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Abstract

Airborne transmission ofActinobacillus pleuropneumoniae was studied as the percentage of air needed to establish airborne
transmission from an infected pig unit into a neighbouring non-infected pig unit. The experiment was carried out in two containers
constructed as pig units, placed 1 m apart and connected by pipes. By manipulating the air pressure in the two units, the amount of
ventilation air transferred from the infected pigs (unit A) to the non-infected pigs (unit B) was controlled and measured. In three
experiments, between 48 and 50 specific pathogen free-pigs were randomly assigned to each of the two units. In unit A, five pigs
(experiment 1) or eight pigs (experiments 2 and 3) were inoculated withA. pleuropneumoniae serotype 2. In experiments 1 and
3, 10% of the air was transferred from unit A to B; in experiment 2, 70% of the air was transferred. In the non-infected unit (B),
36% of the pigs seroconverted during experiment 2 (70% air transfer), whereas none of the pigs seroconverted in experiments 1
and 3 (10% air transfer).

As air transmission between closely located pig units has been estimated to be less than 2% under field conditions, these
results indicate that airborne transmission ofA. pleuropneumoniae serotype 2 between closely located pig units is rare.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Airborne transmission of swine diseases is a risk
to herds (e.g. specific pathogen free-herds) and
countries that are free from specific pathogens. Epi-
demiological investigations have indicated airborne
transmission over short distances forActinobacillus
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pleuropneumoniae serotype 2 (Fussing et al., 1998;
Zhuang, 2002) and A. pleuropneumoniae serotype
1 (Desrosiers and Moore, 1998). In experimental
studies, airborne transmission ofA. pleuropneumo-
niae serotype 1 has been demonstrated over 1 m
(Tomorremorell et al., 1997) and A. pleuropneumo-
niae serotype 9 over 2.5 m (Jobert et al., 2000).

To break the chain of infection, multi-site systems
are being established, but designing them efficiently
requires more precise information concerning airborne
transmission risks. Trace gas measurements in a pro-
duction facility containing 360 sows and 2500 grow-
ing pigs kept in 20 different rooms indicated that only
a few percent—and often less—of the air in a pig
room can be expected to originate from the air out-
let of a neighbouring pig room (Bjerg, 2000). In the
facility used the 20 pig rooms were located in two
approximately 100 m long parallel buildings. The dis-
tance between buildings were 5 m and most of the
rooms were equipped with under pressure mechani-
cal ventilations systems including wall inlet and ex-
hausts through the roof. However, the actual percent-
age of air from an infected pig house needed to es-
tablish airborne transmission to a neighbouring pig
house has not been established, making it difficult to
calculate risks. This paper tries to fill this gap, by
demonstrating airborne transmission ofA. pleurop-
neumoniae between two “container pig units”, with a
controlled amount of air transferred between the two
units.

2. Materials and methods

2.1. Air transmission model

In the experiments, two identical containers were
constructed as “pig units” (units A and B). The units
were placed 1 m apart and connected by pipes. In unit
A, air pressure was increased by a ventilator mounted
in a gable, which blew fresh air through four adjustable
valves into the room. Exhaust air was pushed through
a stack in the roof to the outside. In unit B, air pres-
sure was decreased by a ventilator mounted in a stack
in the roof, which transported the exhaust air to the
outside. Air was sucked into the room through four
valves. Thus, the air pressure in unit A was always
higher than the air pressure in unit B, leading to air

transfer from unit A to B through the pipes. The vol-
ume of air transferred through the pipes depended on
the number and diameter of the pipes and on the pres-
sure difference between two units. Thus, to maintain a
particular rate of air transfer, orifices with appropriate
diameters were mounted in the pipes. The fan system,
the valves situated at the different openings, and the
pipes were calibrated before the start of the experi-
ment. The pressure differences (necessary for calcu-
lating the amount of air transferred) were measured
every 10 min during the experiments. Outside temper-
ature and humidity were measured daily.

The pig units were 2.5 m×9.5 m each and consisted
of two rooms. Entering was through the first room
(2.5 m × 2.5 m), where clothes were changed. The
remaining part were one room, which was 23.8 m2,
housing the pigs on slatted plastic floor.

Transmission of infection by personnel was pre-
vented by biosecurity measures, i.e. changing clothes
before entering both units, using disposable gloves
and masks and covering hair, nose and mouth. A 24-h
pig contact quarantine was established before entering
the units, within which a shower had to be taken and
clothes changed. Unit A (the infected unit) could be
visited directly after visiting unit B (the non-infected
unit), but not vice versa.

2.2. Experimental design

Three experiments were performed with pigs ob-
tained from a specific pathogen-free herd free from
all serotypes ofA. pleuropneumoniae, toxigenicPas-
teurella multocida, Mycoplasma hyopneumoniae and
porcine reproductive and respiratory syndrome virus.
Experiments 1 and 2 used 50 pigs; experiment 3 used
48. In all experiments, pigs were randomly assigned
to units A and B, with an equal number in each.

On the day of arrival (day 0), pigs were weighed
(Table 1) and marked with individual ear tags. Blood
samples were taken from each animal. A number of
pigs in unit A were then inoculated withA. pleurop-
neumoniae serotype 2 (Table 1). Weekly blood sam-
ples were then taken from each animal, six times in to-
tal during experiment 1 and five times in experiments
2 and 3. In all three experiments, clinical observa-
tions were recorded throughout. Experiment 1 lasted
35 days, while experiments 2 and 3 lasted 28 days
due to lameness in a number of pigs. Water and feed
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Table 1
Number of pigs inoculated, inoculation dose, duration of experiments, air transferred and mean weight of pigs at the beginning of the
experiments conducted to study airborne transmission withA. pleuropneumoniae serotype 2

Experiment

1 2 3

Number of pigs in unit B 25 25 24
Number of pigs not inoculated in unit A 20 17 16
Number of pigs inoculated in unit A 3/2a 8 8
CFU/ml 0.6× 105/1.0 × 106 a 1.7 × 109 0.6 × 109

Dose (ml) 2 2 2
Duration of experiment (weeks) 5 4 4
Amount of air transferred from unit A to B (%) 10 70 10
Mean weight of pigs at the start of experiment 28.2 38.4 23.4
Stocking density (pigs/m2) 0.95 0.95 0.99

a Three pigs were inoculated with 0.6 × 105 and two pigs were inoculated with 1.0 × 106.

without addition of antibiotics were offered ad libitum
throughout the experiments.

2.3. Bacterial strains and inoculation

A. pleuropneumoniae serotype 2 strain 4226, iso-
lated from a field case of pleuropneumonia in Den-
mark, was used for inoculation (Nielsen, 1979). The
strain was cultivated overnight at 37◦C in atmospheric
air on PPLO agar (Nicolet, 1971). In experiment 1,
the colonies from the PPLO agar were suspended in
0.9% saline and the concentration adjusted to Mc-
Farland standard 1. In experiments 2 and 3, colonies
from the PPLO agar were suspended in 0.9% saline
and the concentration adjusted to McFarland standard
10. The McFarland 10 suspensions were diluted 1:1
with brain heart infusion-broth containing 0.1% NAD
(Angen and Jorsal, 2002). Bacterial counts of the sus-
pensions were performed at the time of the start of the
inoculation.

The inoculation was performed in unit A on day 0
by holding the pigs in an upright sitting position and
dripping the solution into the nostrils during inspira-
tion. The number of pigs and inoculation doses are
shown inTable 1.

2.4. Clinical observation and post mortem
examination

Clinical signs of depression, dyspnea, cough,
cyanosis, nasal discharge or foaming were recorded.
Rectal temperature was measured for pigs with clin-

ical signs. Observations were performed three times
daily (every 8 h) for the first 7 days after inoculation,
and then daily for the rest of the experiment. Number
of coughs during a 2 min period, where the pigs was
prevented from lying down, was recorded daily.

In experiment 1, post mortem examinations were
performed on two inoculated pigs in unit A (one pig
on day 4, the other on day 35) to confirm inocula-
tion. In experiment 2, eight post mortem examina-
tions were performed at the end of the experiment
(day 28) to confirm the spread of infection (five pigs
from unit A, three from unit B). All pigs euthanised
during the study were autopsied. Lesions were cate-
gorised as fibrinous pleuritis (FP), fibrinous pericardi-
tis (FPE), chronic pleuropneumonia (CPP) and acute
pleuropneumonia (APP).

2.5. Serological and bacteriological analysis

Blood samples were obtained from the anterior
vena cava by venepuncture. Serum was harvested
by centrifugation of the blood samples for 10 min
at 3000 rpm. The serum samples were analysed for
antibodies againstA. pleuropneumoniae serotype 2,
measured as OD%, in a blocking ELISA (Nielsen
et al., 1991).

At post mortem examination, cultivation was per-
formed from tonsil samples on selective blood agar
plates (Jacobsen and Nielsen, 1995) and from lung
tissue samples on PPLO agar (Nicolet, 1971). The
plates were incubated in 16 h at 36◦C in atmospheric
air and inspected for growth ofA. pleuropneumoniae.
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Serotype identification was performed using latex ag-
glutination (Giese et al., 1993).

3. Results

3.1. Air transmission model

The percentage of air transferred from unit A to B
was on average 10% (S.D. 4%) for experiment 1, and
73% (S.D. 21%) for experiment 2. Although technical
problems prevented measurements in experiment 3,
the settings were the same as in experiment 1 (10%).

The average outside temperature (minimum–
maximum) for each experiment were: experiment
1, 15.7◦C (10.6–22.1◦C); experiment 2, 7.5◦C
(4.3–10.5◦C); experiment 3, 12.1◦C (8.4–15.9◦C).
The average outside relative humidity (minimum–
maximum for each experiment were: experiment 1,
72% (62–82%); experiment 2, 89% (84–93%); exper-
iment 3, 86% (84–89%).

3.2. Clinical observation

No pigs showed clinical signs of dyspnea, cyanosis,
nasal discharge or foaming during the three experi-
ments. Generally, the level and intensity of coughing
was low in all experiments; the individual observations
where pigs were observed coughing were: experiment
1, A: 4, B: 0; experiment 3, A: 10, B: 0; experiment
2, A: 8, B: 4. The number of coughs recorded, during
a 2 min period in unit A, are shown inFig. 1. In unit
B, pigs were only observed to cough on one occasion,
on day 6 in experiment 2. In unit A, coughing was
observed from day 4 to 5 following inoculation in ex-
periments 2 and 3, and from day 19 in experiment 1.

3.3. Post mortem examination

In experiment 1, post mortem examination and cul-
tivation from lungs and tonsils were performed on two
pigs from unit A to confirm successful inoculation,
and on two pigs from unit B to determine whether
observed respiratory symptoms could be due to infec-
tion. Lung lesions were only found in one of the pigs
in unit A (Table 2).

In experiment 2, one pig from unit A was euthanised
due to lameness and eight pigs were euthanised at the

Fig. 1. Number of coughs recorded in unit A during a 2 min period
for each day since inoculation for the three experiments conducted
to demonstrate airborne transmission ofA. pleuropneumoniae.

end of the experiment to confirm spread of infection.
No lesions were found in the lame pig, but pathological
lesions were found in all eight pigs euthanised in the
end. Culturing forA. pleuropneumoniae serotype 2
from the lungs was positive in four pigs (of which three
were from unit B) and tonsil culturing was positive in
one pig (Table 2).

In the last experiment, 13 pigs were euthanised due
to lameness. The results of post mortem examinations
and cultivations are shown inTable 2.

3.4. Serological analysis

Of the pigs in unit A (the infected unit), 8 serocon-
verted (of which 3 were inoculated) in experiment 1,
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Table 2
Results from post mortem examinations and cultivations from lungs and tonsils conducted during the three experiments

Unit Day Inoculated Seroconverted Pathological lesions
in the lungs

Cultivation from
the lungs

Cultivation from
the tonsils

Experiment 1
A 4 + − − + −
B 19 − − − − −
B 19 − − − − −
A 35 + + FPa, CPPb + −

Experiment 2
A 2 − − − − −
A 28 + + FP, CPP − −
A 28 + + FP, FPEc, CPP − −
A 28 − + FP − −
A 28 − + FP, FPE, CPP − +
A 28 − + FP, FPE, CPP + −
B 28 − + FP, FPE, CPP + −
B 28 − + FP, CPP + −
B 28 − + FP, CPP + −

Experiment 3
A 3 − − − − −
A 7 + + CPP + −
B 10 − − − − −
B 10 − − Focal, catarrhal

bronchopneumoniad
− −

A 12 + − CCP + −
B 13 − − − NDe ND
A 15 − + − − −
B 15 − − − − −
B 15 − − − − −
A 17 − + FP, FPE, CPP + −
B 18 − − − − −
A 25 − + − ND ND
A 25 − + FP ND ND

a Fibrinous pleuritis.
b Chronic pleuropneumonia.
c Fibrinous pericarditis.
d Bacteria andMycoplasma could not be isolated by cultivation.
e Not done.

23 (of which 8 were inoculated) in experiment 2 and
23 (of which 8 were inoculated) in experiment 3. Of
the pigs in unit B, none seroconverted in the two ex-
periments at 10% air transfer (experiments 1 and 3)
and 9 seroconverted in the 70% air transfer condition
(experiment 2).

4. Discussion

High rates of airborne transmission ofA. pleurop-
neumoniae serotype 1 and 9, respectively, have been

demonstrated in experimental models (Tomorremorell
et al., 1997; Jobert et al., 2000). These findings are in
accordance with the results of our experiment 2. The
presence of airborneA. pleuropneumoniae has been
documented by PCR in air samples from convential
pig herds (Nielsen et al., 2000) and airborne trans-
mission within pig units is therefore possible. Indirect
evidence of airborne transmission between herds has
been found in epidemiological studies when investi-
gating herds previously free ofA. pleuropneumoniae
(Desrosiers and Moore, 1998; Fussing et al., 1998;
Zhuang, 2002). In this type of study, however, it is
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difficult to distinguish between airborne transmission
and neighbourhood transmission by vectors other than
air.

In the present experiment, clinical signs of pneu-
monia were mild even in inoculated pigs. Few coughs
were observed (these were mainly in unit A, contain-
ing the inoculated pigs and direct contact animals). In
accordance with seroconversion results more cough-
ing was observed in experiments 2 and 3, compared
to experiment 1 (Fig. 1). Field observations confirm
that infection and seroconversion often occurs with-
out clinical sign of disease (e.g.Maese et al., 2001).
Similarly slight clinical signs have been observed in
infection experiments (Sørensen, 1997). In the present
study it was somewhat surprising that severe clinical
cases were not observed since the experimental pigs
were exposed to 2 ml >0.6×105 CFU/ml and were im-
munologically naive toA. pleuropneumoniae. The in-
oculum strain 4226 ofA. pleuropneumoniae serotype
2 has previously been used byJacobsen et al. (1996)
who found severe clinical symptoms and pathological
lesions after aerosol exposure to 1× 104 CFU/ml of
the strain, but not after 1× 102 CFU/ml. In both ex-
periments 30 ml per pig were used. LikewiseAngen
and Jorsal (2002)found pathological lesions and iso-
latedA. pleuropneumoniae from lungs, after intranasal
inoculation of eight pigs with 2 ml per pig of a sus-
pension of 1.2× 108 to 2.4× 1010 CFU/ml. Sørensen
(1997), who aerosol exposed 24 pigs with a low dose
of A. pleuropneumoniae strain 4226 (1×104 CFU/ml,
20 ml per pig) observed very mild clinical signs and
only six pigs seroconverting after 5 weeks. These find-
ings indicate that the strain 4226 ofA. pleuropneu-
moniae serotype 2 used is highly virulent at doses
>1 × 108 when used intranasal and >1× 104 (30 ml)
when used as aerosol. The lower dose required, when
using aerosol inoculation, might be due to a higher
number of bacteria reaching the lungs.

Experimental infection was performed withA. pleu-
ropneumoniae serotype 2 and therefore the results do
not necessarily apply to other serotypes or to other
strains with a different virulence. Other factors than
the amount of air transmitted between the containers
might have influences on the outcome of the experi-
ments, e.g. the weight of pigs, the number of pigs inoc-
ulated as well as the inoculation dose and the duration
of the experiment. The experiments performed might
also show difference from “real-life” transmission be-

tween buildings and swine herds, e.g. in temperature,
humidity and UV-light.

Airborne transmission ofA. pleuropneumoniae was
observed when 70% of the ventilation air in a pig unit
containingA. pleuropneumoniae serotype 2 inoculated
pigs, was transferred to an uninfected pig unit. No
transmission ofA. pleuropneumoniae was observed
in two experiments with transfer of 10% of ventila-
tion air although the observation period was relatively
long (4–5 weeks) and the pig density and pig numbers
were relatively high. These results indicate that air-
borne transmission ofA. pleuropneumoniae is a rare
event in situations where 10% of ventilation air origi-
nates from a pig unit with infected pigs. This, together
with trace gas experiments, which have shown that less
than 2% of the intake in a downwind pig room may
originate from the exhaust of other pig rooms (Bjerg,
2000), indicates that airborne transmission ofA. pleu-
ropneumoniae serotype 2 between closely placed units
is probably a rare event.
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