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Abstract A sensitive, high-throughput, and cost-
effective method for screening bacterial pathogens in
the environment was developed. A variety of environ-
mental samples, including aerosols, soil of various types
(sand, sand/clay mix, and clay), wastewater, and vege-
table surface (modeled by tomato), were concomitantly
spiked with Salmonella enterica and/or Pseudomonas
aeruginosa to determine recovery rates and limits of
detection. The various matrices were first enriched with
a general pre-enrichment broth in a dilution series and
then enumerated by most probable number (MPN) esti-
mation using quantitative PCR for rapid screening of
amplicon presence. Soil and aerosols were then tested in
non-spiked environmental samples, as these matrices
are prone to large experimental variation. Limit of de-
tection in the various soil types was 1–3 colony-forming
units (CFU) g−1; on vegetable surface, 5 CFU per toma-
to; in treated wastewater, 5 CFU L−1; and in aerosols,
>300 CFU mL−1. Our method accurately identified

S. enterica in non-spiked environmental soil samples
within a day, while traditional methods took 4 to 5 days
and required sorting through biochemically and mor-
phologically similar species. Likewise, our method suc-
cessfully identifiedP. aeruginosa in non-spiked aerosols
generated by a domestic wastewater treatment system.
The obtained results suggest that the developed method
presents a broad approach for the rapid, efficient, and
reliable detection of relatively low densities of patho-
genic organisms in challenging environmental samples.
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1 Introduction

Activities such as dairy farming, treatment, and applica-
tion of wastewater or urban runoff necessitates real-time
monitoring of pathogens in environmental matrices.
However, standard methods (originally developed for
food, clinical, or water) require indicators and/or patho-
gens detection methods that rely on labor- and time-
intensive culturing techniques. For example, detection
of Salmonella enterica, according to the FDA (2011),
requires initial processing, nonspecific and specific en-
richment steps, then culture and isolation, and lastly
biochemical testing of the numerous isolates on three
types of selective media, amounting to at least 4 days.
This rigorous detection scheme is not amenable to the
rapid and high-volume screening of multiple
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environmental samples. Because of these shortcomings,
a large body of research has been dedicated to finding
rapid and high-throughput screening techniques for the
presence of disease-causing organisms in different sam-
ples (Girones et al. 2010; Noble and Weisberg 2005;
Straub et al. 2005). One promising and rapidly evolving
avenue is biosensors capable of interacting with biolog-
ical molecules at the nanometer scale (Vikesland and
Wigginton 2010). However, the suitability of these as-
says to environmental samples has not been established
(Vikesland and Wigginton 2010), and the high cost of
these technologies currently prevents their large scale
application (Qu et al. 2013).

For the past 20 years the most popular alternative to
culture-based detection of pathogens has been
molecular-based assays, such as quantitative polymer-
ase chain reaction (qPCR), due to their speed, reliability,
and sensitivity (Ishii et al. 2013; Straub et al. 2005;
Yeung et al. 2006). However, even molecular-based
assays are unreliable when it comes to detection of
microorganisms in environmental samples such as
wastewater, soil, vegetable surfaces, or aerosols. The
assays can be affected by the presence of free nucleic
acids from nonviable cells (Bae and Wuertz 2009), co-
extracted inhibitory materials (Schriewer et al. 2011), or
simply debris from inevitable impurities in the extracted
nucleic acids material (Girones et al. 2010), resulting in
over- or under-estimation of bacterial densities.
Pathogen detection in aerosols, for example, poses a
unique challenge: The sampling is often performed
using the settle-plate technique or utilizing a vacuum
to suck air into a liquid impinger or onto an agar plate
(Napoli et al. 2012). However, all air detection methods
have their limitations (Chinivasagam and Blackall 2005;
Park et al. 2014) as there are a variety of different
designs each needing calibration for each microorgan-
ism (Deloge-Abarkan et al. 2007; Landman et al. 2013;
Ryan et al. 2014) and for each nutrient medium used;
hence, the results are variable and can be difficult to
interpret (Napoli et al. 2012).

To improve the detection levels such that they reflect
low pathogen concentrations (especially ones with low
infective doses) in the environment, some additional
steps are required. Such steps could be immuno-
magnetic separation (Warren et al. 2007), pre-
amplification of the target DNA (Ishii et al. 2013), or
nonspecific enrichment (Edel and Kampelmacher
1973), aiming to increase the likelihood of detecting
(but not directly enumerating) viable pathogens

(Krämer et al. 2011; Malorny et al. 2004). The combi-
nation of nonspecific enrichment followed by DNA
extraction and qPCR analysis coupled with most prob-
able number (MPN) estimation was found to be a useful
tool to increase the likelihood of pathogen detection
when initial concentrations are low (Krämer et al.
2011; Russo et al. 2014; Wright et al. 2007). However,
several shortcomings precluded the application of the
proposed method to more challenging environmental
matrices such as soil or aerosols. The processing
schemes presented were directed at specific food matri-
ces, i.e., meat (Krämer et al. 2011), oysters (Wright et al.
2007), or vegetables freshly cut and eaten raw (Russo
et al. 2014). These food matrices naturally lack the
overwhelming bacterial diversity found in soil or waste-
water; thus, pathogen enrichment and detection should
be simpler. In addition, the previously presented
methods applied enrichment schemes that were aimed
at specific pathogens (Krämer et al. 2011; Russo et al.
2014; Wright et al. 2007). In fact, different enrichments
were employed if more than one pathogen was targeted
(Russo et al. 2014).

This is the first study to comprehensively assess
pathogen concentrations in a variety of difficult envi-
ronmental matrices using an evolved MPN type enrich-
ment coupled with qPCR, with a particular emphasis on
soil types and aerosols. The model pathogens S. enterica
and Pseudomonas aeruginosa were chosen to be tested
in this study as there are no published studies as of yet
applying the MPN enrichment for their simultaneous
detection and yet they are leading causes of illness, have
high survival potential in the environment, and are con-
sidered difficult to detect accurately (CDC 2014; Doyle
and Erickson 2008).

2 Materials and Methods

2.1 Overview

The general outline for the method is a serial dilution
scheme of the sample in pre-enrichment broth followed
by qPCR to detect the presence of amplicons in each
dilution, as opposed to standard methods requiring iso-
lation and biochemical tests (Fig. 1). The pattern of
present/absent results obtained by qPCR is then con-
verted to quantitative data with an MPN table (Blodgett
2010) or an MPN calculator (Curiale 2004).
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2.2 Bacterial Spike Preparation

Bacterial cultures of S. enterica serovar Abony (NCTC
6017) and P. aeruginosa (ACTC 47085D-5) were
grown overnight at 200 rpm and 37 °C in Luria-
Bertani (LB) broth (Becton Dickinson (BD), Franklin
Lakes, NJ). The cultures were diluted in sterile
phosphate-buffered saline (PBS) to spiking solutions
containing approximately 100 to 104 colony-forming
units (CFU) mL−1. The precise concentrations were
confirmed by viable counts.

2.3 Traditional S. enterica and P. aeruginosa Culturing

We compared the developed method with the standard
methods (Rice et al. 2012). Briefly, S. enterica were
cultivated from all matrices tested (spiked and non-
spiked) by nonspecific enrichment in buffered peptone
water (BPW; BD), followed by enrichment in
Rappaport-Vassiliadis R-10 medium (BD) at 41 °C
and inoculation on SS agar (Hi-Media, Mumbai,
India). Suspected colonies were tested biochemically
with Hy-Enterotest (Hy-Labs, Rehovot, Israel) accord-
ing to the manufacturer’s instructions. Suspected strains
were further tested for the presence of the invA encoding

gene by qPCR amplification as previously described
(Benami et al. 2013).

For P. aeruginosa detection, enriched and non-
enriched samples were inoculated on Pseudomonas agar
plates (Hi-Media) and visualized under ultraviolet (UV)
light (254 nm) for fluorescence, according to manufac-
turer’s instructions.

2.4 Soil Preparation

Three soil types with varying proportions of sand were
obtained: sand (100 %), sand/clay (50 % each), and silt/
clay (<10 % sand) classified according to standard
methods (USDA, 1975). The samples were air-dried
and 5 g was weighed into 50 mL sterile plastic tubes
(Corning, Corning, NY). Deionized water (2.5 mL) was
applied to each sample to ensure that the spiked bacteria
would not desiccate. The bacteria were spiked in tripli-
cate onto the soil surface to final concentrations of 100,
101, and 102 CFU g−1 (verified by plating), while non-
spiked samples were used as negative control. The
volume in the tubes was adjusted to 25 mL with the
addition of 0.1 % (v/v) Tween-80 (Sigma, St. Louis,
MO) in BPW (pH 7.2) and incubated in 37 °C at

Fig. 1 Comparison of standard and hybrid detection strategies for
pathogens. I MPN-qPCR method: (A) Enrichment using general,
low nutrient media in dilution series for adaptability to most prob-
able number (MPN) estimation followed by (B) DNA extraction,
and (C) qPCR performed as a qualitative present/absent test pro-
viding immediate results. II Standard methods for pathogens

detection (inspired by EPA 1682): (A) Enrichment using selective
media, followed by (B) bacterial isolation on solid media, then (C)
colony picking and biochemical validation. The (D) DNA of val-
idated colonies is extracted, and (E) used as template in qPCR
reaction to validate the pathogen
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150 rpm for 30 min and then allowed to settle for
30 min.

2.5 Quantification with MPN Based Enrichment
Method

2.5.1 Soil

After mixing well, the samples were diluted in a 12 well
plate (Greiner, Frickenhausen, Germany) containing
BPW enrichment medium. Soil was diluted to 100,
10−1, and 10−2 g in 5 mL BPW, each in triplicates. The
dilution plates were sealed with an aluminum adhesive
seal (Excel Scientific, Victorville, CA) and incubated at
37 °C for 16 h at 150 rpm. Then, the DNA from each
well was extracted and used as template for qPCR
amplification (Benami et al. 2013). The MPN counts
were based on the multiplex qPCR unequivocally dem-
onstrating P. aeruginosa or S. enterica amplicons.
Concentrations were then estimated based on MPN
charts (Blodgett 2010).

To test our suggested method on environmental sam-
ples, we sampled loess soil and amended 4 g with 1 g of
poultry manure (n=25) collected from a composting
poultry manure pile (30.87 N, 34.80 E). The samples
were processed within 24 h of sampling as described
above, except for an addition of 10-fold dilution (to
10−3 g in BPW) to account for possibly high pathogen
concentrations.

2.5.2 Water

Hundred liter samples of potable as well as secondary
and tertiary treated wastewater (TWW) were obtained
from an agricultural research station. The TWW (n=3
for each water type) were spiked with approximately
100 to 103 CFU L−1 of S. enterica in serial dilutions
(determined by viable counts). Non-spiked TWW sam-
ples (n=3 for each water type) were used as negative
controls. The TWW samples were processed as previ-
ously described (Benami et al. 2013). A sample from the
concentrate (9 mL) was mixed with 10 mL BPW, dilut-
ed, and incubated for 16 h at 37 °C and 200 rpm.

2.5.3 Vegetable Surface

Tomatoes were used as the model vegetable for this
study. S. enterica was spiked at approximately 100 to
103 CFU in serial dilutions (verified by viable counts)

onto the surfaces of five tomatoes in triplicate (n=3 for
each spiking level). The tomatoes were then washed
with 50 mL PBS with 0.01 % Tween-80. The wash
was collected and mixed with 50 mL BPW and the
mixture was incubated for 16 h at 37 °C and 200 rpm.

2.5.4 Aerosols

One milliliter of 103, 104, and 105 CFU mL−1 of
P. aeruginosa was spiked into an aerosol generator
(A79-LIFE-Eagle Nebulizer, Keene Medical Products,
Enfield, NH) containing 9 mL PBS+20% (v/v) glycerol
solution and allowed to emit aerosols over 1 h (n=3).
All experiments were performed inside a closed and
sterilized (by UVand ethanol disinfection) laminar flow
biological hood (ADS model OPTIMALE 12, Cedex,
France) with an average temperature of 24.2±5.1 °C
and relative humidity 45.8±10.2 % over the duration of
these experiments. To collect aerosol samples from the
air the BioSampler® impinger (SKC, 225–9595, Eighty
Four, PA) was chosen as the active sampling technique
following published evaluations of various techniques
(Haas et al. 2010; Hogan et al. 2005). The aerosol
samples were each collected into a liquid impinger
containing 20 mL of sterile PBS collection fluid and
operated for 1 h at a constant suction rate of
12.5 L min−1 detected by a flowmeter (Dwyer
Instruments Inc., DW-806, Michigan City, IN). The
BioSampler® inlet was positioned at 0.1 m away from
the nebulizer and was intended to collect the maximum
amount of aerosols being emitted from the nebulizer
during the 1-h of sampling. The obtained liquid
impinger solution was diluted to 100, 10−1, 10−2, and
10−3 mL in BPW, each in triplicates, corresponding to
anMPN unit (Blodgett 2010). In addition, the liquid was
inoculated onto agar plates selective for Pseudomonas
spp. as previously described (Chinivasagam and
Blackall 2005; Griffin et al. 2011; Terzieva et al. 1996).

To test our suggested method on environmental aero-
sol samples, the BioSampler® impinger was positioned
0.3 m away from domestic WW treatment systems
(Gross et al. 2008) to collect aerosol emissions (n=9)
as described above. Selective agar plates for
Pseudomonas spp. were also placed 0.3 m away from
the systems as the standard Bsettle-plate technique^ (n=
9). All samplings were performed between 6 and 8 a.m.
when the relative humidity (RH) and temperature were
closest to the ideal bioaerosol survival range (approxi-
mately 75 % RH and 12 °C), while solar radiation was
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low (data not shown). A fan was set up behind each
system to direct the airflow in one direction and mimic a
Bwindy day^ (∼3 m s−1 airflow up to 1 m away). The
airflow was detected by the anemometer option on a
Kimo AMI300 (Multifunction Data Logger, North
Yorkshire, UK).

After collection, the liquid impinger samples were
stored at 4 °C and subsamples (<1 mL) were analyzed
within 24 h by applying the qPCR+MPN after enrich-
ment technique as described above.

2.5.5 DNA Extraction

Two hundred microliters of aliquots of each enriched
sample was transferred to a 96-well microtiter plate
(Greiner) and spun for 1 min in a mini plate spinner
(MPS-1000, Labnet, Edison, NJ). The supernatant was
then removed, and DNA crudely extracted as previously
described (Liu et al. 2002; Spilker et al. 2004). The
resulting DNA solution was used as the template for
qPCR analyses.

2.5.6 Quantitative (q) PCR

The primers and probes used in this study target the
genes invA and regA of S. enterica and P. aeruginosa,
respectively (Shannon et al. 2007). For easy reference,
the sequences and the fluorophores/quenchers used are
listed in Table 1. A single qPCR contained 10 μL
TrueBluemaster mix (Thermo-Scientific, Waltham,
MA), 200 nM each of primers and TaqMan probes
(Metabion, Hanover, Germany), 5 μL DNA solution,
and water (Sigma) to a final volume of 20 μL.
Amplification was performed in a CFX-1000
thermocycler (Bio-Rad). The reaction mix was activated
at 95 °C for 15 min and then subjected to 40 cycles of
95 °C for 10 s, 60 °C for 30 s, and acquisition.

The results were analyzed with CFX Manager soft-
ware (v 2.1, Bio-Rad) on default settings. Fluorescence
signals were interpreted as presence/absence of the
targeted amplicon. Control reactions without template
(lysis buffer with water instead of sample, n=3) and
serially diluted genomic DNA as positive control (rang-
ing from 2.5×103 to 2.5 gene copies per reaction, n=3)
were included in each reaction set. All positive template
controls (n=9) had a threshold cycle (Ct) of <35 and
relative fluorescence units (RFU) of >150. None of the
no-template controls (n=9) met these criteria, validating
these two parameters as present/absent delineators.

2.6 Statistical Analyses

The effect of soil type on the presence/absence
amplicons was tested by logistic regression. Linear
model regression analysis was used to correlate Ct value
with initial bacterial density. Correlation coefficients
associated with p<0.05 were considered significant.
Analyses were carried out in R (R Development Core
Team 2008).

3 Results

3.1 Spiking Experiments

The objective of the spiking experiments was to assess
the method accuracy in various environmental matrices
and assess the limit of detection (LOD), i.e., the lowest
amount of target that the method can reliably detect
(Armbruster and Pry 2008). Therefore, we tested four
matrices (water, soil, air, and vegetable surfaces) apply-
ing at least two target concentrations of the model
pathogens.

3.2 Soil

We employed a three-dilutionMPN format of 100, 10−1,
and 10−2 g soil in three replicates (Fig. 1), resulting in a
possible range of quantification between 0.3 and
110 CFU g−1 (Blodgett 2010). This range was chosen
to target low levels of pathogens that may be present in
environmental samples. Indeed, the method was highly
sensitive to both S. enterica and P. aeruginosa
(Table S1), detecting the bacteria in all spiked soil
samples, with concentrations as low as 1–3 CFU g−1

soil (Table 2).
Significant (p<0.050) correlations between the initial

bacterial density in the spiked clay soil and the Ct value
of the multiplex qPCR assay were noted for
P. aeruginosa and S. enterica. However, the correlation
coefficient R2 was 0.89 for the P. aeruginosa but was
lower (R2=0.31) for S. enterica (Fig. 2). This trend was
observed for all soil types (Table S2, Table S3) and
could be due to a number of factors, such as metabolic
differences between the two species, generation time, or
susceptibility to physico-chemical characteristics of the
sample (Dunbar et al. 1997). However, it should be
noted that for both species, in samples in which the
spiked bacteria were diluted to an initial quantity of less
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than 1 CFU g−1 (i.e., below the method LOD), Ct

increased to the threshold level of 35, at which the
samples were no longer considered positive (Tables S2
and S4). This provided empirical validation for the
suggested absent/present criterion.

The culture-based technique (FDA 2011) was ap-
plied on spiked clay soil and was equal in sensitivity
to the MPN-qPCR technique (LOD=1 CFU g−1;
Table 2). However, at least 4 days were needed to screen
and confidently identify the putative pathogen as false
positives with biochemical characteristics similar to
those of S. enterica obfuscated the detection (Dusch
and Altwegg 1995).

After validating the method on spiked samples in the
lab, a field study was undertaken. A total of 25 compost-
amended soil samples were analyzed concurrently by
the proposed MPN-qPCR and by the conventional
culture-based method. S. enterica was detected in only
one sample by the MPN-qPCR method, and the results
were obtained within a day from the start of processing.

Importantly, the first dilution level (containing 1 g of
incubated soil) did not produce detectable DNA repli-
cation, while higher dilutions replicated well and corre-
lated with the initial concentration (Table S5). This
highlights the unique importance of pre-enrichment di-
lutions for environmental samples since the inhibitors
were diluted, while the target organisms are enriched.
S. enterica isolates were obtained from the same sample
by the culture-based method and confirmed with bio-
chemical (Hy-Enterotest) and molecular methods
(Benami et al. 2013). No other sample was detected as
positive by either method. However, 19 of the 25 sam-
ples contained interfering organisms that were morpho-
logically similar to S. enterica, thereby obfuscating and
lengthening the detection effort (Table S5).

P. aeruginosa was not detected by either method in
the environmental soil samples. However, by the
culture-based method, nonspecific growth was noted
on all selective agar plates and was verified to not be
P. aeruginosa.

Table 1 Primers and probes used in this study

Organism Primer and probe (Pr) sequence (5′→3′) Target gene GenBank accession #

Pseudomonas aeruginosa F: TGCTGGTGGCACAGGACAT regA X12366
R: TTGTTGGTGCAGTTCCTCATTG

Pr: (FAM) CAGATGCTTTGCCTCAA (BHQ1)

Salmonella enterica F: CGTTTCCTGCGGTACTGTTAATT invA U43272
R: AGACGGCTGGTACTGATCGATAA

Pr: (Cy5) CCACGCTCTTTCGTCT (BHQ1)

FAM carboxyfluorescein, BHQ Black Hole Quencher, Cy5 cyanine 5

Table 2 Experimental recoveries and limits of detection for Salmonella enterica and/or Pseudomonas aeruginosa determined by spiking
studies in 100 L water, 5 g clay soil, tomato surface, and aerosols (air samples collected in 10 mL PBS+20 % glycerol). Recovery was
determined by spiking 103 CFU per liter of water, gram of soil, milliliter of PBS solution, or one tomato surface

Water (n=3) Soil (n=5) Tomato (n=3) Aerosols (n=3)a

Recovery
(%±SD)

LODa

(per L)
Recovery
(%±SD)

LOD
(per gram)

Recovery
(%±SD)

LOD
(per tomato)

Recovery
(%±SD)

LODb

(per mL)

Culture-based 90±5 3 CFU 91.5±15 1 CFU 85±10 5 CFU 0.003c 105 CFU

BPW+qPCR 100±0 5 CFU 100±0 1 CFU 100±0 5 CFU 1 300 CFU

qPCR direct extraction 85±10 10 gc 15±13 10 gc 81±33 10 gc NA NA

aOnly P. aeruginosa tested here
b The lowest concentration of bacteria that was successfully applied and recovered
c Recovery on settle plates positioned 0.1 m from an aerosol generator that was spiked with P. aeruginosa and operated for 1 h

BPW buffer peptone water, CFU colony forming unit, gc gene copy, L liter, LOD limits of detection, SD standard deviation
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3.3 Aerosols

Validation of the MPN method for aerosols was first
achieved with controlled laboratory experiments com-
bining an aerosol generator (compressor nebulizer
[A79-LIFE-Eagle Nebulizer NBB02]) and a vacuum-
based collection method with an impinger (SKC
Biosampler®). We employed four dilutions in the
MPN format 100, 10−1, 10−2, and 10−3 CFU mL−1 in
three replicates (Fig. 1), resulting in a possible range of
concentrations between 3.6 and 105 CFU mL−1

(Blodgett 2010). The results are shown in Table S4
and were variable. We note that the recovery of
P. aeruginosa was approximately two orders of magni-
tude lower than the inoculated concentrations (Fig. 3
and Table S4); thus, the LOD was calculated to be
∼300 cells mL−1 (Table 2).

No P. aeruginosa colonies grew on plates inoculated
directly from the liquid impinger spiked with 103 and
104 CFU mL−1 after 1 h of aerosolization (data not
shown). Only 1–5 colonies grew on the spread plates
inoculated from the liquid impingement spiked with
105 CFU mL−1 (data not shown). The LOD was calcu-
lated to be ∼105 CFU mL−1.

After the initial laboratory validation, the methodwas
applied to field samples to test for the presence of
aerosolized bacteria in the vicinity of a vertical flow
constructed wetland treating domestic greywater
(Gross et al. 2008). No P. aeruginosa colonies were
recovered from the impinger liquid inoculated after
collecting air for 1 h (data not shown). Detected con-
centrations of P. aeruginosa in the greywater aerosols
were on average approximately 101 CFU for both settle
plate and MPN-qPCR methods; however, the MPN-
qPCR method de tec ted up to 2- logs more
P. aeruginosa in several samples (Fig. 3). However,
the difference between the amounts measured by either
method was not significant (p>0.05).

3.4 Water and Tomato Surface Samples

The detection of S. enterica in tomato wash and water
filtrates was performed in the MPN-qPCR developed
method and, concomitantly, by culture-based tech-
niques. The spiked samples were detected as positive
by both basic enrichment-qPCR (100 % recovery) and
the culture-based techniques (90 and 85 % recovery for
tomato and water, respectively; Table 2). The non-
spiked samples were negative in all methods.

4 Discussion

In this study, we modified the MPN-qPCR method by
synthesizing several key aspects previously reported
(Krämer et al. 2011; Russo et al. 2014) and adapting
them to environmental uses, which are currently lack-
ing. The developed method was applied as an a priori
simultaneous screen of two pathogens of major concern
and the protocol was adapted for rapid, high-throughput
application (Fig. 1). The unequivocal demonstration of
multiplex detection in this study indicates that the pro-
tocol can be expanded to include a broad number of
pathogens simply by adding qPCR reagents.

The detection of pathogens in aerosols is challenging
both technically and bacteriologically. Reliable methods
for collecting and testing aerosols and even the reported
units of measurement are debated (Agranovski 2007;
Chinivasagam and Blackall 2005; Dabisch et al. 2012;
Park et al. 2014). In addition, aerosolization and collec-
tion methods impose stress, resulting in damaged or
viable but non-culturable (VBNC) bacteria (Rule et al.
2007; Terzieva et al. 1996). The handful of studies tested

Fig. 2 Comparing qPCR threshold cycle (Ct) and log initial
inoculum (CFU g−1) of Salmonella enterica and Pseudomonas
aeruginosa spiked in clay soil and then detected with the MPN-
qPCR procedure. In preparation for the test, a pathogen/soil mix-
ture (200 CFU g−1) was serially diluted until fractional values
(depicted by the negative log) were obtained in order to test the
qPCR response over a broad range of values that extend into the
barely detectable range. Regression coefficients: S. enterica=0.31,
p>0.05, P. aeruginosa=0.89, p<0.05
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recovery rates and LOD of aerosolized bacteria, all
reporting low recoveries (Ryan et al. 2014; Simon
et al. 2011), often four to five orders of magnitude lower
than spiking concentrations, and high LOD (Landman
et al. 2013; Ryan et al. 2014). Here, we spiked an aerosol
generator with relatively low concentrations of the test-
ed cells ranging from 103 to 105 CFU mL−1 and could
not detect P. aeruginosa in the collected air via the
standard culture-dependent methods (plating onto selec-
tive agar) but only via the MPN-qPCR method after
enrichment (Fig. 3). We suggest that the MPN-qPCR
approach is a valuable tool to minimize false negatives
and to screen for low pathogen concentrations in chal-
lenging matrices. It should also be noted that the choice
of pathogens selected for this study was based on their
epidemiological importance, yet it is probable that some
adjustments will allow tailoring of the technique to any
pathogen(s) of interest.

A previous report demonstrated a theoretical basis for
matching the threshold cycle (Ct) of S. enterica culture
assayed at log-phase with the initial density (Krämer
et al. 2011). Here, we demonstrated a strong correlation
between the Ct value and the initial bacterial density for
P. aeruginosa, yet for S. enterica, this trend was not
conclusive (Fig. 2, Tables S2 and S3). In general, gen-
erating standard curves (i.e., relying on Ct values) from
environmental matrices are less reliable for quantifica-
tion than utilizing an MPN-type approach because dif-
ferent instruments, reagents, and incubation conditions
may affect the results (Töwe et al. 2010). This observa-
tion, coupled with instances of overestimation of
P. aeruginosa in soil (Table S1), indicates that the pro-
posed protocol provides a rapid and sensitive screening

procedure, but may not be an exact quantification
method.

The strategy proposed here might be more reliable
than direct testing of environmental matrices due to the
removal of inhibitors by dilution (Malorny et al. 2004)
and nonviable bacteria by the pre-enrichment step
(Heaton and Jones 2008). This observation is corrobo-
rated by the more variable and less sensitive results
obtained from non-enriched samples of water, soil, and
tomato wash (Table 2). However, the standard culture-
based technique could be essentially as sensitive as the
enriched qPCR method, but three major disadvantages
were identified: (i) the prolonged exposure to putatively
pathogenic isolates (Lazcka et al. 2007), (ii) the amount
of time and resources needed for each sample (Straub
et al. 2005), and (iii) the difficulty in obtaining a defin-
itive answer by biochemical tests (Delgado et al. 2013).

5 Conclusion

Reliable and timely monitoring of pathogens of field
samples is important for public health and environmen-
tal monitoring. The suggested method offers an accu-
rate, inexpensive, high-throughput, and rapid alternative
for screening of viable pathogens from various environ-
mental samples. Further adaptation of this method to
additional pathogens such as Legionella pneumophila,
Staphylococcus aureus, and Campylobacter jejuni is
recommended.
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