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This study assessed the levels of two key pathogens, Salmonella and Campylobacter, along with the indicator
organism Escherichia coli in aerosols within and outside poultry sheds. The study ranged over a 3-year period
on four poultry farms and consisted of six trials across the boiler production cycle of around 55 days. Weekly
testing of litter and aerosols was carried out through the cycle. A key point that emerged is that the levels of
airborne bacteria are linked to the levels of these bacteria in litter. This hypothesis was demonstrated by E. coli.
The typical levels of E. coli in litter were ~10% CFU g~! and, as a consequence, were in the range of 10* to 10*
CFU m™* in aerosols, both inside and outside the shed. The external levels were always lower than the internal
levels. Salmonella was only present intermittently in litter and at lower levels (10* to 10° most probable number
[MPN] g~') and consequently present only intermittently and at low levels in air inside (range of 0.65 to 4.4
MPN m~—>) and once outside (2.3 MPN m™?). The Salmonella serovars isolated in litter were generally also
isolated from aerosols and dust, with the Salmonella serovars Chester and Sofia being the dominant serovars
across these interfaces. Campylobacter was detected late in the production cycle, in litter at levels of around 10’
MPN g~'. Campylobacter was detected only once inside the shed and then at low levels of 2.2 MPN m~>. Thus,
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the public health risk from these organisms in poultry environments via the aerosol pathway is minimal.

Bacterial aerosols can originate from different sources, each
representing a unique aerosol environment. The generation of
these aerosols can occur during common agricultural practices
such as the spray irrigation of wastewater (13), and the land
application of biosolids (7). Biological material in air does not
necessarily occur as independent particles (22), and the sur-
vival of particulate matter linked bacteria can vary with particle
size and prevailing atmospheric conditions (27). In addition to
the natural variation of bacteria that occur in the general
atmosphere (26), the creation, generation, and disposal of hu-
man and animal wastes can increase the potential of microbial
pathogens entering the aerosol environment (32). Animal pro-
duction systems such as broiler farms have been the focus of
attention as potential sources of human pathogens entering
the general environment and thus eventually the human
food chain. Much of this focus has been on the land applica-
tion of manures (30) rather than via the aerosol pathway.

The production of aerosols from various sources is generally
linked to risks to adjacent communities. In recent times, there
has been research into the impacts of bioaerosols released
directly from swine production systems (39). Similarly, studies
have also been carried out to assess community risk of infec-
tion from bioaerosols to residents adjacent to sites associated
with the application of biosolids (6).

The poultry production environment is widely accepted as
one that is likely to be a source of human pathogens such as
Salmonella (15) and Campylobacter (46), with potential for
these organisms to enter the aerosol environment during the
production cycle. It is also likely that the prevalence of these
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pathogens within the production environment could vary. Typ-
ically, broilers demonstrate fecal shedding of Campylobacter at
around 3 weeks of age and within 2 to 4 days of shedding,
flocks show a 90 to 100% prevalence rate due to rapid intra-
flock transmission rates (36). For Salmonella, the estimates of
the incidence have been quite variable (16). As an example,
there was a 42% prevalence for Salmonella in 198 U.S. broiler
houses (9). As a general pattern, Salmonella can be isolated
from a variety of sources (other than the bird) and at various
stages of the production cycle (25).

Modern broiler houses reflect considerable progress in de-
sign, with the majority of poultry houses in countries such as
the United States and Australia being tunnel ventilated (23).
In these systems, large volumes of air are moved through the
house, by negative pressure, to provide the optimal tempera-
ture for broiler growth (23). Clearly, these large volumes of
moving air could potentially contain a range of bacteria sourced
from the internal environment of the house, including patho-
gens such as Salmonella and Campylobacter.

To date, there have been few studies specifically examining
the levels of bacteria, including pathogens, in the air either
inside or outside tunnel ventilated broiler sheds. In a Bulgarian
study of mechanically ventilated sheds, levels of 1.68 X 107
bacteria/m® of air were found inside the sheds (4). Salmonella
has been recovered but not quantified in the air inside a room
containing experimentally infected laying hens (17) and
Campylobacter has been detected inside and outside broiler
houses in United Kingdom (8, 9). Other than these few studies,
there appear to have been no reports of studies attempting to
quantify the levels of key pathogens such as Campylobacter and
Salmonella in the air in and around broiler houses through the
production cycle. Such studies would allow an assessment of
the quantifiable risks (if any) to public health and the surrounding
environments via the aerosol pathway.
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The present study, carried out over 3 years, addresses this
issue of aerosolized bacterial pathogens in terms of assessing
levels, observing patterns of distribution, as well as the pos-
sible interrelationships, leading to pathogen presence in
aerosols. More specifically, we quantified the levels of Sal-
monella, Campylobacter, and Escherichia coli (the latter as an
indicator organism) within the chicken production environment,
through whole production cycles, in both internal and external
aerosols on four broiler farms.

MATERIALS AND METHODS

Basis for selection of farms, shed details, and topography. Four farms were
randomly selected from two major integrated poultry companies, and a total of
six trials were carried out over 2005 to 2007 on these farms. The farms were farm
S (November 2005 to January 2006 and April 2006 to June 2006, with around
32,000 chickens placed in the study shed in each cycle), farm X (August 2006 to
October 2006, with around 33,000 chickens placed), farm D (March 2007 to May
2007 and May 2007 to July 2007, with around 35,000 chickens placed), and farm
L (August 2007 to October 2007, with around 32,000 chickens placed). The study
shed occurred in a cluster of four to six sheds (depending on the various farms).
This shed was randomly selected and was typically approximately 122 to 150 m
in length and 14 m in width. Farms D, L, and S had flat land in front of the fans,
and farm X had a semicircular embankment located at around 19 m from the
fans.

Overall study design. Each trial started with the commencement of a broiler
production cycle, i.e., prior to chicks being placed and continued until final
removal of chickens, with a typical cycle lasting about 55 days. Thinning of the
flock, i.e., harvesting of some of the chickens, typically occurred at approximately
35 days. Sampling was carried out on a weekly basis during the production cycle,
with aerosols (in and out of the shed) and litter being tested on each sampling
date. Dust (on farms D and L) was tested only intermittently. General farm
observations and weather data (temperature and relative humidity) were also
collected during the sampling of aerosols to aid the interpretation of data.

Aerosol sampling and layout. Outside aerosol samples were collected at 10 m
from the fan with the sampler facing the fans. The exception was that on farm L,
the presence of a slight elevation meant that the external samples were collected
at a distance of 9 m from the fans. Aerosol samples inside the shed were collected
at 10 m from the fan, with the samplers facing the opposite end of the shed in line
with the moving air stream (11). This means that the air sampled had moved the
length of the shed (from 110 to 140 m). All sampling was done at a height of
1.25 m.

The aerosol sampler used was the Sartorius MD 8 airscan, which holds a
gelatin filter with a pore size of 3 wm. The filter has a residual moisture content
of 46 to 49% and a thickness of 250 wm and has almost a 100% capacity to retain
both bacteria and phages. The unit has a variable speed ranging from 33.33 to
133.33 liters min~! in increments. After some initial comparisons, the 133.33
liters min~" setting was chosen for all samplings.

Aerosol samples were collected in duplicate (one session followed by the
other), with two samplers running simultaneously outside the shed. One of the
samplers was dedicated to testing Salmonella and E. coli, and the other sampler
was dedicated to testing Campylobacter. After this sampling run outside the shed,
a similar sampling run was carried out in duplicate inside the shed. The mean of
the two sampling runs for each organism was used to assess the number of
organisms per cubic meter of air both outside and inside the shed.

Immediately after sampling (sampling time 35 to 45 min), the filter was
aseptically transferred into an appropriate nutrient liquid medium (to minimize
any impacts of sampling stress). The filter used for the E. coli and Salmonella was
dissolved into 0.1% peptone water. The filter used for Campylobacter was dis-
solved into nutrient broth. These dissolved filters were transported to the labo-
ratory and analyzed immediately.

Sampling of litter and dust inside the shed. Testing of dust was only carried
out on farms D and L, whereas litter was tested on all of the farms. The litter was
collected by using a formal random sampling methodology. At each sampling
spot, litter to the depth of 40 mm and with a surface area of 400 cm? was
collected. A total of 20 samples per shed, representing areas under feeder lines
and drinker lines, was collected and pooled into a single sample.

In some trials, the levels of settled dust per week (expressed as g/50 cm?) were
quantified. In the present study, six preweighed petri dishes were placed (open)
on the ledge above a ventilation flap (~2.5 m high). One week later, the petri
dishes were collected and sealed. The dishes were then transported to the
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laboratory, and the weight of the collected dust was determined. The data for
farm L is presented.

Weather data. A hand-held weather station (Kestrel 4000 pocket weather
tracker; Nielsen Kellerman, Australia Pty., Ltd.) was used on site during the
microbiological sampling to record and log wind speed, temperature, and relative
humidity. Full data logging was used on farms D and L, while individual readings
were taken on farm S.

Preparation of litter and dust samples for microbial analysis. The litter
clumps were broken down, and careful quartering was performed to achieve
uniform samples. Individual samples were transferred aseptically to a sterile bag.
Three lots of 25 g were then weighed into separate sterile bags, to which 225 ml
of sterile diluent was added. The diluent varied according to the organism tested
(see below). The samples were allowed to soak for 15 min, after which they were
aseptically blended, using a homogenizer, for 1 min.

The dust was carefully mixed to achieve a uniform and representative sample.
An initial dilution in 0.1% peptone water was prepared by placing 1 g of dust in
18 ml of peptone water. This initial dilution was mixed by using a magnetic stirrer
for 15 min. Tenfold serial dilutions were then prepared in 0.1% peptone water.

Microbiological analysis of aerosols, litter, and dust. The dissolved filter (as
previously described) was subjected to serial tenfold dilution, and appropriate
dilutions were tested as described below.

For E. coli, dilutions were prepared in 0.1% peptone water and the levels
(expressed as CFU per g of litter or per cubic meter of air) were performed using
Chromocult Agar (Merck). For the litter and dust samples the minimum detec-
tion limit was 20 CFU g™, and for the aerosol samples the minimum detection
limit was 5 CFU per cubic meter of air.

A three-tube most-probable-number (MPN) analysis was carried out for Sal-
monella. Appropriate serial dilutions (0.1% buffered peptone) were inoculated
into 10 ml of buffered peptone water incubated at 37°C overnight. Six 30-ul
aliquots from each incubated broth were inoculated on to a single MSRV
(Oxoid) plate, followed by incubation at 42°C overnight. The plates were ob-
served for motile zones, from which XLD agar (Oxoid) was inoculated and
incubated at 37°C overnight. Positive colonies from XLD were biochemically
confirmed using an OBIS Salmonella kit (Oxoid). Confirmed positives were
subcultured from the XLD onto nutrient agar (Oxoid), incubated overnight at
37°C, and further confirmed using Salmonella O antiserum, Poly A-I, and Vi
(Difco). MPN values for the Salmonella were obtained from MPN tables, with
counts being expressed as MPN per g of litter and dust or per cubic meter of air.
The minimum detection limit was 0.3 MPN per g of litter and dust and 0.22 MPN
per cubic meter of air for aerosols. Selected confirmed Salmonella isolates were
serotyped by the Salmonella Reference Laboratory in Adelaide, Australia.

A three-tube MPN analysis was carried out for Campylobacter. Serial dilutions
were prepared in Preston broth without antibiotics, i.e., nutrient broth no. 2 (Oxoid)
and 5% lysed horse blood, after which 1-ml portions of the appropriate dilutions
were inoculated into 5.5 ml of Preston broth with antibiotics (nutrient broth no.
2, Campylobacter growth supplement SR232 [Oxoid], and Campylobacter selec-
tive supplement SR117 [Oxoid] with 5% horse blood) in triplicate. The broths
were incubated under microaerobic conditions using Campygen (Oxoid) gas-
generating kits for 37°C for 4 h, followed by 42°C for 44 h. The broths were
streaked onto CCDA (Oxoid) and then incubated under microaerobic conditions
(as described above) at 37°C for 48 h. Typical colonies, if present, were streaked
onto Abeyta-Hunt-Bark agar plates (14) and incubated under microaerobic
conditions (as described above) at 37°C overnight. The isolates were tested for
typical motility, cell morphology, oxidase, and catalase reactions. MPN results for
Campylobacter were reported as MPN per g of litter and dust or per cubic meter
of air. The minimum detection limit was 3 MPN per g of litter and dust and 0.22
MPN per cubic meter of air for aerosols.

RESULTS

A total of six trials were performed, and representative data
from four of the six trials are presented for the three different
organisms.

E. coli. Figure 1 illustrates the levels of E. coli in litter and
aerosols (both inside and outside the shed). The levels of E.
coli in litter rapidly increased to 10° per g of litter after chicken
placement and then remained fairly stable (107 g~'), albeit
with a slight downward trend (reaching 10° to 107 g~ %), until
the end of the cycle (Fig. 1). E. coli was not captured in aerosols
inside the shed prior to chick placement. However, once chick-
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FIG. 1. Levels of E. coli in litter, dust, and air (in and out) during weekly sampling of broiler cycle in farm S (summer) (A), farm X (B), farm
S (winter) (C), and farm L (D). Unfilled symbols indicate points where results were negative at minimum detection limits of 20 CFU g~ (litter)

and 5 CFU m ™ (aerosol).

ens were placed, typically the levels inside ranged between 10°
to 10° CFU m 2, inside the shed. On all farms, the external air
levels at distance of 10 m from the fans ranged from not being
detected (i.e., below detection limit) to a maximum that varied
from 10* to 10* CFU m>. The external levels were always
below the internal levels with some exceptions. On farm X,
(Fig. 1B) the higher external aerosol levels compared to inter-
nal suggested the likelihood that the embankment was causing
an accumulation or deflection of airborne microorganisms that
was confirmed by additional testing at day 32 (19- and 40-m
distances above the embankment), which yielded only very low
levels of E. coli.

On farm S two trials were carried out, one over the warmer
months and the other spanning across the cooler months. The
commonly observed range on farm S was between 10* to 10*
CFU m 2 (warmer months, Fig. 1A) and 10? to 10° CFU m
(cooler months, Fig. 1C). A notable feature was that in the
winter trial, the outside levels were markedly lower (or absent)
than the inside levels (Fig. 1C), probably reflecting a season-
ality effect.

Salmonella. Figure 2 illustrates the levels of Salmonella in
litter and aerosols. When present, the Salmonella levels in litter
ranged from 10° to 10° MPN g !, a lower range by around two
to three log cycles than that observed for E. coli. On farms S
and L where the Salmonella levels for litter were sometimes in
the range of 10> MPN g~!, no Salmonella was detected in
aerosols inside the shed. In contrast, on farm D, where Salmo-

nella litter levels were generally higher and ranged above 10* to
10° MPN per g of litter (farm D trials, March to May 2007 and
May to July 2007, Fig. 2C and D), Salmonella was captured in
aerosols inside the shed (range, 0.22 to 4.4 MPN m °) at
various points in the cycle. Farm D was the only farm where
Salmonella was captured outside the shed, on a single occasion
at a low level of 2.3 MPN m 2. Of the six broiler cycles tested
in the present study, only the two cycles on farm D yielded
Salmonella in aerosols, either inside or outside the shed.

On farm D (Fig. 2C), Salmonella was isolated from settled
dust within the shed, when no chickens were present, presum-
ably as a result of a residual effect of a previous broiler cycle.
The levels of Salmonella in settled dust reached a maximum of
~10° MPN g~ ! (farm D). Salmonella was also isolated in
settled dust on farm L (days 42 and 49 [data not presented]).

Table 1 presents the dynamics of Salmonella serovars
present in three phases—litter, dust, and aerosols (both in and
out)—for cycles 1 and 2 on farm D. Through these two se-
quential cycles there is the appearance of five serovars, S.
Chester, S. Senftenberg, S. Singapore, S. Sofia, and S. Virchow.
Overall, there appears to be a greater dominance of serovars in
litter compared to dust. S. Sofia (and S. Virchow) appear to
dominate (in litter, dust, and aerosols) during the latter stages
of the cycle (days 25 to 27 and onward) and was not detected
prior to day 25 in either trial. In contrast, S. Chester, S. Sin-
gapore, and S. Senftenberg appear early in the cycle (days 5 to
10) in both cycles and thus were most likely associated with the
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FIG. 2. Levels of Salmonella in litter, dust, and air (in and out) during weekly sampling of broiler cycle in farm S (A), farm L (B), farm D
(summer) (C), and farm D (winter) (D). Testing was carried out on all days of the cycle for litter and aerosols. Only positive outcomes have been
plotted in the graphs for aerosols (minimum detection for aerosols of 0.22 MPN m™?). Unfilled symbols indicate points where the litter was

negative (minimum detection limit of 0.3 MPN g™ 1).

incoming chicks. S. Senftenberg, which was only isolated dur-
ing days 5 to 10 (cycle 1), was the only serovar never captured in
aerosols. S. Chester, S. Sofia, and S. Virchow were the only sero-
vars isolated across both cycles in litter and air inside the shed.
Campylobacter. Campylobacter was detected in litter late in
the cycle on all farms (Fig. 3), except farm X (data not pre-
sented), where the organism was absent in the litter until the
last sampling date, day 37 (the latter cycle dates beyond days 37

to 55 were not sampled). The levels of Campylobacter in litter
reached between 10° to 10" MPN per g of litter. Campylobacter
was only ever detected in the inside air on one occasion (farm
D, Fig. 2D). The sole detection was at a low level (0.22 MPN
m ), and the levels in litter at that time were also at a low
level of 100 MPN g~ ',

Weather parameters (farm L). Figure 4 illustrates the tem-
perature, humidity, and wind speeds for farm L (inside and

TABLE 1. Distribution of Salmonella serovars in litter, dust, and aerosols (in and out of shed) on farm D during two sequential broiler cycles

Salmonella serovar(s) detected

Day Cycle®
Litter Dust Air (in shed) Air (out of shed)”

5 1 Singapore NP Singapore NP

2 Chester, Senftenberg NP Chester NP
10 2 Chester, Senftenberg, Singapore NP Chester NP
11 1 Singapore NP NP NP
19 1 Chester NP NP NP
25 2 Chester, Sofia, Virchow PT 23 Chester Chester, Sofia NP
27 1 Sofia NP NP NP
31 2 Chester, Sofia, Virchow PT 8 Chester Sofia NP
38 2 Chester, Sofia Chester Chester NP
39 1 Sofia NP Sofia NP
45 2 Chester, Sofia, Virchow PT 8 Chester, Sofia Chester NP
47 1 Sofia Sofia Sofia NP
52 2 Chester, Sofia Virchow PT 23 Virchow PT 23 NP
53 1 Sofia, Virchow PT 23 NP Sofia, Virchow PT 8 Singapore

“ Cycle 1 occurred from March to May 2007, and cycle 2 occurred from May to July 2007.

> NP, not present.
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FIG. 3. Levels of C. jejuni or C. coli in litter, dust, and air (in and out) during weekly sampling of broiler cycle in farm S (A), farm L (B), farm
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limit of 0.3 MPN g™ ).

outside the shed) and were logged at the point of the sampler.
The speeds inside the shed showed a gradual increase over the
chicken cycle, reaching a maximum of 1.5 m s~ ! late in the
cycle. The speeds recorded outside at 10 m from the fans also
showed a gradual increase over the cycle, with the maximum
reaching ~4 m s~ ! (data not presented).

In the early stages of the cycle (until day 28), the tempera-
ture/relative humidity combination ranged from approximately
25 to 27°C and 40 to 50% inside the shed and 20 to 23°C and
50 to 55% outside the shed (Fig. 4). After day 28, the internal
temperature-relative humidity combination was around 23 to
25°C and 75 to 80%. Similarly, the external temperature-rela-
tive humidity combination was 25 to 27°C and 65 to 75%
relative humidity. Overall, there was an increase in relative
humidity with chicken age.
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FIG. 4. Changes in relative humidity and temperature during
cycle at farm L.
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Settled dust levels (farm L). Figure 5 illustrates that there
was no sequential increase in settled dust. Increasing weights
were observed up to day 28, after which the weights of col-
lected dust on days 42 and 49 returned to almost the same
levels as those recorded on day 7 at the beginning of the cycle.

Farm-related factors. General farm- and shed-related fac-
tors were also recorded (data not presented), and the number
of fans in operation across the sheds on the different days did
not seem to have a major impact on the E. coli litter-aerosol
relationship observed in the various trials or the patterns ob-
served with Salmonella or Campylobacter detection across the
trials. The overall comment on these farm- and shed-related
factors (such as number of fans in operation) is that these
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FIG. 5. Change in weight (g) of weekly levels of settled dust during
a cycle per 50 cm? at farm L.
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subtle variations seem to have a minimal impact on the general
trends of the distribution patterns of E. coli, Salmonella, and
Campylobacter in litter, dust, and aerosols. Despite variations
in farm management practices, the various pathogen statuses
of the flock (i.e., the presence or absence of Salmonella and
Campylobacter), and variations in seasonality and topography,
we could detect general patterns of survival of the pathogens
across the different trials carried out on the study farms.

DISCUSSION

The sources of Campylobacter, Salmonella, and E. coli in air
are the chicken, either directly or indirectly from the feces, and
dust originating from the production system. In automated
chicken egg layer management systems, the main sources of
aerosols were the live birds (43) with both the feces and the
birds linked to the contribution of both Salmonella and E. coli
to aerosols (43). Air circulation within the poultry housing
environments provides opportunities for the transfer of these
pathogens to the surrounding air environment. This transfer,
the aerosolization process, is a traumatic process for most
microorganisms, and survival can be dependent on the mech-
anisms of aerosolization and the climate into which these or-
ganisms are launched (44). In the present study, this transfer
process was seen to occur via the litter-dust-air interface within
the shed environment. The present study has demonstrated a
more or less common pattern across all of the farms studied in
terms of the levels of these organisms captured both inside and
outside the shed. Among the three organisms tested, E. coli
was the dominant organism in aerosols both inside and outside
the shed. The pattern of distribution of this organism clearly
demonstrated a litter-aerosol relationship across trials which
spanned a period of 3 years. Consistently, the levels of E. coli
were high in litter and thus in the aerosol, which was not the
case for either Salmonella or Campylobacter.

Studies relevant to the presence and levels of airborne E.
coli, Salmonella, and Campylobacter inside poultry shed envi-
ronments are very limited. However, analogies can be drawn
from the survival patterns of these organisms in other aerosols
environments such as processing plants or hatcheries. E. coli
K-12 was able to survive in aerosols or large droplet particu-
lates during defeathering of poultry (2). The levels of E. coli in
processing plant air have been reported to range from log,,
1.18 to 1.67 CFU/15 cubic feet (defeathering areas) (45). In
another study, the levels were in the range of 100 to 624 CFU
m >, with the highest levels in picking and shackling areas (21).
We demonstrated in the present study higher levels of E. coli
in air than these processing plant studies, with levels typically
ranging from 10? to 10* CFU m* (maximum of 10° CFU m )
across various trials. Lower levels of E. coli have been captured
in aerosols in pig sheds (23 CFU m™?) (10). These higher
levels of E. coli in aerosols found in broiler sheds in compar-
ison to other studies (processing plants and pig sheds) probably
reflect the differences in the very nature of the aerosol envi-
ronments and the waste generated by high numbers of live
birds present within a ventilated enclosed shed environment
compared to these other environments.

Temperature (and relative humidity) can have an impact on
survival of E. coli in the aerosol environment. This link has
been demonstrated in a study associated with infection in pigs
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raised under climate controlled conditions where the highest
number of infections occurred at 15°C and no infections oc-
curred at 30°C (44). Laboratory studies to address this issue
found a rapid die-off of this organism during aerosolization at
45 to 65% relative humidity and a temperature of 30°C, with
both factors having a marked impact on survival (44). Death
rates of the organism at 30°C were four times faster than at
15°C. These studies (44) showed that a warm dry atmosphere
with a temperature around 30°C and a <50% relative humidity
will favor the rapid death of E. coli in air. The results described
above supported the relative importance of ventilation rates in
terms of microbial death as a means of improving air quality
within a piggery (44). It is possible that the ventilation rates
occurring in the chicken sheds could also be contributing to
significant E. coli die-off. In the present study, internal tem-
peratures were around 30°C and the relative humidity was ca.
50% during the initial stages of the cycle, similar to conditions
in study of Wathes et al. (44) and 25°C and 70% during the
latter stages of the cycle. These differences in both tempera-
ture and relative humidity could impact on the levels of E. coli
that survived in air at various times. Overall, E. coli has shown
the potential to be distributed in the aerosol environment, the
levels of which seem to be dictated by the very nature of those
environments. This information forms the basis for creating an
understanding for the aerosol survival of both Salmonella and
Campylobacter.

In the present study Salmonella was isolated at lower levels
than the E. coli in litter and as a consequence at lower levels in
aerosols inside and outside the shed. Importantly, the detec-
tion of Salmonella in aerosols only occurred at intermittent
occasions of a cycle. The key point is that the levels in litter
were simply not high enough (as with E. coli) to cause a
dominance of this organism in aerosols inside the shed. More-
over, though present in litter on some farms, Salmonella was
never captured in aerosols on these farms.

There are few studies on aerosolized Salmonella in poultry
environments. Airborne movement of dust and fluff have been
implicated in the transfer of this organism in layer houses (12).
Salmonella was isolated (63 of the 206 samples) in aerosols in
processing plant environments (picking areas) at levels ranging
from 2 to 598 CFU m™> (21). Salmonella has shown to be
viable in laboratory generated aerosols for more than 2 h (28).
As well, it was shown that the death rate of Salmonella was
influenced by the protective nature of the media during aero-
solization, along with overall prevailing relative humidity and
temperature of the air (38). The D values for S. Newbrunswick
aerosolized in skim milk at 10°C ranged from 245 min to 404
min at 90 and 30% relative humidity and at 21°C from 164 to
470 min (38). This work, though carried out under laboratory
conditions, does emphasize the link between environmental
parameters (whether it be the internal poultry shed or the
external atmosphere) and the impact on survival of airborne
organisms and thus contributing the low levels observed within
the shed.

Campylobacter was only ever isolated once (from air) inside
the shed and never outside, despite the numerous samplings
performed in the present study. It appears that Campylobacter
does not survive well in the aerosol environment, despite the
high levels isolated from litter. Campylobacter is very sensitive
to drying (29) and thus would be a poor survivor in the air
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environment. Campylobacter has been detected in 46.7 to 70%
(defeathering) and 6.7 to 70% (evisceration) of the aerosols in
plant environments at levels from 0 to 60 CFU/15 cubic feet of
air (45). Similarly, Campylobacter was prevalent in the aerosols,
droplets, and particulates, mainly in the evisceration areas and
the relevant carcasses, at the time, had high counts (log,, 5 to
7.8) (1). In the present study though Campylobacter levels were
high (10° to 107 organisms g~ ' in litter), the organism was not
a common inhabitant of either the internal and external aero-
sols. Since Campylobacter is sensitive to dry conditions, high
relative humidity and/or precipitation contribute to survival in
the environment (31). Although a high relative humidity (75 to
80% at 23 to 25°C) did occur at the latter stages of the broiler
cycle, it would appear that other factors resulted in the low
levels of Campylobacter seen in the present study. For example,
key regulators of the stress defense systems found in Salmo-
nella spp. and E. coli are not present in C. jejuni (29). Hence,
in the present study, even though Campylobacter was present in
litter at high levels, it is possible the organism was already
stressed when present in the litter phase and simply could not
survive further aerosolization stress. In contrast, a processing
plant may have different internal environmental conditions
than in a shed (more humid and moister) due to the very
nature of the activities undertaken. It appears that Campy-
lobacter can possibly survive better in processing plant envi-
ronments than in poultry sheds.

Extensive testing in the present study across several farms
resulted in Campylobacter not being isolated in the outer en-
vironment, even with a low detection limit of 0.2 MPN m 3.
Bull et al. (8), in the context of studies on the possibility of air
transmission routes on-farm being a source for flock infection,
detected Campylobacter inside the shed in 6% (from a total of
248 samplings) of the air samples (originating from five flocks)
and on four occasions from 18 samplings (originating from two
of the five flocks), up to 30 m downwind of the broiler house.
Since the internal sampling included settle plates, this means
that some of the positive results could have been associated
with large particulate matter, which is not typically regarded as
an aerosol component. Given the low isolation percentage of
Campylobacter reported (from air) inside the house by Bull et
al. (8), and our study which isolated (from air) the organism
only once inside the house, there is a remote likelihood of this
organism being present in significant numbers in the air out-
side the shed.

We observed a decrease in survival of E. coli in external
aerosols linked to the colder months, a finding suggestive of
seasonality impacts such as humidity. Reduced outdoor sur-
vival of E. coli has been linked with increasing temperature and
direct sunlight but not wind direction or air quality (18). Single
bacteria are not common in the atmosphere, but are more
commonly “clumped or rafted” on pieces of plant or soil debris
in the atmosphere (40). Greater bacterial survival following
solar radiation of larger particles (compared to small) sup-
ported the hypothesis of a dominance of “larger-sized viable
bacterium-associated particles” in the atmosphere during clear
sunny days (40). Campylobacter has also been suggested to be
sensitive to UV radiation in the form of sunlight (29) and thus
would have problems surviving in the open atmosphere, while
being transported as aerosols. A Swedish study assessing the
correlations between Campylobacter prevalence in the external
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environment and broiler flocks found this organism to be more
frequently present in the surroundings on rainy days compared
to sunny days (19). This suggests that atmospheric conditions
can have an impact on supporting the organisms’ presence
either in the environment or air. In the present study the only
organism of significance found in the external environment (at
10 m) was E. coli, which could be a result of the better survival
potential, together with the high numbers being expelled and
perhaps traveling in larger particles affording some protection.

Studies (24) on the recovery of S. Typhimurium from in-
fected chickens demonstrated that sampling aerosols was a
representative way of understanding overall flock contamina-
tion, alleviating the need to examine large numbers of litter
samples. This earlier study (24) clearly demonstrated a litter-
aerosol link, a link also observed in the present study. In a cage
production situation, excreted salmonellas have been sug-
gested to show increased survival in nest boxes due to the body
heat of the birds and protection via the organic matter in feed
or dust (12), a possible reason for the good survival of E. coli
in litter in the present study. Similarly, the temperatures within
litter may have a role in supporting the continued survival of
the organism.

Settled dust can be a source of pathogens that enter the
aerosol environment. E. coli has been isolated from settled
dust collected in residential environments (35). Litter has ul-
timately a role in the generation of dust that can accumulate on
walls, the ceiling, and other equipment, with microorganisms
adhering to this dust (33). Studies involving laying hens raised
in houses with litter and in cages have shown that there was 1.6
times more dust and 2.4 times more bacteria in the air of
litter-based poultry houses than the cage-based technologies
(42). In the present study, Salmonella was isolated from settled
dust. The levels of dust peak during the middle of the cycle,
thus showing a link to chicken activity.

Various factors can contribute to the continued survival of
Salmonella in source material such as dust or litter. It is pos-
sible that some serovars can be more resilient than others in a
poultry environment. A Danish study found that an S. Senften-
berg clone persisted for more than 2 years, despite cleaning,
disinfection, desiccation, and depopulation, and was subse-
quently able to infect newly placed Salmonella-free layers (5).
In the present study, the fact that all serovars (except S. Sen-
ftenberg) were detected in litter and aerosols suggests that the
serovars detected in the air were resilient enough to be cap-
tured in the aerosol environment as well as litter. Overall, S.
Chester was by far the dominant serovar captured in all three
intefaces through the two consecutive cycles and thus, in the
present study, was by far the most resilient serovar in terms of
entering and surviving in the aerosol environment.

Ultimately, the direct risk of acquiring infections from aero-
sols containing these pathogens is what matters. Airborne par-
ticles of >7 pm are trapped in the upper respiratory tract
regions, nose, and throat (and can thus gain access to the
gastrointestinal tract), whereas smaller particles (<1 pm) can
pass down to the alveoli of the lungs (20). Hence, in terms of
the risk of direct illness, it is only that fraction of the airborne
pathogens that are capable of being swallowed that pose an
infection risk. It is generally accepted that for the paratyphoid
Salmonella (i.e., the types of Salmonella present in chickens)
the infectious dose is around 10° to 10° organisms (37). In
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contrast, the infectious dose for Campylobacter has been re-
ported to be approximately 500 organisms (34). Overall, when
considering the relevance of the levels, if any, of Salmonella
and Campylobacter in air, it is important to include recognition
of the difference of the infectivity of these two species.

The present study has identified the dynamics of pathogen
transfer within Australian mechanically ventilated production
systems (3), which do not vary markedly, to the U.S. produc-
tion systems (41). Given the overall similarities of the produc-
tion systems, there is likely to be little difference in the way
both Salmonella and Campylobacter behave within the relevant
production environments (including the aerosol environment),
which is ultimately based on their presence and levels.

In conclusion, the present study has shown that, as a direct
consequence of the association of both Salmonella and Campy-
lobacter with chickens, these organisms can be inhabitants of
the immediate poultry environment. However, the levels of
these organisms transferring into both the internal and the
external environment as aerosols are of little significance in
terms of human infections. A combination of factors dictates
the survival potential of these organisms in the environments
studied. The very low levels of capture as aerosols both inside
the shed and at close distances from the fan outside the shed
across a 3-year period and various farms means there is min-
imal risk of encountering high levels of these organisms under
normal prevailing operating conditions on poultry farms.

ACKNOWLEDGMENTS

The financial support of the Rural Industries Research and Devel-
opment Corp. Chicken Meat Research Program is gratefully acknowl-
edged.

The support of the poultry integrator companies and the individual
farmers was an important contribution to this work.

REFERENCES

1. Allen, V. M., S. A. Bull, J. E. L. Corry, G. Domingue, F. Jorgensen, J. A.
Frost, R. Whyte, A. Gonzalez, N. Elviss, and T. J. Humphrey. 2007. Campy-
lobacter spp. contamination of chicken carcasses during processing in rela-
tion to flock colonization. Int. J. Food Microbiol. 113:54-61.

2. Allen, V. M., M. H. Hinton, D. B. Tinker, C. Gibson, G. C. Mead, and C. M.
Wathes. 2003. Microbial cross-contamination by airborne dispersion and
contagion during defeathering of poultry. Br. Poult. Sci. 44:567-576.

3. Australian Chicken Meat Federation. 2007. Breeding meat chickens. Aus-
tralian Chicken Meat Federation, North Sydney, New South Wales, Austra-
lia. http://www.chicken.org.au/page.php?id=6.

4. Baykov, B., and M. Stoyanov. 1999. Microbial air pollution caused by inten-
sive broiler chicken breeding. FEMS Microbiol. Ecol. 29:389-392.

5. Broennum Pedersen, T., J. Elmerdahl Olsen, and M. Bisgaard. 2008. Per-
sistence of Salmonella Senftenberg in poultry production environments and
investigation of its resistance to desiccation. Avian Pathol. 37:421-427.

6. Brooks, J. P., B. D. Tanner, K. L. Josephson, C. P. Gerba, C. N. Haas, and
L. L. Pepper. 2005. A national study on the residential impact of biological
aerosols from the land application of biosolids. J. Appl. Microbiol. 99:310—
322.

7. Brooks, J. P., B. D. Tanner, K. L. Josephson, C. P. Gerba, and I. L. Pepper.
2004. Bioaerosols from the land application of biosolids in the desert south-
west USA. Water Sci. Technol. 50:7-12.

8. Bull, S. A., V. M. Allen, G. Domingue, F. Jorg J. A. Frost, R. Ure, R.
Whyte, D. Tinker, J. E. L. Corry, J. Gillard-King, and T. J. Humphrey. 2006.
Sources of Campylobacter spp. colonizing housed broiler flocks during rear-
ing. Appl. Environ. Microbiol. 72:645-652.

9. Byrd, J. A,, J. R. DeLoach, D. E. Corrier, D. J. Nisbet, and L. H. Stanker.
1999. Evaluation of Salmonella serotype distributions from commercial
broiler hatcheries and grower houses. Avian Dis. 43:39-47.

10. Chinivasagam, H. N., and P. J. Blackall. 2005. Investigation and application
of methods for enumerating heterotrophs and Escherichia coli in the air
within piggery sheds. J. Appl. Microbiol. 98:1137-1145.

11. Chinivasagam, H. N, T. Tran, L. Maddock, A. Gale, and P. J. Blackall. 2009.
The aerobiology of the environment around mechanically ventilated broiler
sheds. J. Appl. Microbiol. [Epub ahead of print.] doi:10.1111/j.1365-
2672.2009.04571.x.

12.

13.

14.

15.

17.

18.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

APPL. ENVIRON. MICROBIOL.

Davies, R. H., and C. Wray. 1994. An approach to reduction of salmonella
infection in broiler chicken flocks through intensive sampling and identifi-
cation of cross-contamination hazards in commercial hatcheries. Int. J. Food
Microbiol. 24:147-160.

Donnison, A., C. Ross, M. Noonan, G. Fisher, and J. Waller. 2004. Bacterial
survival and dispersal in spray irrigation aerosols. N. Z. J. Agric. Res. 47:
575-585.

Food and Drug Administration. 2001. Bacteriological analytical manual on-
line. U.S. Food and Drug Administration, Washington, DC. http://www.cfsan
fda.gov/~ebam/m29a.html.

Gast, R. K. 2008. Paratyphoid infections, p. 636-665. In Y. M. Saif, A. M.
Fadly, J. R. Glisson, L. R. McDougald, L. K. Nolan, and D. A. Swayne (ed.),
Diseases of poultry, 12th ed. Blackwell Publishing Professional, Ames, IA.

. Gast, R. K. 2003. Paratyphoid infections, p. 583-613. In Y. M. Saif, H. J.

Barnes, J. R. Glisson, A. M. Fadly, L. R. McDougald, and D. A. Swayne
(ed.), Diseases of poultry, 11th ed. Towa State University Press, Ames.
Gast, R. K., B. W. Mitchell, and P. S. Holt. 2004. Detection of airborne
Salmonella enteritidis in the environment of experimentally infected laying
hens by an electrostatic sampling device. Avian Dis. 48:148-154.

Handley, B. A., and A. J. F. Webster. 1995. Some factors affecting the
airborne survival of bacteria outdoors. J. Appl. Bacteriol. 79:368-378.

. Hansson, L, L. Vagsholm, L. Svensson, and E. O. Engvall. 2007. Correlations

between Campylobacter spp. prevalence in the environment and broiler
flocks. J. Appl. Microbiol. 103:640-649.

Hatch, T. F. 1959. Respiratory dust and retention. J. & A. Churchill, Johan-
nesburg, South Africa.

Heber, A. J., M. W. Peugh, K. R. Lutgring, N. J. Zimmerman, and R. H.
Linton. 2006. Poultry slaughtering plants: concentrations of microbial aero-
sols in poultry slaughtering and processing plants. ASHRAE Transact. 112:
644-655.

Jones, A. M, and R. M. Harrison. 2004. The effects of meteorological factors
on atmospheric bioaerosol concentrations: a review. Sci. Total Environ.
326:151-180.

Kidd, M. T., S. J. Barber, C. D. Zumwalt, S. L. Branton, and D. Hoehler.
2003. Dietary amino acid and sodium bicarbonate responses in broilers
reared in hot environmental temperatures. J. Appl. Poult. Res. 12:321-327.
Kwon, Y. M., C. L. Woodward, D. E. Corrier, J. A. Byrd, S. D. Pillai, and
S. C. Ricke. 2000. Recovery of a marker strain of Salmonella typhimurium in
litter and aerosols from isolation rooms containing infected chickens. J.
Environ. Sci. Health B Pesticides Food Contam. Agric. Wastes 35:517-525.
Lahellec, C., P. Colin, G. Bennejean, J. Paquin, A. Guillerm, and J. C.
Debois. 1986. Influence of resident Salmonella on contamination of broiler
flocks. Poult. Sci. 65:2034-2039.

Lighthart, B. 1999. An hypothesis describing the general temporal and
spatial distribution of alfresco bacteria in the earth’s atmospheric surface
layer. Atmospheric Environ. 33:611-615.

Lighthart, B. 2000. Mini-review of the concentration variations found in the
alfresco atmospheric bacterial populations. Aerobiologia 16:7-16.
McDermid, A. S., and S. Lever. 1996. Survival of Salmonella enteritidis PT4
and Salmonella typhimurium Swindon in aerosols. Lett. Appl. Microbiol.
23:107-109.

Murphy, C., C. Carroll, and K. N. Jordan. 2006. Environmental survival
mechanisms of the food-borne pathogen Campylobacter jejuni. J. Appl. Mi-
crobiol. 100:623-632.

Nicholson, F. A,, S. J. Groves, and B. J. Chambers. 2005. Pathogen survival
during livestock manure storage and following land application. Biores.
Technol. 96:135-143.

Patrick, M. E., L. E. Christiansen, M. Waino, S. Ethelberg, H. Madsen, and
H. C. Wegener. 2004. Effects of climate on incidence of Campylobacter spp.
in humans and prevalence in broiler flocks in Denmark. Appl. Environ.
Microbiol. 70:7474-7480.

Pillai, S. D. 2007. Bioaerosols from land-applied biosolids: issues and needs.
Water Environ. Res. 79:270-278.

Richardson, L. J., C. L. Hofacre, B. W. Mitchell, and J. L. Wilson. 2003.
Effect of electrostatic space charge on reduction of airborne transmission of
Salmonella and other bacteria in broiler breeders in production and their
progeny. Avian Dis. 47:1352-1361.

Robinson, D. A. 1981. Infective dose of Campylobacter jejuni in milk. BMJ
282:1584.

Rosas, L., E. Salinas, A. Yela, E. Calva, C. Eslava, and A. Cravioto. 1997.
Escherichia coli in settled-dust and air samples collected in residential envi-
ronments in Mexico city. Appl. Environ. Microbiol. 63:4093-4095.

Shane, S. M., and M. J. Stern. 2003. Campylobacter infection, p. 615-630. In
Y. M. Saif, H. J. Barnes, J. R. Glisson, A. M. Fadly, L. R. McDougald, and
D. A. Swayne (ed.), Diseases of poultry, 11th ed. Iowa State University Press,
Ames.

Shuval, H. I, and P. Yekutiel. 1986. State of the art review: an epidemio-
logical approach to the health effects of wastewater reuse. Water Sci. Tech-
nol. 18:147-162.

Stersky, A. K., D. R. Heldman, and T. I. Hedrick. 1972. Viability of airborne
Salmonella newbrunswick under various conditions. J. Dairy Sci. 55:14-18.
Thorne, P. S., A. C. Ansley, and S. S. Perry. 2009. Concentrations of bio-

1sanb Aq 0z0z ‘8z Jlequialdas uo /Bio wse war//:dny woll papeojumoq


http://aem.asm.org/

VoL. 75, 2009

40.
41.

42.

43.

aerosols, odors, and hydrogen sulfide inside and downwind from two types of
swine livestock operations. J. Occup. Hyg. Med. 6:211-220.

Tong, Y., and B. Lighthart. 1998. Effect of simulated solar radiation on mixed
outdoor atmospheric bacterial populations. FEMS Microbiol. Ecol. 26:311-316.
University of Georgia. 2007. Life cycle of a broiler chicken. University of Geor-
gia, Athens. http://www.vet.uga.edu/vpp/animaldoc/poultry/poultry04.php.
Vaicionis, G., V. Ribikauskas, A. Benediktaviciute-Kiskiene, and I. Skurde-
niene. 2006. Emission of materials of biological origin in laying hens houses
with different technologies of rearing. Czech J. Anim. Sci. 51:458-465.
Venter, P., J. F. R. Lues, and H. Theron. 2004. Quantification of bioaerosols
in automated chicken egg production plants. Poult. Sci. 83:1226-1231.

BROILER SHEDS AND AEROSOLIZED FOOD-BORNE PATHOGENS

44,

45.

46.

7425

Wathes, C. M., K. Howard, and A. J. F. Webster. 1986. The survival of
Escherichia coli in an aerosol at air temperatures of 15 and 30C and a range
of humidities. J. Hyg. 97:489-496.

Whyte, P., J. D. Collins, K. McGill, C. Monahan, and H. O’Mahony. 2001.
Distribution and prevalence of airborne microorganisms in three commercial
poultry processing plants. J. Food Prot. 64:388-391.

Zhang, Q. 2008. Campylobacterosis, p. 675-689. In Y. M. Saif, A. M.
Fadly, J. R. Glisson, L. R. McDougald, L. K. Nolan, and D. A. Swayne
(ed.), Diseases of poultry, 12th ed. Blackwell Professional Publishing,
Ames, IA.

1sanb Aq 0z0z ‘8z Jlequialdas uo /Bio wse war//:dny woll papeojumoq


http://aem.asm.org/

