
RA), PRRS EU FAM labeled ORF7 TAMRA probe (25

omer) (50 ! 30: 6FAM-TGCAATGATAAAGTCCCAGCGC-
-TAMRA). The quantity of infectious PRRSV in PCR-

itive air samples was determined by virus titration
ng Marc-145 cells and MEM supplemented with 8% fetal
serum, antibiotics and antifungal agents and expressed

units of TCID50 per mL of collection fluid (Reed and
ench, 1938). The open reading frame (ORF) 5 region of
cted PCR-positive air samples was nucleic acid
uenced (Murtaugh et al., 1995). Sequences were
embled and analyzed using LASERGENE (DNASTAR,
dison, WI, USA). Air and swab samples were tested for
presence of M hyo DNA using a real time PCR (Dubosson
l., 2004). The following primers and probes were used:
ard primer (sequence: 50-TTGACTGCTATCTTTGCAC-

TAAG-30), reverse primer (sequence: 50-ACAATAATTG-
ACCGTGGC-30), and probe (sequence: FAM-
GAAATCGAATATTTGCAGCAGTGGACA-TAMRA). The

A from positive samples was characterized via nucleic
sequencing of the P146 gene (Mayor et al., 2007). P146

uences were analyzed using Bionumerics software v.
(Applied Math, Austin, TX, USA) analysis and evaluated

ng the Unweighted Pair Group Method with Arithmetic
an.

Assessment of infectivity of PRRSV and M hyo in long-

ance air samples

Modifications of swine bioassay procedures were
ployed to confirm the viability of PRRSV and M hyo

in PCR-positive air samples (Swenson et al., 1994; Marois
et al., 2007). For assessment of infectious PRRSV, super-
natant (2-mL) was obtained from the 5 PCR-positive air
samples and inoculated IM into 8-week-old PRRSV-naı̈ve
pigs (one sample per pig) housed in a high level biosecurity
facility on the SDEC site (Pitkin et al., 2009). This facility
utilized an air filtration system having a minimum
efficiency reporting value of 16 (EU 9) and was capable
of preventing the passage of 95% of particles �0.3 m in
diameter (Camfil Farr, Sante-Colombe, FR) (Pitkin et al.,
2009). The 5 pigs were housed in individual pens without
nose-to-nose contact. Pigs were blood tested on days 0, 7
and 14 PI and sera were tested by PCR and IDEXX ELISA. To
assess whether infectious M hyo was present in long-
distance air samples, swine bioassays were conducted
using intratracheal injection (Marois et al., 2007). Six 8-
week-old M hyo-naı̈ve pigs were housed the SDEC filtered
facility described above in separate pens without the
possibility of nose-to-nose contact. Each of the 6 PCR-
positive long-distance air samples was supplemented with
10 mL of Friis medium and administered to an individual
pig via intra-tracheal injection using a sterile needle
(Marois et al., 2007). Pigs were evaluated daily for evidence
of coughing. Nasal swabs were collected on days 0, 7, 14
and 25 PI while sera were collected on days 0 and 25 PI.
Nasal swabs were tested for M hyo DNA and sera were
tested for M hyo antibodies. Following completion of the
25-day period, pigs were necropsied. Tracheal and
bronchial swabs were collected and lung samples eval-
uated for macroscopic and microscopic lesions suggestive
of M hyo infection.

1.6. Collection of meteorological data

During the time of long-distance air sampling, meteor-
ological variables were collected using an on-site HOBO
weather station (Onset Computer Corporation, Bourne,
MA, USA). The unit was located approximately 10 m to the
southeast of the source population facility and was 3 m in
height. Data were logged at 5 min intervals. Numerical
variables collected included temperature (C0), relative
humidity (%), two measures of sunlight intensity, including
watts/m2 and photons (mmol/m2/s), barometric pressure
(hectoPascals), precipitation (mm of rainfall), wind direc-
tion (degrees), wind velocity (m/s) and gust velocity (m/s).
This latter parameter was defined as the highest 3-s wind
speed recorded during each 5-min logging interval. To
provide a numerical value for wind direction, the 4 cardinal
and 4 intermediate directions were assigned a range as
follows: north (mean = 08, range = 346–148), northeast
(mean = 458, range = 15–758), east (mean = 908, range =
76–1048), southeast (mean = 1358, range = 105–1658),
south (mean = 1808, range = 166–1958), southwest
(mean = 2258, range = 196–2558), west (mean = 2708,
range = 256–2848) and northwest (mean = 3158,
range = 285–3458).

1.7. Data analysis

The association of a specific PRRSV variant in an exhaust
air sample from the source population over the 21-day
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study period was tested for significance by Chi-square
analysis. A backwards stepwise multivariate logistic
regression procedure was used to identify significant
independent meteorological (numerical) variables that
encouraged or impeded the risk of long-distance transport
of PRRSV or M hyo using p< 0.05 as a cutoff.

2. Results

2.1. Summary of clinical and diagnostic data from the source

population

On day 0 PI, 27 cases of clinical respiratory disease were
identified in the 252 pigs in the source population using
the previously described scoring system and the pre-
valence of PRRSV and M hyo antibodies was 93% and 83%,
respectively. Four of the 30 (13.3%) sera were positive for
PRRSV RNA and 2 of the 30 (6.6%) nasal swabs were
positive for M hyo DNA. Sequencing indicated the presence
of PRRSV 1-8-4 in sera and M hyo 232 in nasal swabs.
PRRSV 1-8-4 and M hyo 232 were also confirmed in the day
0 air sample collected from a designated exhaust fan in the
source population facility. Following the introduction of
the new variants, the daily number of clinical cases of
respiratory disease in the source population increased,
peaking at 82 cases observed within the source population
on day 10 PI. The daily case load decreased over time to 71
cases (day 21 PI), as source population mortality increased.
A total of 40 source population pigs died and 10 were
necropsied. Gross lesions of enzootic pneumonia, Glasser’s
disease and PRRS were observed with PRRSV 1-8-4
detected in pulmonary and lymphoid tissues from all 10
pigs. On day 21 PI the prevalence estimate was repeated
and 26 of 30 (87%) sampled animals from the source
population were seropositive to both PRRSV and M hyo.
Nine of the 30 sera (30%) were positive for PRRSV RNA and
PRRSV 1-8-4 was present in all cases. M hyo 232 was
detected in 4 of the 30 (13%) nasal swabs.

2.2. Summary of clinical and diagnostic data from the

experimentally inoculated groups

All samples collected from the 50 naı̈ve pigs upon entry
to the facility were negative for PRRSV and M hyo. By day 7
PI, clinical respiratory disease was observed in pigs
inoculated with either PRRSV 1-18-2 or 1-26-2. PRRSV
was detected in sera from 10 of 10 pigs in the pen 4 virus
group and 5 of 5 direct contact controls. Sequencing of
samples from 3 designated pigs (numbers 1001, 1009 and
1010) and the 5 direct contacts indicated the presence of
PRRSV 1-18-2 in all samples (Table 2). Similar clinical signs
were observed in pen 8 on day 7 PI and PRRSV was detected
in sera from the 10 inoculated animals in the pen 8 virus
group and the 5 direct contacts. Sequencing of samples
from 3 designated pigs (numbers 1013, 1014 and 1017)
from the pen 8 virus group and the 5 direct contacts
indicated the presence of PRRSV 1-26-2 in all cases
(Table 2). On day 14 PI, PRRSV 1-18-2 was detectable in
pigs 1001, 1009 and 1010 from pen 4; however, PRRSV 1-8-
4 was detected in 2 of the pen 4 direct contacts. In pen 8,

however, PRRSV 1-8-4 was present in pig 1013 as well as in
3 direct contacts (Table 2). On day 21 PI, PRRSV 1-8-4 was
detected in all pigs in the pen 4 and pen 8 virus groups and
direct contacts (Table 2). In regards to the prior exposure
groups, across all 3 sampling days only PRRSV 1-8-4 was
detected (Table 2). Eight of the 50 pigs inoculated with
PRRSV 1-18-2 or 1-26-2 died and 4 were necropsied. All 4
displayed gross lesions of enzootic pneumonia, Glasser’s
disease and PRRS with PRRSV 1-8-4 detected in all
lymphoid and pulmonary samples.

2.3. Summary of air sampling

A total of 135 air samples were collected across the 21-
day study period, representing 68 h of sampling time.
Twenty-one samples were collected from the designated
source population exhaust fan and 21 of 21 (100%) were
PRRSV-positive while 8 (38%) were M hyo-positive
(Table 3). Sequencing of the exhaust air samples over
the 21-day period indicated a significant difference

Table 2

Change in PRRSV status of sequentially tested pigs from the virus group,

the direct contact controls and the previously exposed group in pens 4

and 8 during the 21-day study period. Data highlighted in red indicate the

first detection of PRRSV 1-8-4 in the virus groups and/or the direct contact

groups that had been initially inoculated or infected with PRRSV 1-18-2 or

1-26-2.

Pig IDa Day 7 PIb Day 14 PIb Day 21 PIb

Pen 4

V-1001c 1-18-2d 1-18-2 1-8-4d

V-1009 1-18-2 1-18-2 1-8-4

V-1010 1-18-2 1-18-2 1-8-4

DC-1e 1-18-2 1-18-2 1-8-4

DC-2 1-18-2 1-8-4 1-8-4

DC-3 1-18-2 1-18-2 1-8-4

DC-4 1-18-2 1-18-2 1-8-4

DC-5 1-18-2 1-8-4 1-8-4

PEx-1f 1-8-4 1-8-4 1-8-4

PEx-2 1-8-4 1-8-4 1-8-4

PEx-3 neg neg neg

Pen 8

V-1013c 1-26-2d 1-8-4 1-8-4

V-1014 1-26-2 1-26-2 1-8-4

V-1017 1-26-2 1-26-2 1-8-4

DC-1e 1-26-2 1-26-2 1-8-4

DC-2 1-26-2 1-8-4 1-8-4

DC-3 1-26-2 1-8-4 1-8-4

DC-4 1-26-2 1-26-2 1-8-4

DC-5 1-26-2 1-26-2 1-8-4

PEx-1f 1-8-4 1-8-4 1-8-4

PEx-2 neg 1-8-4 1-8-4

PEx-3 1-8-4 1-8-4 1-8-4
a Pig identification.
b Sampling dates post-inoculation of the pigs in the virus group with

PRRSV 1-18-2 (pen 4) or 1-26-2 (pen 8).
c Pigs from the virus group in each pen that were sequentially following

day 0 inoculation with PRRSV 1-18-2 or 1-26-2.
d Results of nucleic acid sequencing of a PRRSV PCR-positive serum

sample.
e Direct contact control pigs from pen 4 or 8.
f Prior exposure pigs, selected from the original PRRSV 1-8-4 infected

source population and co-mingled with inoculated pigs in pens 4 and 8.
(p< 0.0005) in the number of days in which PRRSV 1-8-
PRRSV 1-26-2 was detected in pigs 1014 and 1017;
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as detected in exhaust air (18 of 21 days) as compared
he number days in which PRRSV 1-18-2 was detected (3
1 days). The mean quantity of infectious virus across all
samples was 9.3� 104 TCID50/mL, with a median of
� 104 TCID50/mL and a range of 1.0� 101 TCID50/mL to
� 105 TCID50/mL. Of the 114 long-distance air samples
ected over the 21-day period, 5 (4.4%) were PRRSV PCR-
itive. These samples were recovered on day 2 PI (6:30–
0 AM and 8:00–8:30 AM), day 14 PI (7:45–8:15 AM)

day 19 PI (10:00–10:30 AM). Positive samples were
overed at 2.3 km (n = 2), 4.6, 6.6 and 9.1 km from the
rce population facility (Fig. 3). Phylogenetic analysis of

5 sequences indicated a high degree of homology
9.2) between the PRRSV 1-8-4 variants detected in the
ng-distance air samples, in exhausted air and in sera

source population animals. Of the 114 long-distance
samples collected, 6 (5.3%) were M hyo PCR-positive.
se samples were recovered on day 5 PI (7:00–7:30 AM

8:00–8:30 AM), day 7 PI (7:00–7:30 AM), day 20
0–8:30 AM) and day 21 (5:30–6:00 AM and 6:30–7:00

). Positive samples were recovered at 3.5, 4.6, 5.2, 6.8,
and 9.2 km (Fig. 4). Phylogenetic analysis indicated a

high degree of homology (99.9%) to M hyo 232 detected in
long-distance air samples, exhaust air samples and nasal
swabs from source population animals.

2.4. Summary of viability of PRRSV and M hyo in long-

distance air samples

The viability of both agents was confirmed by swine
bioassay. In regards to PRRSV, the presence of infectious
virus was confirmed in all 5 long-distance air samples
based on detection of PRRSV RNA on days 7 and 14 PI and
PRRSV antibodies on day 14 PI in the 5 bioassay pigs. In
regards to M hyo, coughing was observed in 1 pig
inoculated intratracheally with a 3.5 km air sample on
day 8 PI and on day 9 PI in 2 other pigs inoculated with the
6.8 km sample and the 9.2 km sample. M hyo DNA was
detected in nasal swabs from all 3 coughing pigs on day 14
PI and M hyo antibodies were detected in sera collected on
day 25 PI. Macroscopic and microscopic lesions suggestive
of Mycoplasma hyopneumoniae infection were observed in
all 3 pigs when necropsied at 25 days PI. Specifically,
cranial-ventral consolidation was noted in the cranial,

le 3

mary of pathogens detected in exhaust air from the source population and long-distance air samples in relationship to individual study day. PRRSV

s are expressed in units of TCID50/mL. Long-distance air samples highlighted in red contained either infectious PRRSV or M hyo as determined by swine

ssay.

y Pathogens present

in exhaust air

PRRSV titer

in exhaust air

Pathogens present

in long-distance air

Distance from source

population (km)

PRRSV titer in

long-distance air

PRRSV 1-8-4 1.8� 103 Negative

PRRSV 1-8-4 6.8� 104 PRRSV 1-8-4 9.1 4.2� 101

M hyo 232 PRRSV 1-8-4 2.3 1.7� 103

PRRSV 1-8-4 2.5� 103

M hyo 232 Negative

PRRSV 1-8-4 1.8� 103

M hyo 232 Negative

PRRSV 1-8-4 6.3� 105 M hyo 232 6.8

M hyo 232 M hyo 232 3.5

PRRSV 1-8-4 5.6� 103

M hyo 232 Negative

PRRSV 1-8-4 3.6� 105

M hyo 232 M hyo 232 9.1

PRRSV 1-18-2 1.0� 102 Negative

PRRSV 1-18-2 1.5� 101 Negative

PRRSV 1-8-4 1.0� 104 Negative

PRRSV 1-8-4 1.0� 104 Negative

PRRSV 1-8-4 2.5� 105 Negative

PRRSV 1-18-2 5.0� 101 Negative

PRRSV 1-8-4 3.2� 104 PRRSV 1-8-4 6.6 6.0� 101

PRRSV 1-8-4 2.3 1.0� 103

PRRSV 1-8-4 8.2� 104 Negative

PRRSV 1-8-4 3.2� 104 negative

PRRSV 1-8-4 2.6� 105 Negative

PRRSV 1-8-4 5.6� 104 Negative

PRRSV 1-8-4 2.5� 103 PRRSV 1-8-4 4.6 3.1� 102

PRRSV 1-8-4 3.2� 103

M hyo 232 M hyo 232 9.2

PRRSV 1-8-4 1.8� 104

M hyo 232 M hyo 232 4.6

M hyo 232 5.2
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Fig. 3. Arial map depicting the location of the sampling points where the 5 PRRSV-positive air samples were recovered in relationship to the source

population. All 5 samples contained infectious virus as determined by swine bioassay. Titers of infectious PRRSV (expressed in units of TCID50/mL) present

in each of the 5 samples are noted at each of the 5 collection points.

Fig. 4. Arial map depicting the location of sampling points where the 6 M hyo-positive air samples were recovered in relationship to the source population.

The samples collected at 3.5, 6.8 and 9.2 km from the source population contained infectious M hyo as determined by swine bioassay.
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dle and accessory lobes of the lungs along with
roscopic evidence of bronchopneumonia with lym-
cytic peribronchitis. Tracheal and bronchial swabs

re positive for M hyo DNA by PCR in all 3 pigs and
logenetic analysis indicated a high degree of homology
.9%) to M hyo 232.

Summary of controls

Positive control air samples were PCR-positive across
concentrations of PRRSV tested while negative control

samples (saline only) were PCR-negative. Air samples
ected from the enclosed cab of the vehicle prior to daily
pling were PRRSV and M hyo PCR-negative, as were all
ls of swabs collected from the cab surfaces. All air and
b samples from the vehicle cab prior to daily sampling

re PRRSV and M hyo PCR-negative. Swabs of the cab
faces and the sanitized cyclonic collector between
plings were PCR-negative.

Summary and analysis of meteorological data

Due to sample size limitations, backwards stepwise
istic regression analysis was unable to identify variables
significant predictors of long-distance transport of
SV and M hyo. However, 3 predictive values were

ntified as trending towards significance, including
an barometric pressure in hectoPascals (OR = 1.46,
0.057), minimum temperature in C0 (OR = 1.80,
0.59), and maximum gust velocity in m/s (OR = 3.00,
0.074). These data indicated that the odds of detecting
SV or M hyo in a long-distance air sample increased by
, 80% and 200% with each unit increase in mean

ometric pressure, minimum temperature and max-
m gust velocity, respectively.

iscussion

The objectives of this study were to determine whether
orne transport of multiple variants of PRRSV and M hyo

ld occur beyond 4.7 km and to evaluate whether these
hogens were infectious in air samples following long-
ance transport. In an effort to fulfill these objectives, we
mpted to replicate clinical conditions observed in the

d through the use of a unique experimental model
sisting of a mixed infection of 3 heterologous PRRSV
iants and Mycoplasma hyopneumoniae in a population of
wing pigs. In regards to the first objective, our data
rly support the fact that long-distance airborne
sport of a specific variant of PRRSV (PRRSV 1-8-4)

M hyo 232 can occur out to 9.1 and 9.2 km,
pectively. These results are the first confirmed evidence
irborne transport of these pathogens over this distance,
reby not only validating, but exceeding, data from our
vious report (Dee et al., 2009). The origin of these
hogens was confirmed to be the source population,
ed on the fact that the PRRSV 1-8-4 RNA and M hyo 232
A present in long-distance air samples was homologous
hat found in experimentally inoculated animals and in
austed air. To support this conclusion, there were no
er swine facilities within 16 km of our source popula-

tion facility and no other sources of contamination, such as
the application of slurry or transport of pigs occurred in the
area during the sampling period. Finally, the quantity of
infectious PRRSV was determined by virus titration in all 5
samples. We elected not to express this value in units of
TCID50/mL of collection fluid rather than in units equating
to the volume of air collected, as we had no accurate means
of measuring this latter parameter.

Our model also allowed us to evaluate whether 2 newly
emerged variants of PRRSV could travel long distances via
aerosols. In contrast to what we observed with PRRSV 1-8-
4, long-distance airborne transport was not observed with
PRRSV 1-18-2 or 1-26-2 and little evidence of either
variant was detected in blood, tissues or exhaust air
samples during the final days of the study. While only a
subset of the animals was tested, this was a surprising
observation since field reports suggested that both
variants were capable of long-distance airborne spread.
One explanation may have been that since the source
population had been exposed to PRRSV 1-8-4 for a 3-year
period, existing herd immunity may have suppressed
replication of the new viruses. However, had the study
period exceeded 21 days, the new variants may have been
able to establish themselves more efficiently within the
population. In addition, prior to inoculation the new
variants had underwent 4 passages in cell cultures which
may have reduced their ability to compete with PRRSV 1-8-
4 that had been replicating in live animals for extended
periods. Furthermore, the use of PCR assays designed using
strain-specific primers may have improved detection of
the different variants since the TaqMan PCR assay is based
on a highly conserved region (ORF 6) of the viral genome.
The PCR assay used in the study is not designed to
differentiate between US variants and if the newly
introduced variants were present in lower concentrations
that the PRRSV 1-8-4, it is possible that only the dominant
variant could have been detected (K. Rossow, personal
communication, March 2010). Therefore, due to all the
aforementioned factors, no final conclusions can be drawn
regarding the long-distance capability of PRRSV 1-26-2 or
1-18-2 until further studies designed to deal with these
issues can be conducted.

In regards to the second objective, we used a modified
swine bioassay procedure in combination with multiple
diagnostic measures to prove the presence of infectious
PRRSV and M hyo in long-distance air samples. To our
knowledge, this is the first report providing evidence of
infectious PRRSV and M hyo in air samples collected out to
9 km from an infected source. However, due to the inability
to house susceptible animals throughout the sampling
region, we can only report evidence of pathogen transport,
not transmission. In addition, our novel approach to assess
the viability of M hyo in clinical samples had not been
previously described. While this obviously requires further
validation, this is an important first step in developing a
means to assess the viability of M hyo in clinical samples
without having to culture the agent.

Clearly, the transport of infectious pathogens in aerosol
plumes over distances of such magnitude is both a
significant and surprising event. Successful reproduction
of this biological phenomenon was a very difficult and
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costly procedure. Several factors may have acted in concert
to influence this outcome, including the impact of the
resident viral variant (PRRSV 1-8-4), co-infection with M

hyo, the effect of the 2 new PRRSV variants and key
meteorological events. Some or all of these factors could
have elevated the level of clinical respiratory disease and
the frequency of pathogen shedding in the source
population, resulting in the transport of pathogen-laden
aerosol plumes over long distances. The authors would like
to emphasize that over the past 3 years in which the SDEC
production region model has been infected with PRRSV 1-
8-4 or PRRSV 1-8-4 plus M hyo, the intensity of clinical
respiratory disease observed in the source population
during the 21-day study period along with the regularity of
shedding of pathogen-positive bioaerosols had never been
observed (Dee et al., 2009; Pitkin et al., 2009). While this
study was not designed to address each factor individually
or collectively, there are published data that support their
respective effects. For example, co-infection with M hyo

has proven to potentiate the clinical effect of PRRSV and
enhance aerosol shedding (Thacker et al., 1999; Cho et al.,
2007). The ability of PRRSV 1-8-4 to travel shorter
distances via the airborne route has been reported (Dee
et al., 2009) and its infectious dose (ID50) in aerosols is
known to be very low (<1 log) (Cutler et al., 2009). While
the role of the new PRRSV variants is unknown at this time,
one could hypothesize that a mixed infection of hetero-
logous variants may have resulted in the amplification of
the resident virus, resulting in the exacerbation of clinical
disease and shedding, a phenomenon that has been
described with bovine viral diarrhea virus (Loehr et al.,
1998).

Other potential co-factors for the long-distance air-
borne spread of both agents were the specific meteor-
ological conditions present on the days when long-
distance airborne transport occurred, although due to
sample size limitations, no conclusions can be drawn at
this time. However, while not significant at p< 0.05, the
trends observed in the analysis are interesting; particularly
the potential positive effect that increasing gust velocity
could have on long-distance pathogen transport. This
observation is in agreement with previous studies (Light-
hart and Mohr, 1987; Dee et al., 2009) and could clearly
enhance viability of both an enveloped virus and a
bacterium which packs a lipid-rich cell wall; however,
further studies involving larger sample sizes are needed
before any conclusions can be drawn. These data also
support previous work describing the phenomenon of
pathogen dispersion and/or die-off during airborne trans-
port over distance (Lighthart and Mohr, 1987). In our
study, the difference in the concentration of infectious
PRRSV observed in exhausted air from the source popula-
tion facility (approximately 4 logs) versus the amount
recovered from air samples collected at long distances
from the facility (approximately 1–2 logs) is clearly in
agreement with this conclusion. In conjunction with this
finding, it must noted that our sampling region was
extremely flat, with virtually no difference in the elevation
of the source population site (313 m above sea level) as
compared to the range in elevation across the collection

315 m). Therefore, similar findings may not have occurred
in areas with differing topography, i.e. dense woodlands or
elevated terrain. Finally, despite the effects of dispersion
and die-off over distance, the fact that the ID50 of PRRSV-1-
8-4 in aerosols has been documented to be 1 log or less2

supports the infectivity and potentially transmissibility of
this variant in the 5 long-distance air samples recovered
during our study.

In conclusion, the information generated from this
study provided further insight into the aerobiology of 2
very important respiratory pathogens of pigs. These new
data have the potential to improve the predictive
capability of mathematical models used to estimate the
risk of aerosol transmission of these pathogens, the end
result being the delivery of more accurate information
regarding where to build new farms or whether to install
air filtration systems to reduce airborne risk. Whether
either agent could have been transported over greater
distances than those reported here cannot be answered at
this time; however, future studies involving larger sample
sizes, longer sampling distances and extended sampling
periods may help to answer this question. It is hoped that
this new information will assist swine veterinarians in the
development of sustainable area/regional programs for the
control and eventual eradication of these economically
significant diseases of pigs.
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