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I Abstract
Sampling techniques to detect airborne Salmonella species (spp.) in two pilot scale broiler houses were compared. Broilers
were inoculated at seven days of age with a marked strain of Salmonella enteritidis. The rearing cycle lasted 42 days during
the summer. Airborne Salmonella spp. were sampled weekly using impaction, gravitational settling, and impingement
techniques. Additionally, Salmonella spp. were sampled on feeders, drinkers, walls, and in the litter. Environmental conditions
(temperature, relative humidity, and airborne particulate matter (PM) concentration) were monitored during the rearing
cycle. The presence of Salmonella spp. was determined by culture-dependent and molecular methods. No cultivable
Salmonella spp. were recovered from the poultry houses’ surfaces, the litter, or the air before inoculation. After inoculation,
cultivable Salmonella spp. were recovered from the surfaces and in the litter. Airborne cultivable Salmonella spp. were
detected using impaction and gravitational settling one or two weeks after the detection of Salmonella spp. in the litter.
No cultivable Salmonella spp. were recovered using impingement based on culture-dependent techniques. At low airborne
concentrations, the use of impingement for the quantification or detection of cultivable airborne Salmonella spp. is not
recommended. In these cases, a combination of culture-dependent and culture-independent methods is recommended.
These data are valuable to improve current measures to control the transmission of pathogens in livestock environments

and for optimising the sampling and detection of airborne Salmonella spp. in practical conditions.
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INTRODUCTION

Airborne microorganisms are abundant in the air of livestock
houses [1]. They can cause detrimental effects to the health
of farmers and animals and can be responsible for infectious
and non-infectious diseases [2, 3]. Although most airborne
microorganisms in livestock houses are non-pathogenic,
airborne pathogens can be found in small concentrations [4].
Seedorf et al. [5] reported concentrations of total airborne
bacteria of 6 log colony forming units (CFU) per m? in broiler
houses, whereas the levels of Enterobacteriaceae (a family
which includes pathogenic species) were 3 log CFU m™.
When pathogens are zoonotic and airborne transmittable,
long-distance transmission to nearby farms can occur, and
the health of not only farmers but also people living near the
livestock houses may be threatened [6].

In the environments in livestock houses, the biological
survival of airborne microorganisms is affected by
environmental conditions such as temperature, relative
humidity, and ultraviolet radiation [7]. Moreover, the survival
of microorganisms in air can be influenced to a large extent
by airborne particulate matter (PM) [8, 9, 10] because their
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physical deposition is affected by particle characteristics,
mainly the size of particle they attach to [11]. Although many
bacteria and fungi have been recovered from airborne PM
[12, 13, 14], the role of PM in the airborne transmission of
specific pathogens is not fully understood.

Poultry production is a source of human pathogens
such as Salmonella species (spp.), which are a major cause
of foodborne illness throughout the world [15]. These
bacteria are generally transmitted to humans through the
consumption of contaminated food of animal origin, mainly
meat, eggs, and milk. Salmonella spp. can cause adverse
health effects such as fever, diarrhoea, abdominal cramps,
and headache [16].

In poultry houses, Salmonella spp. can survive and
remain viable in different reservoirs even after cleaning and
disinfection [17, 18]. Several authors have isolated Salmonella
spp. from surfaces or litter in poultry farms [19, 20, 21, 22].
Marin et al. [18] reported that farm surfaces, faeces, and
settled dust were the most relevant sources of Salmonella spp.
contamination in poultry flocks. Furthermore, Salmonella
spp. can become airborne and remain viable in the air. Their
presence in the air has been confirmed inside poultry farms
[19,23]. Additionally, it has been recognised that the airborne
transmission of Salmonella spp. among animals over short
distances can occur [23, 24]. David and Morishita [23] also
recovered airborne Salmonella spp. 12 meters from a layer
farm, thus indicating that the spread of Salmonella spp. to
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the outside environment may also occur through ventilation
exhausts.

Nevertheless, to determine whether a certain airborne
pathogen can furthermore cause infection, not only
its presence, but also its concentration in the air is
necessary [25]. Research has dealt with the detection and
quantification of Salmonella spp. in different reservoirs in
poultry environments, including the air, and using several
sampling techniques and culture-dependent as well as
culture-independent methods such as polymerase chain
reaction (PCR) [19, 20, 26, 27, 28]. Literature shows that these
results can vary considerably depending on the sampling
techniques and method for analysis. Moreover, although
practical measures to control airborne transmission of
Salmonella spp. in poultry environments are necessary,
the behaviour of Salmonella spp. in the air still remains
unpredictable. Furthermore, there is currently a lack of
standardised techniques to detect and quantify airborne
pathogens, specifically airborne Salmonella spp.

The problem concerns the control of airborne
pathogens, which is complicated because sampling and
analytical techniques have been developed and validated
in other matrices, such as water [29], which differ
from air, where airborne pathogens are found in low
concentrations. At present, only limited efforts have been
made to compare the different techniques and to apply
them to livestock-derived pathogens in the air. Therefore,
to improve current measures to control the transmission
of pathogens in livestock environments, the performance
of sampling techniques and analytical methods under
different housing and environmental conditions needs to
be assessed.

The objective of the presented study was to compare the
performance of techniques to sample and detect airborne
Salmonella spp. in broiler (poultry for meat production)
farms. The study was conducted in two pilot scale broiler
houses during a summer rearing cycle in experimentally
inoculated birds. Air sampling techniques based on
impaction, gravitational settling, and impingement followed
by culture-dependent and molecular methods were tested.
The comparison between techniques will provide insight
into the advantages and disadvantages of the sampling
techniques and analytical methods used to detect pathogens
found at low concentrations in the air. Additionally, the
relationship between airborne Salmonella spp. and airborne
PM characteristics and the processes leading to Salmonella
spp. becoming airborne were examined. These data will be
useful to improve current control measures for pathogenic
and non-pathogenic airborne bacteria inside and outside
livestock houses.

MATERIALS AND METHODS

Experimental poultry houses and broilers. The study
was conducted in two identical poultry houses in the pilot
scale broiler farm at the Animal Technology Centre (CITA-
IVIA) located at Segorbe (Castelldn, Spain). Each poultry
house measured 13 x 6 meters. The houses were heated by
a central heating system and mechanically ventilated with
two ventilators suspended from the ceiling.

At the start of the rearing cycle, 288 one-day-old male
broiler chicks (Hubbard) were introduced in each house. The

birds were placed randomly into 24 floor group pens with an
area of 1.3 m? for a pen in each house (12 pens per house and
12 animals per pen). Each pen contained wood shavings as
litter to a depth of 10 centimetres. The rearing cycle lasted
42 days during the summer. Broilers had free access to feed
and drinking water.

Animal inoculation with Salmonella spp. On day 7 of the
rearing cycle, broilers were orally inoculated with 1 mL of a
bacterial solution containing 10 CFU Salmonella enteritidis
with kanamycin resistance, a clinical isolate from faeces, wild-
type mutant strain 3934 yhjL-km (Instituto Universitario
de Agrobiologia y Recursos Naturales and Departamento
de Produccién Agraria, Universidad Publica de Navarra-
Consejo Superior de Investigaciones Cientificas, Spain;
deposited in the Spanish Type Culture Collection [CECT],
Accession No. CECT 7236). It was previously confirmed that
this mutant behaved like a standard S. enteritidis strain and
that the resistance was stable. This protocol was revised and
accepted by the Animal Welfare Committee of the Instituto
Valenciano de Investigaciones Agrarias.

Animal productive parameters. Bird weight was recorded at
the beginning and at the end of the rearing cycle by weighing
the animals in each house. Feed consumption was recorded
at the end of the rearing cycle in each house. With these
data, total average daily gain, average daily feed intake, and
feed conversion in each house were calculated. Mortality
was supervised daily and was used in the calculation of the
productive parameters.

Environmental parametersandairborne particulate matter.
Temperature and relative humidity were recorded in each
house using dataloggers (HOBO U12-013, Onset Computer
Corp, Pocasset, MA, USA). Two data loggers were placed
inside each house, and two were placed outside. Data were
recorded at 5-minute intervals. The ventilation rate in each
house was calculated using a carbon dioxide (CO,) balance
[30]. The CO, concentration was measured every 5-minutes
inside each house, at a representative sample point near one
of the two exhaust ventilators in each house, using a CO,
sensor with a measurement range from 0 - 10,000 ppm
(Vaisala GMT-222, Vaisala Oyj., Helsinki, Finland) coupled
with a data logger (HOBO U12-013, Onset Computer Corp,
Pocasset, MA, USA). The CO, concentration of the inlet
air was considered constant and equal to 350 ppm (clean
air) as a result of previous measurements conducted at our
installations.

Additionally, concentrations of PM10 (particles smaller
than 10 pm) and PM2.5 (particles smaller than 2.5 pm)
were simultaneously determined using a ‘tapered element
oscillating microbalance’ (TEOM model 1405-D, Thermo
Fisher Scientific, Franklin, MA, USA). This device operated
on changes in the resonant frequency of an oscillating
element as a function of increases in the particle mass
collected on a filter. Changes in the recorded resonant
frequency of the element provide continuous and time-
averaged measurements of mass accumulation. The TEOM
device was located indoors, close to the ventilation exhaust
in each poultry house. Measurements were conducted at a
height of 2 meters. Particulate matter concentrations were
measured weekly in each house. The sampling duration
was 24 hours, and recordings were stored every minute.
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Average one-minute records were summarised to calculate
the 24-hour PM concentrations.

Sampling and microbiological analysis of Salmonella spp.
on surfaces. Prior to the arrival of the chicks, the absence
of Salmonella spp. on the farm surfaces (floor and wall),
feed, and litter was confirmed following the ISO 6579:2002
method [31].

During the rearing cycle, settled dust on surfaces was
collected by means of sterile wet gauze pads (AES Chemunex,
Bruz Cedex, France). Samples were collected on two days of
the rearing cycle (days 23 and 37) at eight different points
distributed randomly across the feeders, drinkers, and walls
in each poultry house. The presence of Salmonella spp. in
these samples was tested following the ISO 6579:2002 method
[31]. Isolated colonies were further confirmed for Salmonella
spp. using biochemical confirmation (API-20E, bioMérieux,
Madrid, Spain). The same biochemical confirmation of
Salmonella spp. was performed for all the samples that were
analysed with a culture-based method in the presented study.

Sampling and microbiological analysis of Salmonella spp.
in the litter. Litter was sampled weekly in each poultry
house, starting on day 3 pre-infection. Litter samples were
collected in each house by randomly sampling 24 spots per
house to a depth of 1 — 4 cm. Samples were pooled per house,
homogenised to achieve a uniform sample, stored in sterile
bags and refrigerated between 4°C - 8°C until transport to
the laboratory.

A 25-galiquot of each litter sample was prepared in 225 mL
of buffered peptone water. Each sample was manually shaken,
and 1 mL of appropriate serial dilutions was inoculated into
9 mL of buffered peptone water. Salmonella spp. colonies were
determined by culturing 1 mL of the continuous dilutions
in duplicate brilliant green agar (BGA) (Liofichen, Roseto
degli Abruzzi, Italy) plates with 50 ug mL" of kanamycin
(kanamycin sulphate, Sigma-Aldrich, Steinheim, Germany).
Plates were incubated at 37°C for 24 h, and then CFUs were
counted on plates containing between 30 — 300 colonies [33].
The colonies were further confirmed to be Salmonella spp.
using biochemical confirmation.

Additionally, the dry matter content of the litter was
determined. A sample of 80 - 100 g of litter was dried in an
oven at 104°C for 24 hour according to AOAC International
[32]. Dry matter analyses were conducted in triplicate per
house.

Sampling and microbiological analysis of airborne
Salmonella spp. The air in each poultry house was sampled
weekly, on the same day, using 3 techniques: impaction,
gravitational settling, and impingement. Impaction and
impingement samplings were conducted within a 20-minute
interval between houses. Gravitational settling was conducted
simultaneously in both houses.

Air sampling by impaction was conducted with a 6-stage
viable Andersen Impactor (Thermo Scientific, Franklin,
MA, USA). The Andersen sampler had 6 stages, each of
which consisted of a plate with agar placed under a screen
with 400 holes. The diameter of the holes decreased in each
successive stage. Airborne microorganisms were retained
on the agar plates in different stages according to their size.
From the first stage to the sixth stage, bacterial particles
larger than 7 um, from 4.7 — 7.1 pm, from 3.3 - 4.7 pm, from

2.1 - 3.3 pm, from 1.1 - 2.1 um, and from 0.65 - 1.1 um
in size, were collected. Plates containing BGA (Liofichen,
Roseto degli Abruzzi, Italy) with 50 ug mL* of kanamycin
(kanamycin sulphate, Sigma-Aldrich, Steinheim, Germany)
were used in the Andersen sampler. The sampling airflow
rate was 28.3 L min™. Three repetitions were conducted
in the centre of each house at different heights: 10-30 cm
(animal breathing height), 150 cm (human breathing height)
and 200 cm (exhaust fan height). Sampling duration was
90 seconds per repetition and height. Plates were directly
incubated at 37°C for 24 hours and then CFUs were counted
and divided by the volume of the sampled air. Colonies were
further confirmed to be Salmonella spp. using biochemical
confirmation. Plates positively confirmed for Salmonella spp.
were considered positive plates.

The gravitational settling technique was used to sample
airborne Salmonella spp. across the whole house space.
Gravitational settling sampled microorganisms adhered
to coarse particles or particle aggregates, which settled by
gravitational forces, without using forced air. Therefore,
it allowed sampling for airborne Salmonella spp. without
size discrimination (as for impaction or impingement)
and for longer sampling durations, overcoming the short
sampling times required for impaction and impingement.
Thirty-six Petri plates with BGA (Liofichen, Roseto degli
Abruzzi, Italy) and 50 pg mL"' of kanamycin (kanamycin
sulphate, Sigma-Aldrich, Steinheim, Germany) were placed
open, at 3 different heights, 12 plates per height: 10-30 cm
(animal breathing height), 150 cm (human breathing height)
and 200 cm (exhaust fan height). The sampling time was
24-hours. The plates were directly incubated at 37°C for
24 hours, after which the CFUs were counted. Colonies were
further confirmed to be Salmonella spp. using biochemical
confirmation. Plates positively confirmed for Salmonella spp.
were considered positive plates.

Air sampling using liquid impingement was conducted
with AGI-30 samplers (Ace Glass Co., Vineland, NJ, USA).
The AGI-30 sampler worked by accelerating airborne particles
through a narrow orifice placed at a fixed distance from the
bottom of a flask containing a liquid. A pressure drop is
created in the flask and forces the air to enter through the
inlet of the impinger. The AGI-30 sampler worked with a
cut-off diameter of 0.31 um. Each sampler contained 20 mL
of buffered peptone water, 0.01% of Tween, and 0.005% of
anti-foam and was operated at a flow rate of 12.5 L min™ for
15 minutes. Sampling was performed in triplicate at a height
of 1.5 meters in the centre of each house, near the exhaust
air. The 3 samples were then pooled and refrigerated between
4°C - 8°C until transport to the laboratory (within 2 hours).
The final volume was measured and corrected for evaporation
before using culture-dependent and molecular methods.

A schematic diagram of one poultry house showing the
sampling locations is provided in Figure 1. The sampling
locations were the same in each house.

Culture-dependent analysis of airborne Salmonella spp.
For the selective detection of Salmonella spp. in air samples
collected using liquid impingement, 3 methods were used:
serial dilutions and plating, most probable number (MPN),
and the ISO 6579:2002 method. First, the sampled liquid
was serially diluted 10-fold in buffered peptone water, and
then 0.1-mL samples were plated onto duplicate BGA plates
(Liofichen, Roseto degli Abruzzi, Italy) with 50 pg mL"
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Figure 1. Schematic diagram of a poultry house showing sampling locations
(M Particulate Matter sampler (TEOM); ==mm Andersen cascade impactor;
A Impingers;OGravitationaI plates; # Temperature and relative humidity sensors)

of kanamycin. Plates were incubated at 37°C for 24 hours,
after which the CFUs were counted. Colony forming
units were counted on plates containing between 30 — 300
colonies [33]. The concentrations of Salmonella spp. in the
liquid samples were determined by multiplying the CFU
by the dilution volume and dividing by the volume plated
(0.1 mL). The concentrations of Salmonella spp. in the air
were then calculated by introducing the volume of sampled
air. Colonies were further confirmed to be Salmonella spp.
using biochemical confirmation. Plates positively confirmed
for Salmonella spp. were considered positive plates.

Second, a 5-tube MPN analysis was performed for
Salmonella spp. One mL of liquid impingement was used
to make decimal dilutions (10' - 10~*) in buffered peptone
water and incubated at 37°C for 24 hours. Aliquots of 0.1 mL
from each incubated broth were inoculated onto 10 mL of
Rappaport Vassiliadis (RV), followed by incubation at 42°C
for 24 hours. Positive tubes were cultured onto duplicate
BGA with 50 pug mL"' of kanamycin and xylose lysine
deoxycholate agar (XLD, Difco, Le Pont de Claix, France)
plates and incubated at 37°C for 24 hours. Colonies were
further confirmed using biochemical confirmation (API-20E,
bioMérieux, Madrid, Spain).

Third, the samples from the liquid impingement were also
analysed following the ISO 6579:2002 method to confirm the
presence of Salmonella spp.

Finally, the remaining liquid was stored under refrigeration
at 4°C and then processed for DNA extraction.

Molecular methods. Approximately 25 mL of the
liquid impingement was centrifuged at 4,200 rpm in a
microcentrifuge tube for 20-minutes at 4°C. The supernatant
was discarded and the pellet was suspended in 1 mL of
PBS 1X (phosphate-buffered saline, 10 mM Tris HCI, 1 mM
EDTA, pH 8) and stored at -20°C prior to DNA extraction.
The DNA was extracted with Real Pure Genomic DNA
Extraction (Durviz, Valencia, Spain). The total extracted
DNA was suspended in a final volume of 100 uL and stored
at -20°C.

Salmonella species-specific PCR primers, ST11
(5-AGCCAACCATTGCTAAATTGGCGCA-3’) and ST15
(5- GGTAGAAATTCCAGCGGGTACTG-3’), purchased
at Roche Diagnostics (Roche Diagnostics, Mannheim,
Germany) and published previously by Aabo et al. [34],
were used to amplify a 429-bp fragment. The PCRs were
performed in a PTC™-100 thermocycler (BioRad, Hercules,

CA, USA). A 25-uL PCR mixture contained the following
concentrations of the reagents: 0.4 uM of each primer, 200
uM of each ANTP (Bioline, London, UK), 1X PCR buffer (20
mM Tris-HCL[pH 8,4], 50 mM KCl), 1.5 mM MgCl, 0.75
U BIOTAQ™ polymerase (Bioline, London, UK), and 5 puL
of sample DNA. The incubation conditions were 95°C for 1
minute, followed by 35 cycles of 95°C for 30 seconds, 60°C
for 30 seconds and 72°C for 30 seconds. A final extension
of 72°C for 4 minutes was used. The PCR products were
visualised by agarose gel electrophoresis. Four repetitions
of the PCR analyses of the extracted DNA were conducted.
The sample was considered positive as long as one repetition
was positive.

A summary of the sampling techniques used and the
analytical method to detect Salmonella spp. during the
rearing cycle is presented in Table 1.

Table 1. Summary of evaluated parameters, sampling techniques,
description of sampling, and analytical methods used in the study to
detect Salmonella spp. per sampling event. Sampling frequency was
weekly for all parameters

. No. of
Sampling samples per
technique plesp Sampling  Airflow Analytical
Parameter . house and . L
(sampling . duration (L min™) method
. sampling
points)
event
Salmonella  Sterile wet
spp.on gauze pads 1 1SO 6579:2002
surfaces (8 points)
Salmonella  Litter :
spp. in sampling 3 Direct count
litter (24 points) (dilutions)
Impaction 18 90s 283 Direct count
(3 points)
Gravitational
settling 36 24 h Direct count
(36 points)
Airborne Direct count
Salmonella (dilutions)
SPP- Most Probable
i Number
Impingement 3 15min 125 —— ——
(1 point) 1SO 6579:2002
Polymerase
Chain
Reaction

Data analyses. All data were summarised and analysed per
house and week. The airborne distribution of Salmonella
spp. obtained with gravitational plates was compared among
the different heights using analysis of variance with SAS
software [35], comparing the average Salmonella spp. counts
per height, house, and week using the Tukey test with a
significance level of 5%.

The detection limits for each culture-dependent sampling
technique were calculated assuming a single CFU in the agar
plate considering the sampler’s airflow and the sampling
duration [36]. For impingement, the detection limit was
calculated from the total volume of the liquid plated.

The relationship between Salmonella spp. concentration in
the litter and in the air (using gravitational settling) with the
productive and environmental parameters was investigated
using Pearson’s correlation coefficient for the whole sampling
period with SAS software [35].
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RESULTS

Productive and environmental parameters. The animals
performed similarly in each poultry house. The average
productive parameters are shown in Table 2.

Table 2. Average daily gain (ADG), average daily feed intake (ADFI), and
feed conversion in each poultry house during broiler rearing cycle

House ADG ADFI Feed conversion
(g day”) (g day”) (g feed g weight™)
1 63.2+3.4 103.7+£4.5 1.64+0.03
2 67.6+2.2 110.5+3.0 1.63+0.04

Ventilation increased throughout the rearing cycle and
varied from 0.04 - 1.56 m® h'! animal* (house 1), and from
0.04 - 1.09 m*® h' animal” (house 2). Outdoor temperature
varied from 16.2°C - 27.1°C and outdoor relative humidity
varied from 38.3% - 72.5%. Average indoor temperature
varied from 24.5°C - 31.2°C in house 1 and from 24.5°C -
30.7°C in house 2. Average indoor relative humidity varied
from 24.3% - 72.6% in house 1 and from 27.3% - 71.1% in
house 2.

Average concentration of PM during the whole cycle for
both houses was 0.019£0.008 mg m™ for PM2.5 and
0.189+0.104 mg m~ for PM10. Both PM2.5 and PM10
concentrations generally increased during the rearing cycle
in both houses. The maximum PM2.5 concentrations
registered during the whole cycle were 0.082 mg m™ for house
1 and 0.079 mg m~ for house 2. The maximum PMI10
concentrations were 1.14 mg m for house 1 and 1.79 mg m**
for house 2 (data not shown). Weekly averages for indoor
and outdoor temperature and relative humidity and the
indoor PM2.5 and PM10 concentrations during the rearing
cycle in each house are shown in Table 3.

Table 3. Average outdoor temperature (out T) and relative humidity (out
RH), indoor T (in T) and RH (in RH), PM2.5 and PM10 concentration, and
standard deviation in each poultry house during broiler rearing cycle

Day House outT outRH o inRH antsz PM1Q
Q) Q) (%) (mgm?) (mgm?)

1 187 565 330%09 33632 0.007+0.002 0.045+0.014

’ 2 42 90 30832 45887 0.009+0.009 0.051+0.030
1 210 659 325406 41.6%3.1 0013+0.010 0.091+0.123

10 2 49 #1019 296+0.1 46.0+3.2 0.011£0.005 0.107+0.064
1 264 458 29114 456%3.4 0019+0.011 0.270+0.208

K 2 54 *107 284410 47.6+43 001940007 0.179+0.123
1 262 541 27719 602+4.4 002240010 0.263+0.169

# 2 52 #122 284424 546447 0024+0.014 0.337+0.250
1 255 635 253%14 77.0+58 0.021+0.008 0.178+0.152

3 2 40 88 262416 77.0439 0.030+0.011 0.300+0.287
1 255 643 24609 64.0+6.1 0.023+0.021  0.304+0.287

3 2 37 #115 256407 80.0+2.0 0.028+0.012  0.153+0.090

Salmonella spp. on surfaces. Before the arrival of the birds,
analyses of the farm facilities (floor and wall), feed, and litter
resulted in the absence of Salmonella spp. in the facilities.

The settled dust that was collected on surfaces (feeders,
drinkers, and walls) using sterile wet gauze pads on days 23
and 37 of the rearing cycle was positive for Salmonella spp.
in both days and houses.

Salmonella spp. in the litter. Salmonella spp. in the litter
was not detected on day 3 of the rearing cycle, previous to
the experimental infection. After the experimental infection,
Salmonella spp. was detected and quantified in both houses,
showing no clear pattern along the rearing cycle. Ten days
post-infection (day 17 of the rearing cycle), the levels of
Salmonella spp. in the litter were equal to 4.4 log CFU g!
(house 1) and 3.2 log CFU g' (house 2). Overall, the
concentrations of Salmonella spp. in the litter ranged from
31log CFU g' - 4.6 log CFU g'. Figure 2 shows the evolution
of log CFU of Salmonella spp. per g of litter throughout the
rearing cycle in each poultry house.

w
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Figure 2. Salmonella spp. counts in the litter (log CFU g I) during the cycle in
each poultry house

The dry matter content of the litter decreased during the
rearing cycle in both houses. The dry matter percentage
varied from 86% (day 3 of the rearing cycle) to 69% (day
31 of the rearing cycle) in house 1, and from 85% to 61% in
house 2. Dry matter values were similar between houses
(data not shown).

Airborne Salmonella spp. Differences in the detection of
airborne Salmonella spp. were recorded using the impaction,
gravitational settling, and impingement sampling techniques.

By means of impaction using the Andersen cascade
impactor, positive samples for Salmonella spp. were only
randomly detected at the end of the cycle (days 24 and 38) in
house 2, in size ranges between 0.65 - 1 um (1.97 log CFU m*
at 200 cm), 3.3 - 4.7 um (1.38 log CFU m™ at 150 cm), and
7 um or higher (1.38 log CFU m? at 150 cm). No positive
samples for Salmonella spp. were observed in house 1 using
impaction. The calculated detection limit of the Andersen
cascade impactor (90-seconds sampling duration) was
1.38 log CFU m*™.

Using gravitational plates at different heights, Salmonella
spp. were detected towards the end of the rearing cycle only
on day 38 (house 1) and on days 24 and 38 (house 2).
Nevertheless, the analysis and counting of the gravitational
plates was complicated due to the accumulation of dirt during
the 24-hours of exposure, and the overgrowth of other Gram-
negative bacteria (e.g., coliforms) that differed from
Salmonella spp. in the culture plates. For these reasons, only
those results corresponding to days 3, 24, and 38 of the
rearing cycle are shown (Table 4). The results are shown as
a percentage of Salmonella spp.-positive plates out of 12 plates
used in each of the sampled heights, per sampling day and
house. In the first 3 weeks of the rearing cycle, Salmonella
spp. were not detected in either of the two houses. Salmonella’s
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prevalence increased at the end of the cycle, and house 2
presented a higher percentage (64%) of positive plates than
house 1 (11%). No statistically significant differences among
heights were observed per house.

Table 4. Percentage of positive plates of Salmonella spp. using
gravitational settling, and p-values at different heights per day in the
cycle, by poultry house and height

. No.of  No. of Salmonella-
House Days of the cycle Height samples positive plates (%) p-value
30cm 12 0
Before 3 150em 12 0 -
inoculation
200 cm 12 0
30cm 12 0
1 24 150cm 12 0 -
200 cm 12 0
Post-inoculation
30cm 12 1(8.3%)
38 150cm 12 0 0.140
200 cm 12 3 (25%)
30cm 12 0
Before 3 150cm 12 0 -
inoculation
200 cm 12 0
30cm 12 0
2 24 150cm 12 3 (25%) 0.140
200 cm 12 1(8.3%)
Post-inoculation
30cm 12 7 (58.3%)
38 150cm 12 8(66.7 %) 0.887
200 cm 12 8 (66.7%)

No Salmonella spp. were detected by liquid impingement
during the whole cycle in any house by culture-dependent
methods using dilutions and plating, MPN, or the ISO
6579:2002 method. Using impingement, the calculated
detection limit (15-minute sampling duration) was 3.48 log
CFU m™.

Positive results for Salmonella spp., however, were obtained
using PCR. Table 5 presents the results of samples from the
AGI-30 analysed by PCR in both poultry houses during the
cycle, showing a positive detection of Salmonella spp. in all
samples, except for day 24 of the rearing cycle in house 1.
Samples were positive on day 3 (pre-infection). Figure 3
shows the expected PCR products visualised by agarose gel
electrophoresis.

Table 5. Positive (+) and negative (-) results for Salmonella spp. detection
using PCR for 4 repetitions from impingement samples

Days of the cycle House Salmonella spp. detection
1 +
Before inoculation 3
2 +
1 +
17
2 +
1
24
2 +
Post-inoculation
1 +
31
2 +
1 +
38
2 +

7 8 9 10

1 12

Figure 3. PCR amplification profiles. Lane 1-10: houses 1 and 2 on different days
of rearing cycle; Lane 11: negative control; Lane 12; positive control 3934 yhjL-km,
kanamycin-resistant strain; M lane contains the 100-bp molecular size ladder marker

The correlation coefficients between Salmonella spp.
concentration in the litter and in the air (using gravitational
settling) and productive and environmental parameters were
low (data not shown), except for ambient relative humidity
and airborne Salmonella spp. which showed the strongest
correlation (correlation coefficient equal to 0.80, P=0.06).
Airborne Salmonella spp. also correlated fairly well with the
dry matter content of the litter (correlation coefficient equal
t0 0.72, P=0.11), with PM2.5 (correlation coefficient equal to
0.64,P=0.17), and with animal weight (correlation coefhicient
equal to 0.69, P=0.12). A negative correlation was found
between ambient temperature and concentration of airborne
Salmonella spp. (correlation coeflicient equal to -0.55, P=0.25).
The concentration of Salmonella spp. in the litter showed no
strong correlation with any of the measured environmental or
productive parameters (correlation coefficients below 0.42).
The correlation between Salmonella spp. concentration in
the litter and Salmonella spp. concentration in the air was
-0.82 (P=0.18).

DISCUSSION

Our results revealed differences using three sampling
techniques and two analytical methods to detect airborne
Salmonella spp. in a broiler farm. Experimentally inoculated
birds released Salmonella spp. in variable amounts during the
rearing cycle, which could be detected along the experimental
period mainly in litter and dust reservoirs. Salmonella spp.
have been reported to survive desiccation better than other
Enterobacteriaceae [37]. It can survive in old fan dust up to
30 weeks after depopulation in poultry houses [38], and in
litter, dry faeces, and feed, it can survive up to 26 months
after depopulation [20]. Its behaviour in the air, however,
remains unpredictable. Its survival in the air is probably
different from other more appropriate substrates and may
lead to nutrient stress and shock.

During the broiler rearing cycle, with regards to the animal
productive parameters, these were generally found within the
upper ranges of other studies [39, 40]. This could be due to the
controlled environmental conditions in this study conducted
in a pilot scale broiler house. Environmental parameters, such
as ventilation rates and outdoor temperature and relative
humidity, were typical of summer conditions in the study area.

During the experimental period, the detection of airborne
cultivable Salmonella spp. occurred towards the end of the
rearing cycle, coinciding with the highest ventilation rates,
the highest airborne PM2.5 and PM10 concentrations, and
the highest indoor relative humidity, along with the lowest
indoor temperatures. We found a strong correlation between
airborne Salmonella spp. and ambient relative humidity.
Research hasreported that primarily temperature and relative
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humidity affect the survival of airborne microorganisms
and that temperatures above 24°C can decrease airborne
bacterial survival [41]. Additionally, Zhao et al. [42] reported
that airborne microorganisms were associated with the PM.
A higher PM concentrations could have enhanced bacteria’s
growth, although we only found a small correlation between
airborne Salmonella spp. and PM2.5. Adell et al. [8] reported
that airborne mesophilic bacteria were generally attached to
particles from 3.3 to >7 um. These authors reported increasing
PM and airborne mesophilic bacteria concentrations in the
air in a broiler farm as a function of time, showing a high
correlation coefficient (0.78 - 0.89) between both variables. In
our study, however, airborne Salmonella spp. were randomly
found attached to particles from 0.65 to > 7 pm in diameter.

Before the infection of the chicks, no cultivable Salmonella
spp. were recovered from the poultry houses’ surfaces or
in the litter, indicating that the experimental inoculation
was probably the only source of cultivable Salmonella spp.
Recovery of cultivable Salmonella spp. on settled dust
collected using sterile wet gauze pads from the houses’
surfaces, was positive in all samples taken post-infection.
These results are also in accordance with Marin et al. [18]
who identified settled dust collected on surfaces as a relevant
risk of Salmonella spp. contamination among poultry flocks.

Positive samples for Salmonella spp. were first obtained in
the litter ten days post-infection (day 17 of the rearing cycle).
Chinivasagam et al. [19] obtained similar concentrations
of Salmonella spp. in broiler litter in a commercial broiler
house. Salmonella spp. in the litter was probably a result of
bacterial shedding in faeces by inoculated birds. Animal
faeces found in the litter have been reported to be one of the
main sources of pathogens in the air in livestock houses [19,
21]. Furthermore, particles from broiler excreta have been
identified as one of the major sources of airborne fine and
coarse PM in broiler houses [43].

There was a delay in the detection of Salmonella spp. in the
air compared with the litter of one or two weeks, depending
on the poultry house. This could possibly be explained by the
time needed for the faeces in the litter to dry, disintegrate,
and become airborne. Although we found no correlation
between dry matter content of the litter and Salmonella spp.
concentration in the litter as described by Hayes et al. [44];
when litter is dry it is more prone to becoming airborne
as a consequence of increased ventilation rate or birds
movement [9]. In fact, we found strong correlations between
airborne Salmonella spp. and dry matter litter content as
well as with Salmonella spp. in the litter. Therefore, our
results suggest that the airborne process may take some time
and that the excretion of Salmonella spp. from inoculated
chicks occurs earlier than its presence in the air. Adell et al.
[8] reported a higher bacterial concentration of airborne
mesophilic bacteria near the litter than at higher levels at the
beginning of a broiler rearing cycle. Our results, however,
showed no differences in Salmonella spp. distribution in the
poultry house space. In practical conditions, the detection
of infected animals, as well as the detection of Salmonella
spp. in the litter above certain thresholds, as shown in our
results, can be considered a surrogate indicator of possible
air contamination and a useful preventive measure of
airborne transmission. Nevertheless, further research is
necessary to better understand the processes leading to
airborne Salmonella spp. under practical conditions in non-
inoculated, Salmonella spp.-free birds.

The different air sampling techniques used in this study to
detectairborne Salmonella spp. were impaction, gravitational
settling, and impingement. The differences in the results
among techniques could be explained by differences related
to the sampling technique used: (i) the use of forced air and
direct impaction on agar or not; (ii) the cut-off diameter of
each sampling device (i.e., the size of sampled particles); and
(iii) their detection limits.

The Andersen impactor and impingers used forced air,
whereas gravitational settling plates worked without forced
air. Moreover, using impaction and gravitational settling, air
impacted directly onto the agar, reducing problems associated
with sample processing in the laboratory compared with
impingement, where air was sampled into liquid media and
then transferred onto agar. The Andersen impactor could
discriminate between particle sizes of 0.65 pm in diameter
up to amaximum of 7 um in diameter. Gravitational settling
plates, however, sampled all airborne microorganisms
adhered to coarse particles that can settle by gravity and
probably large particle aggregates as well. Impingement had
a cut-off diameter of 0.31 pm.

These differences related to the sampling techniques used
resulted in cultivable Salmonella spp. being positive using
impaction and gravitational settling in some cases and
negative using impingement. Nevertheless, using impaction,
Salmonella spp. were only recovered in a few samples at the
end of the rearing cycle. Using impingement, no cultivable
Salmonella spp. were recovered by the different culture-
dependent methods during the experimental period. The
results show that the performance of the sampling techniques
can be improved when the sampling devices sample directly
onto agar (i.e., impaction or gravitational settling). The
sampling performance and collection efficiency using the
impingement technique could be affected by the sampling
stress caused when cells are accelerated in the nozzle at high
velocities (equal to 313 m s) [45] and particles bounce and
re-aerosolise from the liquid [46]. This could result in a loss of
culturability and reduced collection efficiency. Additionally,
the survival of Salmonella spp. in the impingement liquid
and the competition between other bacteria (in peptone
water), together with the nutrient stress and shock caused by
Salmonella spp. inhabiting the air, could also explain these
unexpected results. The manipulation and processing of the
liquid impingement in the laboratory may also influence the
detection of cultivable Salmonella spp. Using impingement,
Brooks et al. [47] reported the difficulties in isolating
Salmonella spp. from air samples. These authors could only
isolate Salmonella spp. once from 38 impinger samples in a
commercial broiler house, although Salmonella spp. were
quantified in the litter.

Although most common airborne microorganism
sampling techniques involve filtration, impaction and/or
impingement [7], our results show that no sampling approach
can be considered universally suitable for Salmonella spp.
Therefore, although air sampling by impingement has been
recognised as an appropriate sampler for assessing other
airborne microorganisms, it has not been fully validated for
airborne Salmonella spp. According to our results, and in
agreement with Brooks et al. [47], the use of impingement for
quantification or detection of cultivable airborne Salmonella
spp. is not recommended.

With regards to the sampler detection limits, these could
also partly explain the controversial results among sampling
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techniques. In our study, the detection limit calculated for
impaction showed better sensitivity (1.38 log CFU m?) than
using impingement (3.48 log CFU m?). Therefore, when
reporting negative results, the lowest sampler detection limit
should be considered.

In addition to intrinsic sampling characteristics, differences
in results among techniques could also be explained by
intrinsic microbiological factors, such as shifts between modes
of survival and competition with other microorganisms.
The concentration of airborne microorganisms could be
underestimated with culture-dependent methods because
airborne bacteria may utilise survival strategies, such as
the formation of biofilms, resistance to low water activity,
rugose formation, and entry into a viable but non-culturable
(VBNC) state [48], in which viable bacteria have lost their
ability to form colonies in a reversible process. Additionally,
interferences and competition with other microorganisms
can occur, especially when airborne pathogen concentrations
are low [49]. In inoculated animals, Lever and Williams [50]
reported airborne cultivable Salmonella spp. concentrations
to be relatively low at 1 log CFU m?. Therefore, such low
concentrations could favour the growth of competitors of
Salmonella spp. Consequently, culture methods can greatly
underestimate the real populations of pathogenic bacteria
and their health threat to workers and animals [51].

For these reasons, most authors have used more sensitive
laboratory methodologies to detect pathogens in the air,
such as the ISO 6579:2002 presence and absence technique
or the semi-quantitative technique of MPN [23, 52]. These
techniques, however, are qualitative and are not valid
for quantifying microorganisms. In our study, using the
ISO 6579:2002 presence and absence technique and the
semiquantitative technique of MPN, Salmonella spp. were
not detected in impingement samples. Eriksson and Aspan
[26] affirmed that the qualitative ISO 6579:2002 presence
and absence technique was the most sensitive and specific
method among presence/absence, PCR or ELISA to detect
Salmonella spp. in faeces. The fact that the prevalence of
Salmonella spp. in the litter is higher than in the air [19, 53]
could explain such differences. In practice, other authors
also reported difficulties in detecting airborne Salmonella
spp. using culture-dependent methods in poultry farms
when other airborne pathogens, such as Escherichia coli, were
detected in concentrations ranging from 2 to 5 log CFU m™*
[19]. Nevertheless, the use of standardized ISO technique
in this study, provides the possibility to further compare
culture quantification between institutions and researchers.

When attempting to detect pathogens in the air, such
as Salmonella spp., the use of PCR can provide rapid and
sensitive results [54]. The detection limit of PCR is lower
than that of culture-dependent techniques because it can
detect a single cell in the sample aliquot [54]. Although our
results were obtained using conventional PCR and real-time
PCRis considered the gold standard nowadays, conventional
PCR proved to be sufficiently sensitive in this study at the
tested concentrations. The results using PCR analyses of
the liquid impingement in this study demonstrated the
presence of Salmonella spp. in the air, contrary to the results
obtained with culture-dependent methods. Zhao et al. [55]
obtained similar results with airborne Campylobacter. These
authors did not detect airborne Campylobacter by culture-
dependent methods, but they obtained positive results using
PCR. Furthermore, Hospodsky et al. [56] reported that the

accuracy, precision, and method detection limits of real-
time PCR for airborne microorganisms are influenced by
several factors during the sampling, DNA extraction, and
analytical phases.

In addition to the advantages of molecular methods,
analytical methods to detect airborne pathogens based on
PCR can have drawbacks related to their limited ability to
provide information on pathogen viability and ability to
cause infection. When monitoring airborne pathogens, an
assessment of viability to investigate whether they pose a
threat to human or animal health is necessary [57]. Bacterial
pathogens are able to infect animals and humans, but
molecular methods cannot easily differentiate between viable
and dead pathogens [57], and in our study, some samples
were positive for Salmonella spp. prior to bird inoculation.
Stojek et al. [58] in a study to detect Legionella spp. in water
concluded that PCR cannot be a substitute for the culture
methods, nonetheless it could be regarded as an useful
complementary method. Although the analyses of Salmonella
spp. in farm facilities, feed, bedding, and animals before
the arrival of the animals were all negative for cultivable
Salmonella spp., Salmonella spp. from a previous flock could
have remained in VBNC form, or bacterial DNA from dead
cells could also be detected.

Moreover, the presence of a certain pathogen does not
necessarily mean infection will occur. For infection to occur,
ahuman must be exposed to a pathogen’s infective dose (the
amount that will cause 50% of exposed individuals to suffer
illness) [25]. The infective dose for Salmonella spp. has been
reported to range between 10° and 10° organisms, being
dependent upon the strains used, and the age and physical
condition of the individuals [16, 59].

Overall, Table 6 summarises the detection results using
the different sampling techniques and analytical methods in
this study, and it presents recommendations for optimising
the sampling and detection of airborne Salmonella spp.
in practical conditions. Although the use of gravitational
settling was complicated in this study, it can still be
recommended for viability assessment in combination with
other culture-dependent method (i.e. impaction) because
they are simple and easy to use and can sample during long
periods (hours). From our results, overall recommendations
include a combination of culture-dependent and culture-
independent methods to overcome the limitations of a single
method.

CONCLUSIONS

We evaluated the performance of air sampling techniques
based on impaction, gravitational settling, and impingement,
followed by culture-dependent and molecular methods
to detect airborne Salmonella spp. in experimentally
inoculated birds in two pilot scale broiler houses. Our results
revealed differences using three sampling techniques and
two analytical methods and that no sampling approach is
universally suitable for airborne Salmonella spp. These data
are valuable to improve current measures to control the
transmission of pathogens in livestock environments. From
our results, we can conclude the following:
o During the experimental period, the detection of airborne
Salmonella spp. occurred towards the end of the rearing
cycle (from day 24 onwards). The environmental conditions
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Table 6. Detection results (positive, + or negative, -) and recommendations for sampling and detecting airborne Salmonella spp. according to
techniques and analytical sampling methods used in the study

Sampling Airflow  Collection
duration (Lmin”') medium

Salmonella spp.

. Recommendation
detection

Parameter Technique Analytical method

Before arrival of chicks

Salmonella spp. on water,
feed, and litter

1 mL sample for water
25 g sample for feed and litter

Culture- dependent
1SO 6579:2002

Viability assessment.

After arrival of chicks, weekly

Salmonella spp. on surfaces

Sterile gauze pads

Culture- dependent
1SO 6579:2002

Viability assessment.

Culture- dependent

Viability assessment.

Salmonella spp. in litter 25 g sample - - - Direct count (dilutions) Could sen./e as |n$i|cator of
presence in the air.
Impaction 90s 283 Agar C‘ulture» dependent Viability assessment
Direct count
Gravitational settling 24 h - Agar Cl‘JIture- dependent Viability assessment
Direct count
Cylture— depen'der.\t Not recommended
Direct count (dilutions)
Airborne Salmonella spp.
Most Probable Number Not recommended
Impingement 15m 12.5 Liquid  Culture-dependent
1O 6579:2002 Not recommended
Culture-independent Detection combined with
Polymerase Chain culture-dependent method
Reaction for viability assessment
at the end of the rearing cycle could have positively =~ REFERENCES
influenced bacteria survival and growth, especiall
8 > €SP Y 1. Dungan RS. Board-invited review: Fate and transport of bioaerosols

ambient relative humidity, litter dry matter content, and
PM2.5 concentration. Airborne Salmonella spp. were
randomly found attached to particles ranging from 0.65
to > 7 um in diameter.

o There was a delay of one or two weeks in the detection
of Salmonella spp. in the air compared with in faeces
(litter). Further research, however, is necessary to better
understand the processes leading to Salmonella spp.
becoming airborne under practical conditions in non-
inoculated, Salmonella spp.-free birds.

o Positive samples for airborne cultivable Salmonella spp.
were obtained by sampling directly onto agar (i.e., impaction
or gravitational settling), while samples were negative
using impingement. At low airborne concentrations, the
use of impingement for the quantification or detection of
cultivable airborne Salmonella spp. is not recommended.

o A combination of culture-dependent and culture-
independent methods is recommended to prevent
undetected pathogen concentrations; however, when
monitoring airborne pathogens, an assessment of viability
to investigate whether they pose a threat to human or
animal health is necessary.
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