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Streptococcus suis is an important swine pathogen that can cause septicemia, meningitis, and pneumonia. Also recognized as an
emerging zoonotic agent, it is responsible for outbreaks of human infections in Asian countries. Serotype 2 is the predominant
isolate from diseased animals and humans. The aerosolization of S. suis in the air of swine confinement buildings (SCB) was
studied. The presence of S. suis in bioaerosols was monitored in SCB where cases of infection had been reported and in healthy
SCB without reported infections. Using a quantitative-PCR (qPCR) method, we determined the total number of bacteria (1 �
108 to 2 � 108 airborne/m3), total number of S. suis bacteria (4 � 105 to 10 � 105 airborne/m3), and number of S. suis serotype 2
and 1/2 bacteria (1 � 103 to 30 � 103 airborne/m3) present in the air. S. suis serotypes 2 and 1/2 were detected in the air of all
growing/finishing SCB that had documented cases of S. suis infection and in 50% of healthy SCB. The total number of bacteria
and total numbers of S. suis and S. suis serotype 2 and 1/2 bacteria were monitored in one positive SCB during a 5-week period,
and it was shown that the aerosolized S. suis serotypes 2 and 1/2 remain airborne for a prolonged period. When the effect of
aerosolization on S. suis was observed, the percentage of intact S. suis bacteria (showing cell membrane integrity) in the air
might have been up to 13%. Finally S. suis was found in nasal swabs from 14 out of 21 healthy finishing-SCB workers, suggesting
significant exposure to the pathogen. This report provides a better understanding of the aerosolization, prevalence, and persis-
tence of S. suis in SCB.

Bioaerosols are commonly defined as aerosolized particles with
a biological component. These particles can contain any type

of microorganism and are dispersed into the air by a variety of
abiotic and biotic mechanisms. In swine confinement buildings
(SCB), the air quality is of utmost importance. The swine and their
movements release large quantities of airborne contaminants,
such as odorous compounds, organic dust, and microorganisms
(1, 2). Given that airborne microorganisms and their components
may be hazardous, studies on air quality in SCB are fully justified
(3–6). Bioaerosols in SCB are composed of microorganisms (e.g.,
bacteria, viruses, archaea, yeasts, and molds) and their compo-
nents (e.g., endotoxins and mycotoxins), animal proteins, litter,
food, fecal matter, urine, and soil (7). Moreover, Cambra-Lopez et
al. have shown that most airborne particles in pig houses originate
from manure and skin (8). Bioaerosol concentrations vary con-
siderably and are influenced by farming practices, seasons, food
types, and the production system (e.g., use of deep or shallow litter
and solid or liquid separation systems) (4, 9). High levels of bio-
aerosols lead to poor indoor air quality (1–4, 6). Consequently,
SCB workers and animals may be exposed to high levels of air-
borne dust, endotoxins, and microorganisms (2, 10). Agricultural
workers are at a higher risk of developing respiratory symptoms
than most other workers (11, 12).

Streptococcus suis is an important swine pathogen that is re-
sponsible for significant economic losses in the swine industry. It
also represents a major health problem worldwide, particularly
over the last 20 years (13). The natural habitat of S. suis is the upper
respiratory tract of pigs, primarily in the tonsils and nasal cavities.
It can also be found in the genital and digestive tracts (14). S. suis
causes outbreaks of septicemia, meningitis, and pneumonia in
neonatal piglets and adult pigs (14). Thirty-five serotypes of S. suis

have been described. Serotype 2 is the most common serotype
associated with diseases in pigs and humans (15, 16). Other sero-
types, such as 1/2, 5, 9, and 14, have also been associated with S.
suis outbreaks in pigs in North America and Europe (17, 18). S.
suis is increasingly recognized as an emerging zoonotic agent, es-
pecially in Asian countries (19). Zoonotic transmission is most
frequently associated with serotype 2 strains and occupational ex-
posure to pigs or consumption of infected pork. Two major hu-
man outbreaks, which affected more than 200 people, resulting in
more than 50 deaths, occurred in China in 1998 and 2005. S. suis is
the leading cause of bacterial meningitis in adults in Vietnam (13,
20) and the second leading cause in Thailand (21). In the Western
Hemisphere, human S. suis infection cases are less frequent and
usually affect workers in the swine industry. However, Smith et al.
studied swine-exposed American adults for antibodies to S. suis
serotype 2, and the serologic data suggested that human infections
involving S. suis are likely to occur more frequently than has been
documented (22). In North America, there have been seven re-
ported human cases of S. suis infection due to swine contamina-
tion: two in Canada (endocarditis and meningitis) and five in the
United States (meningitis) (23–29). This recent increase in re-
ported cases of human infection by S. suis is also observable in
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Europe (30–32). Petersen et al. showed that the risk of meningitis
caused by streptococci increased significantly when workers were
in close proximity to pigs (19). The number of reported infections
remains low, considering the large number of worker exposed to
S. suis; the true incidence might be higher, due to misidentification
of the bacterium in clinical cases (19, 33). Another potential ex-
planation for underreporting S. suis infections is that the bacteria
are sensitive to antibiotics commonly used to treat infections in
humans. Many cases of infection are treated with broad-spectrum
antibiotics without identifying the causative pathogen.

S. suis can survive in feces for up to 104 days at 0°C, 10 days at
9°C, and 8 days at temperatures between 22 and 25°C (34). Berth-
elot-Herault et al. demonstrated the airborne transmission of S.
suis in pigs consigned to experimental SCB (35). Their results were
confirmed by Madsen et al., who successfully transmitted infec-
tions to pigs by exposure to an experimental aerosol of S. suis
serotype 2, causing lesions similar to those seen in spontaneously
infected animals (36). The authors suggested that the tonsils were
the possible portals of entry for S. suis, with subsequent lympho-
genous spread (37).

The aim of the present study was to document whether all types
of S. suis, and specifically serotypes 2 and 1/2, are present in the air
of unhealthy (i.e., where cases of S. suis infection had been re-
ported) and healthy (with no report of S. suis infection) SCB, and
if so, whether the bacteria persist in the air over time. Then, we
were interested in evaluating the effect of aerosolization on S. suis
cell membrane integrity. Lastly, we evaluated possible coloniza-
tion of farmers by S. suis.

MATERIALS AND METHODS
Sampling sites. (i) Growing/finishing SCB with documented cases of S.
suis infections. Four growing/finishing SCB (SCB1, SCB2, SCB3, and
SCB4) located in the Quebec City area (eastern Canada) with confirmed
cases of S. suis infection (Veterinary College of Université de Montréal)
were visited within 48 h after the case notification. Given the diagnosis
delays, samples were done within 1 month after the first reported symp-
toms. These four SCB housed phase 1, 2, 3, and 4 pigs (Table 1). To
evaluate the persistence over time of S. suis in the air, one growing/finish-
ing SCB with documented cases of S. suis infections (SCB1 in this study)
was monitored over a period of 5 weeks.

(ii) Healthy finishing SCB. Twenty-one Quebec healthy finishing SCB
were sampled in a previous study (3). Sample collections took place in the
rooms just before the pigs were sent to the slaughterhouse (3).

(iii) Nasal flora of swine producers. Samples were obtained from
banked frozen DNA samples from a previous study by Létourneau et al.
(38). Briefly, 27 hog producers from 14 previously mentioned healthy
finishing SCB and 5 unexposed control subjects were recruited and signed
an informed consent to participate in this part of the study.

Sampling method. (i) Growing/finishing SCB with documented
cases of S. suis infection. Sample collection took place in at least 4
rooms—maternity (2 rooms), nursery 1 (2 rooms), nursery 2 (2 rooms),
and fattening rooms (2 rooms)— corresponding to phases 1, 2, 3, and 4
(Table 1). Air sampling was performed using a Coriolis cyclone sampler

(Bertin Technologies, Montigny-le-Bretonneux, France). The median
aerodynamic diameter (d50) is 0.5 �m for a flow of operation of 300
liters/min, meaning that 0.5-�m particles are sampled at 50% efficiency
and larger particles are sampled at higher efficiency. Fifteen milliliters of
sterile 50 mM phosphate-buffered saline (PBS) (pH 7.4) was placed in the
sampling cone of the Coriolis sampler, which was run for a period of 10
min at 300 liters/min. According to the producers, certain rooms ap-
peared to be more susceptible to S. suis infections than others. Conse-
quently, these rooms were chosen for sampling, as well as one, two, or
three surrounding rooms. Two samples were taken in each room of each
SCB. The remaining liquid volume was determined after sampling. Each
sample represented 3,000 liters of air.

For the follow-up study to assess the persistence of S. suis, we took
samples from rooms that housed pigs in four different age groups (Table
1). Each room, representing one of these age groups, was sampled twice.
Two or three rooms per group were sampled on the same day. Air sam-
pling was again performed using a Coriolis cyclone sampler. At least 8
rooms were sampled in each visit with 2 Coriolis samples per room. Con-
sequently, at least 16 samples were taken per building per visit.

To determine the percent viability of total bacteria and of total S. suis
bacteria present in the air, 10 air samples, using a Coriolis cyclone sampler
that was run for a period of 10 min at 300 liters/min, were taken from three
nursery rooms in SCB1 (SCB1 was the first growing/finishing SCB that
was visited [see above]).

(ii) Healthy finishing SCB. Samples for the healthy finishing SCB part
of the study were taken from banked air samples from a previous study
(38). For that study, air samples were collected over 4 h at 2 liters/min,
using Institute of Occupational Medicine (IOM) cassettes (SKC Inc., Ed-
inburgh, United Kingdom) loaded with 25-mm gelatin membranes. The
IOM gelatin membrane system was operated with a Gilair 5 pump (Sen-
sidyne, FL, USA). The gelatin membranes were kept at 4°C until they were
brought back to the laboratory. The membranes were dissolved by placing
them in 5 ml 0.9% NaCl and vortexing with a Multi-Pulse Vortexer (Glas-
Col, Terre Haute, IN). The resulting suspension was aliquoted (1.5 ml,
corresponding to 144 liters of sampled air) and centrifuged at 8,000 � g.
The supernatant was removed, and the pellets were stored at �20°C.
Because the frozen DNA from the previous study was obtained from IOM
samples, we needed to validate the similarity of the results obtained with
the IOM system and the Coriolis sampler. We thus also used IOM cas-
settes loaded with 25-mm gelatin membranes in the 4 SCB with S. suis
infections (within 1 month) to compare the method with the Coriolis
cyclone sampler. We obtained similar results, confirming that the two
methods are comparable (data not shown). The same observation was
previously published by our team (39).

(iii) Nasal flora of swine producers. The nasal secretions of swine
producers were sampled by a nurse, using a calcium-alginate swab (Fish-
erbrand; Fisher Scientific Company, Ottawa, ON, Canada). After sam-
pling, the tip of the swab was placed in a plastic tube containing 1 ml of
PBS, the swab stick was cut off, and the plastic tube was kept on ice. This
protocol was approved by the ethics committee of the Institut Universi-
taire de Cardiologie et de Pneumologie de Québec (CER 1090).

Determination of total culturable bacteria in air samples. After sam-
pling with the Coriolis cyclone sampler, 1 ml of PBS was removed and
used to prepare a 10-fold dilution series (100 to 10�7). All samples were
plated in duplicate on brain heart infusion agar (BHIA) (Difco, Sparks,
MD) containing 5 �g/ml amphotericin B to prevent growth of molds. The
plates were incubated at 25°C for 48 h. Bacterial counts were determined
at the dilution where the plates showed between 30 and 300 colonies.

DNA extraction from air samples. Aliquots (1.5 ml) of air samples
were centrifuged (10 min at 14,000 � g), and the pellets were stored at
�20°C until DNA extraction was performed. Total genomic DNA was
extracted using the QIAamp DNA minikit (Qiagen, Mississauga, Ontario,
Canada) according to the manufacturer’s instructions. Total DNA was
eluted in 200 �l of elution buffer, supplied with the kit.

TABLE 1 Correspondence between swine age, growth steps, and phases

Phase Growth step Age (days)

1 Maternity 0–20
2 Nursery 21–35
3 Nursery 36–49
4 Fattening �50

Streptococcus suis Bioaerosols

June 2014 Volume 80 Number 11 aem.asm.org 3297

http://aem.asm.org


Quantitative PCR (qPCR). Amplification was performed using the
Bio-Rad CFX 384 thermocycler (Bio-Rad Laboratories, Mississauga,
Ontario, Canada). All primers and DNA probes (Table 2) were pur-
chased from Integrated DNA Technologies (Coralville, IA, USA). The
results were analyzed using Bio-Rad CFX Manager software version
3.0.1224.1015 (Bio-Rad Laboratories).

(i) Total bacterial qPCR. Quantification of total bacteria was per-
formed as described by Bach et al. (40) with 16S rRNA forward primer
EUBf (5=-GGTAGTCYAYGCMSTAAACG-3=), 16S rRNA reverse primer
EUBr (5=-GACARCCATGCASCACCTG-3=), and 16S rRNA probe EUBp
(5=-6-carboxyfluorescein [FAM]-TKCGCGTTGCDTCGAATTAAWCC
AC-IBTMFQ [Iowa Black Fret Quencher]) (Table 2). The PCR mixture
contained 2 �l of DNA template, 0.4 �mol/liter (each) primer, 0.08 �mol/
liter probe, and 10 �l of 2� QuantiTect Probe PCR master mix (Quanti-
Tect Probe PCR kit; Qiagen, Mississauga, Ontario, Canada) in a 20-�l
reaction mixture. The qPCR thermal profile used to amplify the 245-bp
amplicon was as follows: 95°C for 3 min for DNA denaturation and acti-
vation of DNA polymerase, and then 40 cycles of 95°C for 20s and 62°C for
60 s. Quantification was performed using a standard curve of a 10-fold
dilution series of Escherichia coli genomic DNA preparation (41).

(ii) Total S. suis qPCR. Quantification of total S. suis was performed
using PCR primers designed in house using Beacon designer 5 software
(Premier Biosoft, Palo Alto, CA). To target the 16S RNA gene, forward
primer 463f (5=-AGAAGAGTGGAAAGTTTCTCA-3=), reverse primer
637r (5=-TCACAGTTTCCAAAGCGT-3=), and probe 594p (5=-FAM-CA
AACCGCCTGCGCTCGCTTTACG-3=) (Table 2) were used. The PCR
components were as follows: 2 �l of DNA template, 0.4 �mol/liter (each)
primer, 0.1 �mol/liter probe, and 10 �l of 2� QuantiTect Probe PCR
master mix (QuantiTect Probe PCR kit; Qiagen, Mississauga, Ontario,
Canada) in a 20-�l reaction mixture. The PCR program was as follows:
94°C for 3 min, and then 40 cycles of 94°C for 10 s and 62°C for 30 s. A
10-fold dilution series of S. suis P1/7 (serotype 2) genomic DNA was used
for the standard curve.

(iii) S. suis serotype 2 and 1/2 qPCR. Since the method presented
cannot differentiate between serotypes 2 and 1/2, all our results include
these two subtypes. Quantification of S. suis serotypes 2 and 1/2 was per-
formed as described by Nga et al. (42). The primers and probe for S. suis
serotype 2 real-time PCR targeted the cps2J gene (43, 44), which is part of
the operon encoding the serotype 2- and serotype 1/2-specific polysaccha-
ride capsule of S. suis. Primers Cps2Jf (5=-GGTTACTTGCTACTTTTGA
TGGAAATT-3=) and Cps2Jr (5=-CGCACCTCTTTTATCTCTTCCAA-
3=) and probe Cps2Jp (5=-FAM-TCAAGAATCTGAGCTGCAAAAGTGT
CAAATTGA-6-carboxytetramethylrhodamine [TAMRA]-3=) were used
for amplification and detection of an 88-bp amplicon (Table 2). The PCR
components were as follows: 2 �l of DNA template, 0.4 �mol/liter (each)
primer, 0.1 �mol/liter probe, and 10 �l of 2� QuantiTect Probe PCR
master mix (QuantiTect Probe PCR kit; Qiagen, Mississauga, Ontario,
Canada) in a 20-�l reaction mixture. The PCR program was as follows:
95°C for 3 min, and then 45 cycles of 94°C for 10 s and 60°C for 60 s. A
10-fold dilution series of S. suis P1/7 genomic DNA was used for the
standard curve.

To determine the number of bacteria in each sample, data were ana-
lyzed (using Bio-Rad CFX Manager software version 3.0.1224.1015) by
linear regression of the following function: log10 (target copy number) �
f(threshold cycle). Negative controls were included to detect PCR reagent
contamination in each PCR run.

(iv) Propidium monoazide qPCR. Previously described by Fittipaldi
et al., the propidium monoazide (PMA) method allows the quantification
of intact bacteria (45). PMA {phenanthridium, 3-amino-8-azido-5[3-(di-
ethylmethylammonio) propyl]-6-phenyl dichloride; Biotium Inc., Hay-
ward, CA, USA} was dissolved in 20% dimethyl sulfoxide (DMSO) to
create a stock concentration (5 mM) and stored at �20°C in the dark. To
determine an appropriate PMA concentration, different amounts of PMA
(final concentrations, 25, 50, and 100 �M) were added, and different light
exposure times were tested (5, 10, 15, and 30 min) (data not shown).
Finally, 2.5 �l of PMA was added to 250-�l aliquots of air samples to a
final concentration of 25 �M. Transparent 1.5-ml microcentrifuge tubes
were used (Fisher Scientific Co., Ottawa, ON, Canada). Following an in-
cubation period of 5 min in the dark with occasional mixing, the samples
were exposed to light for 15 min using a PMA-Lite LED Photolysis Device
(a long-lasting LED light with 465- to 475-nm emission for efficient acti-
vation of PMA; Biotium Inc.). After photoinduced cross-linking, the cells
were pelleted at 14,000 � g for 10 min prior to DNA extraction (as men-
tioned above). The PMA dye is a high-affinity, photoreactive, DNA bind-
ing molecule; it is cell membrane impermeable, and it can selectively
modify only exposed DNA from dead cells, so PMA-modified cells cannot
be amplified by normal qPCR.

Statistical analysis. The statistical method used to perform compari-
sons was one-way analysis of variance (ANOVA). The results were con-
sidered significant if the P value was �0.05.

RESULTS

Four growing/finishing SCB with documented cases of S. suis in-
fection were sampled within 1 month following the diagnosis by
the veterinarian. Bacteria in the air samples were detected by
quantitative PCR targeting the 16S rRNA gene for total bacteria
and total S. suis. The cps2J gene was used for determination of S.
suis serotypes 2 and 1/2.

In these four growing/finishing SCB with documented cases of
S. suis infection sampled with a Coriolis apparatus, the concentra-
tion of culturable bacteria was about 105 CFU/m3 air (Fig. 1A). S.
suis is difficult to identify on culture media from air samples, as
there is no known selective medium to optimize its growth and
prevent the growth of other organisms. Furthermore, even though
the Andersen impactor shows high capture efficiency for aerosol-
ized bacteria (46), the airborne bacteria collected can be stressed
and, consequently, can be nonculturable. Therefore, to allow bet-
ter detection and quantification of total bacteria, total S. suis, and
S. suis serotypes 2 and 1/2 in our samples, qPCR was used.

The results, as expected (3), showed a difference of 3 orders of

TABLE 2 Primers used in the study

Primer Target Sequence (5=–3=) Reference

EUBf Bacterial 16S rRNA GGTAGTCYAYGCMSTAAACGT 40
EUBr Bacterial 16S rRNA GACARCCATGCASCACCTG 40
EUBp Bacterial 16S rRNA FAM-TKCGCGTTGCDTCGAATTAAWCCAC-IBTMFQ 40
463f S. suis 16S rRNA AGAAGAGTGGAAAGTTTCTCA This study
637r S. suis 16S rRNA TCACAGTTTCCAAAGCGT This study
594p S. suis 16S rRNA FAM- CAAACCGCCTGCGCTCGCTTTACG This study
CpS2Jf cps2J gene GGTTACTTGCTACTTTTGATGGAAATT 42
CpS2Jr cps2J gene CGCACCTCTTTTATCTCTTCCAA 42
CpS2Jp cps2J gene FAM-TCAAGAATCTGAGCTGCAAAAGTGTCAAATTGA-TAMRA 42
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magnitude between the levels of total culturable bacteria versus
total bacteria detected by qPCR (Fig. 1A). The correlation between
culturable counts and estimated counts by qPCR was evaluated.
As shown in Fig. 1B, no correlation could be established.

The concentrations of total bacteria, total S. suis, and S. suis

serotypes 2 and 1/2 for these 4 growing/finishing SCB with docu-
mented cases of S. suis infection are reported in Fig. 2. The total
bacteria in the four SCB ranged from 7.4 � 108 to 1.2 � 109 per m3

of air. The counts of S. suis for these SCB ranged from 4.5 � 105 to
1.1 � 106 bacteria per m3 of air. Differences in S. suis counts
between the SCB were not statistically significant. S. suis serotypes
2 and 1/2 were found in all 4 SCB tested. Lower levels of S. suis
serotypes 2 and 1/2 were found in SCB 4 (Fig. 2). In this building,
the producer had treated the animals by adding penicillin to the
food. In SCB1, the concentration of S. suis serotypes 2 and 1/2
constituted up to 11% of the total S. suis bacteria present in the air.

In the healthy finishing SCB (with no reported cases of S. suis
infection) presented in Fig. 3, high concentrations of total bacteria
comparable to those present in the 4 SCB described above were
found. The average of total bacterial counts in finishing rooms was
1.4 � 109 total bacteria per m3 of air, which is similar to the
concentrations found in SCB with known cases of infection
caused by S. suis. There was no significant difference between SCB
in regard to the concentration of total S. suis (which includes S.
suis serotypes 1 to 35 and nontypeable strains). S. suis was a major
component of bioaerosols, even in SCB without known cases of
infection. S. suis represented 0.01% to 0.3% of the total bacteria.
However, the concentrations of S. suis serotypes 2 and 1/2 varied
from farm to farm, and the bacteria were present in only 10 out of
the 21 (47.6%) SCB. S. suis serotype 2 represented from less than
0.01 to 87% of the total S. suis bacteria detected, more often cor-
responding to less than 0.01% of the total bacteria in the SCB.

To determine whether the age of swine influences the produc-
tion of S. suis bioaerosols in the air of SCB and then their persis-
tence in the air, bioaerosols were monitored in different rooms of
SCB1 during a 5-week period. For each sample, the total numbers
of bacteria, total S. suis, and S. suis serotypes 2 and 1/2 were mea-
sured. The counts of total bacteria and total S. suis did not vary
over time (data not shown). However, the levels of S. suis sero-
types 2 and 1/2 differed over time (weeks). Figure 4 shows the ratio
of S. suis serotypes 2 and 1/2 to total S. suis as a function of time
(over 5 weeks) for different categories of swine growing phases.

FIG 1 (A) Quantification of culturable airborne bacteria and total airborne
bacteria determined by qPCR for SCB with reported cases of S. suis infection.
The error bars indicate standard deviations. (B) Correlation between cultur-
able and total bacterial counts.

FIG 2 Quantification of airborne bacteria (total bacteria, total S. suis, and S. suis serotypes 2 and 1/2) by qPCR in four different growing/finishing SCB identified
as having cases of S. suis infection. The dashed line represents the detection threshold. The horizontal lines represent medians. The error bars indicate standard
deviations.
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The results show that, in phase 1, there is only a small variation in
the amounts of S. suis serotypes 2 and 1/2 over time (Fig. 4A). In
the nursery areas (phases 2 and 3) (Fig. 4B and C), the ratio in-
creased over time, although this increase varies between weeks. In
phase 3 (Fig. 4C), the serotype 1/2-to-2 ratios range from 5 to
40%. As for phase 2, phase 3 shows the highest ratio of S. suis
serotypes 2 and 1/2 to total S. suis during the first and the third
weeks. The differences are statistically significant between weeks 2,
3, and 4 (Fig. 4B), as well as between weeks 1 and 3 and weeks 4 and

5 (Fig. 4C). In phase 4, levels of S. suis are stable over time with low
ratios (Fig. 4D).

Figure 5A shows the concentrations of total bacteria, total S.
suis, and S. suis serotypes 2 and 1/2 in relation to different catego-
ries of swine age. There was no statistically significant difference
between the total concentration of bacteria and the total concen-
tration of S. suis for the different categories of swine groups, unlike
the concentrations of S. suis serotypes 2 and 1/2, which vary with
swine age. Figure 5B shows a difference in the ratio of S. suis

FIG 3 Quantification of total bacteria, total S. suis, and S. suis serotypes 2 and 1/2 by qPCR in 21 finishing SCB with no reported cases of S. suis infection. The
dashed line represents the detection threshold. The error bars indicate standard deviations.

FIG 4 Quantification of airborne bacteria during five consecutive weeks by PCR in one SCB (SCB1), combining different rooms for each age group. (A) Analysis
of three swine maternity rooms (corresponding to phase 1). (B) Analysis of three nursery swine rooms (phase 2). (C) Analysis of two nursery swine rooms (phase
3). (D) Analysis of three swine fattening rooms (related to phase 4). The top of the box plot represents the 75th quartile, and the bottom represents the 25th
quartile; the median is the horizontal line, and the lower and upper whiskers represent the minimum and maximum values, respectively. The letters a, b, c, and
d represent statistical differences in the presence of S. suis serotype 2/total S. suis in the air as a function of time and depending on swine growth steps. P � 0.05.
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serotypes 2 and 1/2 to total S. suis according to the age groups. The
results were significantly different for swine in phase 3.

Figure 6 shows the percentage of intact cells of total bacteria
and total S. suis in the air of SCB in nursery phases, following the
use of PMA dye. Using PMA qPCR to selectively detect intact cells,
there was a higher percentage of live S. suis bacteria (up to 14%)

than of total bacteria (up to 4%). Similar results for S. suis sero-
types 2 and 1/2 are not available because the detection limit of the
method for these subtypes was not reached. Because of their sim-
ilar structures, there is no reason to suggest that their cell integrity
would be different than that of the other S. suis serotypes.

Lastly, colonization of swine producers’ nasal cavities with S.
suis was evaluated. Using banked DNA samples obtained from
swine workers (38), total S. suis was found in the nasal flora of 15
out of 27 hog producers from the healthy finishing SCB (Table 3).
The 27 samples were negative for S. suis serotypes 2 and 1/2, even
for hog producers working in the SCB that had S. suis serotypes 2
and 1/2 in the air; this is possibly due to the detection limit of our
qPCR. All control subjects were negative for all S. suis serotypes.

DISCUSSION

In this study, we were interested in extending our knowledge of
the possible detection, presence, and persistence of S. suis in the air
of swine confinement facilities, which may represent a potential
reservoir for this important pathogen. This new information
could benefit swine producers by contributing to health care of
pigs and reducing important economic losses.

The detection and persistence of total bacteria, total S. suis, and S.
suis serotypes 2 and 1/2 were evaluated in the air of growing/
finishing SCB with reported cases of S. suis infection (4 SCB) and

FIG 5 (A) Quantification of total bacteria, total S. suis, and S. suis serotypes 2 and 1/2 by qPCR in SCB1, combining different rooms for different age groups.
Shown are analyses of rooms that housed four steps, corresponding to different age groups (Table 1). Each symbol on the graph represents one air sample. The
dashed line represents the detection threshold. The horizontal lines represent medians. (B) Ratios of S. suis serotype 2 to total S. suis were calculated to compare
the change in airborne concentrations between different age groups in the same SCB. The top of the box plot represents the 75th quartile and the bottom the 25th
quartile, the median is the horizontal line, and the lower whisker represents the minimum with the upper representing the maximum.

FIG 6 Percent cell integrity of total bacteria and total S. suis in air samples
from nursery steps (SCB1) by quantification of viable cells using a PMA qPCR
assay. The error bars indicate standard deviations.
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healthy finishing SCB (21 SCB). Previous studies have reported
high concentrations of culturable bacteria in the air of SCB, inde-
pendent of the structure of the SCB (3, 9, 47). No correlation
between the culturable count of total bacteria and estimated
counts by qPCR was found. The stress induced by aerosolization
and sampling processes commonly lead to this underestimation of
culture. Some bacteria can remain viable in the air even though
nonculturable, and in addition, qPCR amplifies even DNA
from dead cells. Nehme et al. reported the presence of Streptococ-
cus spp. in bacterial bioaerosols in SCB, specifically Streptococcus
bovis (AY324610), Streptococcus equinus (AF429765), Streptococ-
cus macedonicus (AF459431), and Streptococcus gallolyticus
(AY858648) (3). The authors did not explore the presence of the
swine pathogen S. suis, and the sequencing approach did not lead
to its detection. To our knowledge, this is the first report on the
presence of S. suis in the bioaerosols of SCB. These results, com-
bined with the data published by Madsen et al. and Berthelot-
Herault, suggest that the air is a likely route of transmission for the
pathogen. S. suis is usually transmitted nasally or orally and colo-
nizes the palatine tonsils of both clinically ill and healthy pigs (48),

and this study emphasizes that S. suis serotype 2 and 1/2 aerosol
exposure could also be sufficient to initiate infections in pigs (35–
37). Additionally, S. suis was detected in all tested rooms, suggest-
ing potential transmission of aerosols over short distances.

After studying 4 SCB with recent infections, banked air sam-
ples from 21 healthy finishing SCB were used, and S. suis could
also be found in SCB where no recent infections had been reported
(3). These samples were acquired with the IOM cassettes loaded
with 25-mm gelatin membranes. Consequently, we verified that
the methods produced results comparable to those obtained in the
4 original SCB sampled by the Coriolis apparatus. S. suis serotypes
2 and 1/2 were detected in the air of half of these 21 healthy fin-
ishing SCB. This emphasizes the importance of informing farmers
about the potential presence of S. suis in their buildings. S. suis is
the most important reason for requesting veterinarian services,
and the incidence of infection by the pathogen is likely underesti-
mated.

Since there was no information on the frequency, concentra-
tion, and persistence over time of airborne S. suis in SCB and on
the influence of swine age, one growing/finishing SCB (SCB1)
where S. suis serotypes 2 and 1/2 were veterinarian diagnosed was
monitored over a 5-week period. The total bacterial concentra-
tions were very stable and did not fluctuate over time or with the
age of the swine. The variations in the concentration of total S. suis
over time and location were not statistically significant. However,
the concentrations of serotypes 2 and 1/2 varied over time and
were influenced by swine age. S. suis serotypes 2 and 1/2 persisted
in the aerosols during this period, but the ratio of S. suis serotypes
2 and 1/2 to total S. suis is higher in one particular week; the
increased activity while pigs were moved from stage 3 to stage 4
may explain this difference. Many risk factors exist for the devel-
opment of S. suis meningitis in phase 3 pigs. More specifically,
streptococcal infections in 2- to 6-week-old pigs are rather com-
mon, and they often occur during stressful events, such as vacci-
nation, weaning, mixing of litters, weather variations, and transi-
tion to provision of solid food (49–54).

Our results reveal the presence of higher levels of S. suis sero-
types 2 and 1/2 in swine age phases 2 and 3. This observation was
supported by most swine producers, who reported that certain
rooms seemed to be more susceptible to S. suis infections than
others. This is in agreement with Robertson et al., who concluded
that most cases of infection are seen in piglets and suggested that S.
suis serotype 2 may be transmitted during birth (55). Nonetheless,
transmission of S. suis also occurs in all age categories at farrowing
farms: sows, piglets, and weaned pigs (56–58). Therefore, quanti-
fication of S. suis in bioaerosols and correlation with the health
status of pigs can help predict and evaluate the exposure of pig
farmers to the pathogen. The presence of S. suis serotypes 2 and
1/2 in aerosols could become a predictor of an infectious out-
break.

Dekker et al. determined that prevention of direct contact with
infected animals decreases the risk of infection in susceptible pigs
(59). The presence of S. suis in the air of SCB confirms their find-
ings and the data of Berthelot-Herault (35) and showed that spa-
tial separation of animal groups within a compartment would not
prevent S. suis transmission on a farm (59). In Canada, the United
States, and Europe at this time, S. suis infections in humans have
most often been restricted to workers in close contact with pigs or
contaminated swine products. However, in Asia, the bacterium
also affects the general population, and it represents a significant

TABLE 3 Presence of total S. suis in the nasal flora of 27 hog producers
from healthy finishing SCB

Farmer SCB

Presencea of total
S. suis

Presencea of S.
suis serotypes 2
and 1/2

Nasal
flora SCB

Nasal
flora SCB

1 15 � � � �
2 18 � � � �
3 16 � � � �
4 14 � � � �
5 19 � � � �
6 2 � � � �
7 13 � � � �
8 2 � � � �
9 13 � � � �
10 16 � � � �
11 19 � � � �
12 2 � � � �
13 12 � � � �
14 14 � � � �
15 17 � � � �
16 18 � � � �
17 19 � � � �
18 16 � � � �
19 9 � � � �
20 18 � � � �
21 14 � � � �
22 3 � � � �
23 4 � � � �
24 9 � � � �
25 6 � � � �
26 10 � � � �
27 11 � � � �
Control 1 � � NA � NA
Control 2 � � NA � NA
Control 3 � � NA � NA
Control 4 � � NA � NA
Control 5 � � NA � NA
a �, present; �, absent; NA, not applicable.
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public health concern (60). The presence of S. suis in the air of the
SCB can explain and represent an additional risk for the entire
swine herd as well as the farmers.

In this study, S. suis seemed to be more resistant to aerosoliza-
tion/sampling stresses than other bacteria, a property that could
be due to its thick sialic-acid-rich capsule (61).

Fifteen out of 26 (58%) nasal samples from hog producers,
taken before the work shift, were positive for S. suis, suggesting
workers’ exposure and possible nasal cavity colonization. How-
ever, even though no S. suis serotype 2 and 1/2 bacteria were de-
tected due to the limit of detection of the test, SCB workers could
develop an infectious disease (62), especially if they are immuno-
compromised or if the contact between contaminated swine and
swine producers increases. Cases of human S. suis infection in
North America and Europe may be underestimated, since the di-
agnostic procedure is limited to identification to the genus level
(streptococci). Efficient communication between scientists and
swine producers is of utmost importance, and personal respira-
tory protection devices should be worn, especially during tasks
linked to higher bioaerosol exposure (swine handling, moving,
and vaccination) and when cases of infection are diagnosed on the
farm (28, 29).

Conclusions. The presence of viable S. suis, especially sero-
types 2 and 1/2, and its persistence in SCB (over a 5-week period),
combined with previous reports supporting its potential trans-
mission via aerosols, clearly suggest that air can act as a transmis-
sion route for swine infection. It is also considered a reservoir for
pathogenic S. suis that could persist over time. This study provides
a better understanding of the presence and persistence of S. suis
and could contribute to the knowledge required to improve the
prevention of infection and the protection of swine and swine
producers.
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