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Abstract

Background: An effective environmental sampling method involves the use of a transport/neutralizing broth with
the ability to neutralize sanitizer residues that are collected during sampling and to maintain viability of stressed
Listeria monocytogenes (Lm) cells.

Results: We applied Lm onto stainless steel surfaces and then subjected Lm to desiccation stress for 16–18 h at
room temperature (RT, 21–24 °C). This was followed by the subsequent application of Whisper™ V, a quaternary
ammonium compound (QAC)-based sanitizer, diluted to 400 ppm and 8000 ppm of active quat, for 6 h. We then
sampled Lm with sponges pre-moistened in three transport broths, Dey/Engley (D/E) broth, Letheen broth and
HiCap™ broth, to generate environmental samples that contained sanitizer residues and low levels of stressed Lm,
which were subsequently analyzed by an enrichment-based method. This scheme conformed with validation
guidelines of AOAC International by using 20 environmental test portions per broth that contained low levels of Lm
such that not all test portions were positive (i.e., fractional positive). We showed that D/E broth, Letheen broth and
HiCap™ broth performed similarly when no quat or 400 ppm of quat was applied to the Lm contaminating stainless
steel surfaces. However, when 8000 ppm of quat was applied, Letheen broth did not effectively neutralize the QAC
in the samples. These comparisons were performed on samples stored under three conditions after collection to
replicate scenarios of sample transport, RT for 2 h, 4 °C for 24 h and 4 °C for 72 h. Comparisons under the three
different scenarios generally reached the same conclusions. In addition, we further demonstrated that storing
Letheen and HiCap™ broths at RT for two months before sampling did not reduce their capacity to neutralize
sanitizers.
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Conclusions: We developed a scheme to evaluate the ability of transport broths to neutralize QAC sanitizers. The
three transport broths performed similarly with a commonly used concentration of quat, but Letheen broth could
not effectively neutralize a very high concentration of QAC. The performance of transport broths was not
significantly affected under the assessed pre-sampling and post-sampling storage conditions.
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Background
L. monocytogenes (Lm) survives under a wide range of
temperature, pH and salt conditions, and is able to cross
the intestinal barrier, the blood-brain barrier, and the
maternofetal barrier [1]. Because of these features, Lm
frequently contaminates foods and causes disease, listeri-
osis, in humans. Recently, Lm has been implicated in
major outbreaks and recalls associated with contami-
nated cantaloupe, cheese, stone fruit, apples, packaged
salads, and frozen vegetables, among others [2–6]. Des-
pite continuous advances in food safety practices, disease
surveillance, control and prevention, foodborne bacterial
infections, particularly those caused by Lm, remain a sig-
nificant public health concern.
Lm and other Listeria spp. are frequently isolated from

food processing environments [7, 8]. It has been
observed that the Listeria spp. isolated from such envi-
ronments are usually sub-lethally injured, due to desic-
cation, exposure to sanitizers, high acidity, high osmotic
conditions, and other environmental stresses [9]. The in-
jured Lm may not survive the transport and storage pro-
cedures prior to testing, increasing the risk of false
negative test results in public health testing laboratories.
Ineffective rinsing in food processing facilities could
leave sanitizer residues on food processing environments
[10], and the likelihood of a false negative Lm testing re-
sult may be increased when the Lm cells and industrial
sanitizer residues are in the same sampling area and col-
lected together by the sampling device, resulting in add-
itional injury to, or eradication of, the viable Listeria
cells. This is especially concerning for the certain areas
in food processing facilities that may have been exposed
to higher-than-recommended concentrations of saniti-
zers due to inevitable uneven distribution of sanitizers
when dry-powdered sanitizers or foam-sprayed sanitizers
[11, 12] are used, and/or when rinsing is ineffective.
Therefore, potential false negative results could be
avoided if the neutralizing broths used for sample collec-
tion and transport can neutralize sanitizer residues that
may exceed the recommended concentrations and still
maintain the viability of stressed Lm cells.
To address these problems, a variety of neutralizing

broths have been developed and evaluated [13–17]. For
example, Letheen broth, a nonproprietary transport
broth, combines nutrients with lecithin and polysorbate,

which can neutralize phenols, hexachlorophene, forma-
lin, ethanol and quaternary ammonium compounds
(QAC). In comparison, Dey/Engley (D/E) broth con-
tains polysorbate, a higher concentration of lecithin
than that in Letheen broth, and additional neutraliz-
ing agents such as sodium thioglycolate, sodium thio-
sulfate, and sodium bisulfite which can neutralize
additional antimicrobial and disinfectant chemicals,
such as mercurial, iodine, chlorine, formaldehyde, and
glutaraldehyde. HiCap™ Neutralizing Broth (HiCap) is
a recently developed proprietary neutralizing broth
[18] and claims to have the capacity to neutralize a
variety of sanitizers. Other neutralizing broths, such
as buffered peptone water (BPW), MCC buffer, and
Neutralizing Buffer (NB) have been shown to be less
effective than D/E and Letheen broths [19].
Additional factors that may influence the choice of

transport broth include sample stability and storage con-
venience. For example, D/E broth is only stable at refrig-
erated temperatures before being used for sampling [20],
which makes it less convenient for field inspection
personnel. Stability at room temperature (RT) offers ad-
vantages such as storage convenience and space saving
for cold storage. Furthermore, there are concerns that
some neutralizing broth components such as casein and
lecithin may leave residues in manufacturing facilities
that could pose an allergen hazard if they enter the food
supply [21]. Additionally, dairy-based casein products
may not be used in meat processing facilities that follow
Kosher practices and pork-based peptone is a problem
for manufacturers of Halal or Kosher foods [21]. An-
other important consideration when testing neutralizing
broths is that the ingredients in the broth do not inter-
fere with downstream analyses for bacterial pathogens.
For example, sodium thiosulfate and sodium bisulfite in
some neutralizing broths may interfere with 3M™ Petri-
film™ [22, 23].
In order to properly assess the efficacy of any testing

method, it is imperative that we generate samples that
best replicate real world samples. This is not difficult to
achieve for many types of food samples, since 1) foods
can be purchased from grocery stores before microbial
inoculation, 2) replicates and controls can be easily pre-
pared, and 3) foods can be aged to allow inoculated bac-
terial cells to adapt to the food storage conditions before
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pathogen analysis. Thus, these artificially inoculated
samples provide a good alternative to naturally contami-
nated samples. However, it is much more difficult to
simulate the stresses that Lm in environmental samples
undergo since the stressors are so diverse (desiccation,
chemicals, acid, and salt). For example, if Lm is artifi-
cially inoculated directly onto sponges, it may not be
subjected to the stresses that it is normally exposed to in
food processing environments. To fully evaluate a detec-
tion method, it is preferable to replicate worst case sce-
narios and employ samples with low levels of highly
stressed cells. The Microbial Method Validation Guide-
line of AOAC International [24] prescribes a scheme to
partially achieve this purpose. Bacterial cells are inocu-
lated onto environmental surfaces, desiccation stress is
then induced by drying for 16–24 h, and the bacterial
cells are collected using swabs/sponges. The level of cells
after drying is very low, similar to the limit of detection
for at least one of the compared methods and therefore
the test portions may not all yield positive results with
that method (i.e., fractional positive) [24]. Thus, to allow
meaningful statistical comparison between methods, at
least 20 test portions, in contrast to commonly used 3 or
5 replicates, inoculated at this low level are prepared and
analyzed using each method, and the numbers of posi-
tive test portions are used for comparison. AOAC-
specified analysis requires that the fractional positive
rate is between 25% and 75% out of 20 test portions
[24], and should be observed with at least one of the
comparatively evaluated methods. This guideline is also
harmonized with newly published ISO method validation
standards [25].
We previously followed the AOAC guidelines to simu-

late environmental sampling, and test results from envir-
onmental samples containing Lm showed that two
commonly used Listeria enrichment schemes did not ef-
fectively recover and enrich low levels of Listeria sub-
jected to desiccation stress [26]. We demonstrated the
critical importance of 48 h of culture enrichment for
successful resuscitation [26]. Other factors of environ-
mental testing, such as sampling device materials, stor-
age conditions, and time between sample collection and
laboratory analysis, were also evaluated in that study
[26]. However, only D/E neutralizing broth, the one spe-
cified in U.S. Food and Drug Administration (FDA)‘s
Bacteriological Analytical Manual (BAM) [17] and U.S.
Department of Agriculture’s Microbiology Laboratory
Guidebook (MLG) [27], was examined, and that study
did not evaluate the effect of sanitizers on environmental
testing [26]. The environmental sample preparation
protocol by AOAC does not involve sanitizer as a factor,
and previous studies following AOAC validation guide-
lines did not evaluate the effect of sanitizers. Thus, the
primary objective of the present study was to develop a

scheme to evaluate the efficacy of transport/neutralizing
broths. We used this scheme to compare two neutralizing
broths (Letheen and HiCap) to D/E broth for their ability
to maintain the viability of desiccation- and sanitizer-
stressed Lm, and their ability to neutralize relatively high
concentrations of sanitizer residues. We followed AOAC
Microbial Validation Guidelines for the number of test
portions and data analysis [24].

Results and discussion
Transport broths typically combine nutrients with neu-
tralizing agents to maintain the viability of bacterial cells
during transport and to neutralize any sanitizer residues
that may be surrounding the bacterial cells. Such
sanitizer residues could cause false negative results in
environmental testing. A variety of neutralizing agents
were used in transport broths, such as lecithin, polysor-
bate, sodium thiosulfate, sodium bisulfite, and aryl
sulphonate complex [14, 19–21]. Transport broths also
typically contain agents that can neutralize pH. Previous
studies have compared the neutralizing capacity of vari-
ous buffer as potential transport media, even though
their experimental designs were different from the
current study [14, 19]. Park et al. evaluated several trans-
port broths against three acidic sanitizers and one alka-
line sanitizer by mixing transport broths with sanitizers
before adding liquid Shiga toxin-producing Escherichia
coli (STEC) cultures. Ward et al. mixed transport broths
with different concentrations of sanitizers, including ~
20 ppm to ~ 800 ppm of quat, before adding liquid E.
coli into the mixture [21]. A similar approach was used
by Sutton et al. [28], and the authors acknowledged that
this study design provided no information on the recov-
ery of sublethally injured bacteria due to exposure to
sanitizers. Zhu et al. mixed Lm cells with 1 ppm of
Quorum, a QAC-based sanitizer, before applying the
mixture onto sponges or stainless steel surfaces; the au-
thors also rinsed Lm biofilms containing high levels of
Lm with 200 ppm of Quorum before sponge sampling.
These studies showed that buffers that contain agents
that can neutralize a variety of sanitizers were necessary
for environmental sampling purposes. For example, PBS
was shown to be effective to neutralize the effect of
acetic acid against E. coli O157:H7 [29] due to pH
neutralization, however, it did not contain any compo-
nents that can neutralize commercial sanitizers, and was
proved experimentally to be ineffective for neutralizing
commercial sanitizers [14]. In our study, we developed a
scheme to comparatively evaluate neutralizing broths.
This scheme induced stress to Lm by drying cells and
then exposing cells to sanitizers, and we chose three
transport broths that were previously shown to have
relatively high capacity for comparison. The overall ex-
periment design is explained in Fig. 1.
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Comparison of Letheen broth, D/E broth and HiCap broth
for collecting cells subjected to desiccation stress only
When environmental samples are collected, swab or
sponge samplers are generally pre-moistened in trans-
port broths to increase the sampling efficacy [17, 30].
After sampling, the pre-moistened swabs or sponges are
placed back into the sample bag containing leftover
transport broths. When the sampling areas are very wet,
dry samplers are used for sampling and then returned to
a sample bag containing transport broths.
In this study, Lm and sanitizers were both dried before

sampling, and thus, we used the sponges (approximately
4 cm long × 4 cm wide × 1.5 cm thick) pre-moistened in
10mL transport broth. These sponges absorbed all 10
mL with no running liquid in the sample bag. One
sponge was used to sample one sampling section (10
cm × 10 cm square), resulting an environmental test

portion. Two-way comparisons between the Letheen
broth and D/E broth and between the HiCap broth and
D/E broth (Table 1) showed that all three broths were
similar in their capability to maintain the viability of Lm
cells subjected to desiccation stress. We reached the
same conclusions using two scenarios of sample storage
after sample collection and before qualitative analysis: 1)
the test portions stored at RT for 2 h simulating same
day transport of environmental samples to the laboratory
and same day enrichment-based analysis; 2) the test por-
tions stored at 4 °C for 72 h simulating enrichment-
based analysis after over-the-weekend delivery of envir-
onmental samples. Bacteria populations could reduce in
transport broths during storage at 4 °C [20], and that is
why we evaluated different storage durations after
sponge sampling. In this preliminary experiment without
applying sanitizers, we did not perform the analysis

Fig. 1 Three sets of experiments were performed in this study. The first set compared the three neutralizing broths without using Whisper™ V, a
quaternary ammonium compound (QAC)-based sanitizer. The second set compared the three neutralizing broths by exposing inoculated Lm to
QAC. Two quat concentrations were used, 400 ppm and 8000 ppm to represent a common concentration and a very high concentration. A pilot
experiment was performed before this one to determine the appropriate combinations of Lm inoculum level and quat concentration that could
yield fractional positive results in an AOAC validation scheme. After sponge sampling, three storage conditions were used to mimic same day
sampling and enrichment-based analysis (i.e., 2 h at RT), enrichment-based analysis after overnight delivery of environmental samples (24 h at
4 °C) and enrichment-based analysis after over-the-weekend delivery of environmental samples (72 h at 4 °C). For the first two sets of experiments,
three transport broths were stored at 4 °C before the experiments. The third set of experiments evaluated the stability of Letheen broth and
HiCap broth stored at RT before sampling. Two separate evaluations were used because the inoculation levels and quat concentrations suitable
to evaluate the two broths were different. The first one compared Letheen broth stored at RT and at 4 °C with D/E broth stored at 4 °C, and the
second one compared HiCap broth stored at RT and at 4 °C with D/E broth stored at 4 °C. For the first and third set of experiments, we did not
perform the analysis simulating the scenario of storing the sponge samples at 4 °C for 24 h due to logistical reasons
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simulating the scenario of storing the sponge samples at
4 °C for 24 h due to logistical reasons.
We followed Microbiological Method Validation

Guidelines of AOAC International [24] by desiccating
Lm cells on stainless steel surfaces for 16–18 h. This
protocol was also referred to in the recently published
ISO method validation standards (ISO 16140-2) [25].
This approach allows relatively straightforward replica-
tion and has been used to validate a variety of methods
for environmental sampling of foodborne pathogens
[31–33]. Even though this desiccation process was not
sufficient for Lm to form mature biofilms [34], it in-
duced desiccation of Lm on stainless steel surfaces that
could be used to evaluate the efficacy of enrichment
schemes to resuscitate stressed Lm [26]. Specifically, we
found that Lm subjected to such desiccation stress could
not fully recover and grow to detectable levels after 24 h
of enrichment in several commonly used Listeria enrich-
ment broths [26]. Another study also showed that sam-
ples containing Lm that were desiccated on stainless
steel plates for 1 h before sampling yielded fewer positive
results than samples collected from plates with no cell
drying when the same 24 h culture enrichment was used
for pathogen analysis [35]. Therefore, in order to evalu-
ate the performance of a qualitative analytical method,
we may not necessarily need mature biofilms. Nonethe-
less, in future studies, we could explore the option of
using mature biofilms to evaluate various elements of
detection methods (e.g., sampling devices).

Determination of the Whisper™ V concentration and
inoculation level that could challenge neutralizing broths
while yielding fractional positive results needed for
method comparison
Since the AOAC-specified protocol to compare environ-
mental testing methods does not involve sanitizers, we
explored different schemes of adding sanitizers in our
preliminary work. The goal was to add sanitizers at con-
centrations similar to or higher than those commonly
used in food processing environments, while still keep-
ing the levels of Lm relatively low. We first added saniti-
zers directly to swabs/sponges pre-moistened with
transport broths and then used the pre-moistened
sponges to sample Lm inoculated on stainless steel

surfaces. Similar to previous approaches that mixed sani-
tizers with transport broths before adding bacteria cells
[14, 21], this approach could be used to evaluate the
ability of transport broths to neutralize sanitizers; how-
ever, the sanitizers might be fully or partially neutralized
before the sponges were used to collect Lm, and any
remaining sanitizers may not be enough to induce suffi-
cient stress of the Lm cells. We also mixed fresh cultures
of Lm with sanitizers before spreading them onto stain-
less steel surfaces, but Lm cells did not survive in
sanitizer concentrations above 50 ppm of quat (unpub-
lished data). We also applied sanitizers to stainless steel
surfaces first and then added Lm cells onto the surfaces,
however, Lm cells either died off very fast on the sur-
faces or very high levels of Lm were needed (unpub-
lished data). These preliminary works led to the
development of our current scheme. Even though our
primary focus was to evaluate the sanitizer-neutralizing
capacity of transport broths, we would still like to test
whether these transport broths can maintain the viability
of stressed Lm. Thus, we first induced desiccation stress
by drying Lm for 16–18 h, and then applied sanitizer
over Lm and dried for another 6 h. This way the total
time of Lm drying on stainless steel surfaces was still
within the range of 16–24 h as prescribed by the AOAC
guidelines [24]. The current scheme also replicated real
world conditions where surfaces are first contaminated
and then sanitized. Waiting for any liquid (i.e., cultures
and sanitizers) to dry also ensured the sampling efficacy
of pre-moistened sponge samplers because these sam-
plers were nearly saturated with transport broths.
We performed a pilot study to test the combination of in-

oculation levels and Whisper™ V concentrations that could
be used to compare the neutralizing broths and to determine
the appropriate combination needed to obtain fractional
positive test results in a full-scale AOAC validation. The pilot
test portions were analyzed on the same day of collection.
The results with ~ 800CFU/square (Table 2) of Lm indicated
that fractional positive results among 20 test portions might
be achieved when Whisper™ V concentrations of 400 ppm
and 800 ppm of quat were applied to Lm cells before sam-
pling. The results with ~ 3000CFU/square (Table 2) inocu-
lum indicated that fractional positive results could be
achieved when Whisper™ V concentrations of 1600 ppm,

Table 1 Number of positive test portions out of 20 test portions generated with different neutralizing broths when the initial
inoculation level was ~ 25 CFU/square and no Whisper™ V was applied to Lm cells before sampling. Neutralizing broths were stored
at 4 °C before use for the sample collection

Sample storage condition
between collection and analysis

Number of positive test portions out of 20 test portions collected using each neutralizing broth

D/E Letheen HiCap

2 h at RT (p = 0.51)a 11 8 7

72 h at 4 °C (p = 0.48) 5 9 6
aExtended Fisher’s exact test was performed for each row among different enrichment broths
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4000 ppm and 8000 ppm of quat were applied. The
manufacturer-recommended concentrations for Whisper™ V
was 150 to 1200 ppm of active quat for different facility areas
and sanitizing systems with 200–800 ppm among the most
common concentrations. According to another guidance
document, the recommended use levels for quat ranged from
200 ppm for equipment, 800 ppm for floors and drains,
1800 ppm for floor mats, 2400 ppm for foot baths to 2000 or
even 5000 ppm for mold treatment of walls and ceilings [36].
Application of foam-based QAC or dry QAC crystals is used
in certain food processing environments, sometimes with no
rinsing afterwards [11, 12]. A pre-moistened sponge absorb-
ing dry QAC crystals remained on environmental surfaces or
compositing/pooling sponges collected from multiple loca-
tions could result in very high concentrations of active quat
in the collected environmental samples. Thus, we first chose
~ 800CFU/square and 400 ppm of quat to compare trans-
port broths for the full-scale AOAC validation, and we fur-
ther chose ~ 3000CFU/square and 8000 ppm of quat as
another combination. Thus, our scheme allowed the evalu-
ation of transport broths using low levels of Lm exposed to a
QAC sanitizer at concentrations similar to and higher than
those commonly used in food processing environments.

Comparison of Letheen broth, D/E broth and HiCap broth
for collecting cells subjected to desiccation stress and
then sanitizer stress
With the inoculation level of 800 CFU/square and 400
ppm of quat, the number of positive test portions col-
lected using sponges pre-moistened with D/E, Letheen
and HiCap neutralizing broths were not statistically dif-
ferent when test portions were analyzed on the same day
of sample collection (p = 0.44, Table 3) and when test
portions were stored at 4 °C for 72 h (p = 0.15, Table 3).
When test portions were stored at 4 °C for 24 h, differ-
ences in the recovery of stressed Lm with neutralizing
broths resulted in a p value of 0.06. Since the Fisher’s
exact test is conservative, we performed pairwise com-
parisons when p value was 0.06, which showed that the
number of positive test portions collected with sponges
pre-moistened with D/E broth was lower than those
with Letheen broth using enrichment-based analyses
(p = 0.04), but no differences were observed between the
D/E and HiCap broths (p = 0.13). The same conclusions
were obtained when the extended Fisher’s exact and chi-
square tests were performed to compare D/E broth and
Letheen broth or D/E broth and HiCap broth. When

Table 2 Number of positive test portions out of five test portions generated with D/E, Letheen and HiCap neutralizing broths when
using an initial inoculation level of ~ 800 CFU/square and ~ 3000 CFU/square of Lm and different concentrations of Whisper™ V were
applied to Lm cells before sampling. Neutralizing broths were stored at 4 °C before sample collection

Inoculation
levels

Neutralizing
Broth

Number of positive test portions at each quat concentration

8000 ppm 4000 ppm 1600 ppm 800 ppm 400 ppm

~ 800 CFU/square Letheen 0 3 1 2 4

D/E 1 0 1 3 3

HiCap 1 1 1 3 4

~ 3000 CFU/square Letheen 0 4 4 5 5

D/E 5 3 2 4 5

HiCap 3 5 4 5 5

Table 3 Number of positive test portions out of 20 test portions generated for D/E, Letheen, and HiCap neutralizing broths using an
inoculation level of ~ 800 CFU/square Lm followed by an application of 400 ppm of quat and an inoculation level of ~ 3000 CFU/
square Lm followed by an application of 8000 ppm of quat before sampling. Neutralizing broths were stored at 4 °C before use

Initial inoculation level and quat
concentration

Storage condition
between collection
and analysis

Number of positive test portions collected using each brotha

D/E Letheen HiCap

~ 800 CFU/square of Lm and 400 ppm of quat 2 h at RT (p = 0.44) 18 15 15

24 h at 4 °C (p = 0.06) 13 a 19 b 18 ab

72 h at 4 °C (p = 0.15) 14 19 16

~ 3000 CFU/square of Lm and 8000 ppm of quat 2 h at RT (p = 0.0002) 10 a 1 b* 13 a

24 h at 4 °C (p = 0.002) 12 a 2 b* 11 a

72 h at 4 °C (p = 0.0008) 11 a 2 b* 13 a
aExtended Fisher’s exact tests for each row among different enrichment broths, and p values are listed in the parenthesis after each storage condition. When p
was less than 0.1, pairwise comparisons were performed; results sharing the same letter were not statistically different (p > 0.05) and * indicates p < 0.01 between
different letters. p values of pairwise comparisons are not listed
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combining all scenarios, our data indicated that all three
neutralizing broths had similar abilities to neutralize
Whisper™ V and to maintain the viability of desiccation-
and sanitizer-stressed Lm cells when the sanitizer con-
tained 400 ppm of quat.
When the inoculation level was ~ 3000 CFU/square

and the QAC contained 8000 ppm of quat, D/E and
HiCap broths generated statistically equivalent results
(p > 0.5), but Letheen broth generated a statistically
smaller number of positive test results than D/E and
HiCap broths (p < 0.006 for all pairwise comparisons).
Thus, the results showed that Letheen broth did not ef-
fectively neutralize high (8000 ppm of quat) concentra-
tions of Whisper™ V residue picked up by the sponge
samplers (Table 3). We reached the same conclusions
when simulating: 1) same day transport of collected en-
vironmental samples and same day enrichment-based
analysis; 2) enrichment-based analysis after overnight de-
livery of collected environmental samples in cold stor-
age; and 3) enrichment-based analysis after over-the-
weekend delivery of collected environmental samples in
cold storage. The multiple comparisons by extended
Fisher’s exact test generated the same conclusions as the
chi-square tests performed between D/E broth and Leth-
een broth and between D/E broth and HiCap broth. In
two other studies that used different experiment designs,
under certain conditions D/E broth was also shown to
be more effective than Letheen broth in sanitizer
neutralization [19, 21].
In order to better understand the effect of desiccation

and sanitizer on inoculated Lm cells, we quantified the
culturable Lm cells on stainless steel surfaces. We found
that when 800 CFU/square of Lm (i.e., 2.9 log CFU/
square) was inoculated and dried for 16–18 h, culturable
Lm remaining on 20 stainless steel squares varied from
2.2 to 2.5 log CFU/square with an average of 2.3 log
CFU/square. Therefore, the culturability loss was 0.6 log
CFU/square. This is consistent with previous analyses
showing that inoculating at that high level without sub-
sequent exposure to sanitizer would yield 100% positive
results among 20 test portions [26]. When 3000 CFU/
square of Lm (i.e., 3.5 log CFU/square) was inoculated
and dried, culturable Lm remaining on stainless steel
surfaces varied from 2.6 to 3.0 log CFU/square with an
average of 2.7 log CFU/square. Therefore, the culturabil-
ity loss was 0.8 log CFU/square, similar to that with in-
oculum of 800 CFU/square. When 800 CFU/square was
inoculated, dried and then exposed to 400 ppm of quat
for 6 h, culturable Lm were observed on 15 out of 20
stainless steel squares and their levels varied from 0.5 to
1.5 log CFU/square (i.e., 3 to 32 CFU/square) with an
average of 1.0 log CFU/square (i.e., 10 CFU/square).
Therefore, the sanitizer application onto desiccation-
stressed Lm further reduced the culturability of Lm by

1.3 log CFU/square. The Lm rinsed off the stainless steel
surfaces were subjected to direct plating enumeration,
not enrichment-based analysis, although it is not unrea-
sonable to speculate that any rinsate containing cultur-
able Lm would have generated positive result after 48 h
enrichment. Our approach to recover culturable Lm cells
appeared to have generated results consistent with
sponge sampling and subsequent enrichment-based ana-
lysis. The low levels of remaining Lm could explain why
we obtained fractional positive results from 20 test por-
tions. Out of the 15 sampling squares that contained Lm
culturable on brain heart infusion (BHI) agar, 10 yielded
colonies on Rapid’L.mono agar. The ratio of culturable
Lm on Rapid’L.mono agar to those on BHI agar on the
15 sampling squares varied from 0 to 1, with a median
of 30%, indicating that on average 70% of culturable Lm
cells in a given square could not grow on Rapid’L.mono
after 48 h of incubation. This result should be inter-
preted with caution since very low levels of culturable
Lm remained after desiccation and sanitizer exposure,
and there were only 0 to 4 colonies on each agar plate,
affecting the accuracy and precision of direct plating
enumeration. Nonetheless, the different counts on BHI
agar and Rapid’L.mono agar indicated that Lm were
stressed. We did not quantify Lm after inoculation at
3000 CFU/square and exposure to 8000 ppm of quat due
to much larger volume of transport broths needed to
neutralize QAC residue, however, since the final results
after enrichment-based analysis were also in the frac-
tional positive range, the levels of Lm prior to enrich-
ment were likely similar between the two inocula/quat
combinations.
In this study, we added exposure of low levels of Lm

to sanitizer as an extra step after the AOAC-prescribed
desiccation only treatment, and the sanitizer concentra-
tions were similar to or higher than those used in food
processing environments. Our comparison showed that
when the quat concentration in the environmental sam-
pling areas was similar to the commonly recommended
concentration, all three transport broths had a similar
capacity to neutralize QAC. However, when the amount
quat in the environmental sampling areas was very high,
Letheen broth was not as effective as D/E broth and
HiCap broth, although this likely only represents a very
small fraction of real-world scenarios. We used Whis-
per™ V and selected two combinations of sanitizer con-
centration and Lm inoculation level in this study, but
other sanitizers and concentrations should be used to
evaluate an appropriate transport broth for a specific
food processing facility. Different areas at different pro-
duction shifts of the facility can be sampled and sanitizer
residue concentrations determined prior to choosing the
best sanitizer and concentration to evaluate transport
broths. In a study aimed at evaluating Lm resistance to
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sanitizers, Lm biofilm formation on stainless steel plates
led to enhanced resistance to quat [37]. Therefore, if we
allowed Lm to form mature biofilms, we could have ap-
plied even higher concentrations of QAC or inoculated
lower levels of Lm for the AOAC-type validation. None-
theless, the QAC concentrations used in our study were
similar to or higher than those recommended for food
industry use, and Lm levels after desiccation stress and
sanitizer stress were relatively low (i.e., 3 to 32 CFU/square
when the initial inoculum was 800 CFU/square). It is intri-
guing to find out whether drying for 16–24 h used in our
study could have enhanced the resistance of Lm to QAC.
Transcriptomic analysis of Lm desiccated on stainless steel
showed that genes involved in response to other stresses
were also upregulated [38]. Desiccation-treated Salmonella
showed enhanced tolerance to multiple disinfectants, such
as QAC, ethanol, sodium hypochlorite, hydrogen peroxide,
and bile salts [39]. Therefore, we could not exclude the pos-
sibility that desiccated Lm cells, without forming mature
biofilms, could have enhanced resistance to QAC.
Our data also raised concerns on compositing/pooling

sponges from different sampling areas for analysis, be-
cause this could increase the chance of pooling higher-
than-recommended concentrations of sanitizer residues in
one area together with Lm from other areas that did not
contain sanitizer residues. As a result, the Lm-containing
areas that could have yielded individual positive samples
might not have been identified. Therefore, prior know-
ledge of the distribution of sanitizer residues in a food
processing facility is very critical in designing an effective
environmental sampling and testing strategy.
In this study, sampling efficacy should not affect our

comparisons since we followed the same sponging prac-
tices among different test portions and treatments.
Nonetheless, effective sampling techniques would help
maintain consistency in sponge sampling. To evaluate
sampling efficacy, we rinsed off 20 stainless steel sam-
pling squares after inoculation, desiccation, exposure to
QAC, and sponge sampling, and could not recover any
culturable Lm in the rinsates (limit of detection, 1.25
CFU/square), and this was true with either 800 CFU/
square of inocula and 400 ppm of quat or 3000 CFU/
square of inocula and 8000 ppm of quat. This indicated
that our sampling technique was satisfactory and yielded
consistent results. The inocula and QAC were visually
dry before sampling, which helped ensure the efficacy of
sampling by pre-moistened sponges. The use of smooth
stainless steel surfaces also helped effective sampling.
We used sponges made of polyurethane in this study
and our previous study using the same inoculation and
desiccation approaches had showed that cotton, cellu-
lose, polyester, and polyurethane materials were equiva-
lent for picking up Lm from stainless steel surfaces [26].
Our findings were consistent with recent studies that

did not observe significant effect of sponge/swab mate-
rials on recovery of Lm from various surfaces [35, 40].
After enrichment-based analysis, all positive samples

contained at least 104 CFU/ml of Lm and thus we only
counted the number of positive samples for comparison.
We had attempted to quantify the number of Lm cells
collected by each sponge sampler before enrichment,
however, because sponges contained very low levels of
Lm and homogenizing using a stomacher could not fully
release the Lm cells from sponges to liquid for subse-
quent enumeration, we could not obtain accurate enu-
meration (unpublished data). Accurate enumeration may
have been possible if very high concentrations of Lm
cells (e.g., > 3 log CFU) were collected on the sponges;
however, this would not result in fractional positive re-
sults after enrichment-based analysis or allow AOAC/
ISO-style comparative evaluations. Nonetheless, quanti-
tative analysis of Lm cells on the sponges after sampling
could provide an alternative evaluation of the efficacy of
environmental sampling, although it would be a very dif-
ferent experimental design that can be investigated in fu-
ture studies. Another approach to evaluate these
transport broths for environmental sample collection
would be to obtain authentic samples from food manu-
facturing facilities. However, it is challenging to obtain
multiple nearly identical sets of positive samples for well
controlled method comparisons. Another alternative ap-
proach would be to collect a very large number of sam-
ples from diverse areas, where the number of samples
would allow an assessment across the variable samples.
However, this would be a relatively large study that pre-
sents logistical challenges, both in obtaining a large and
diverse sample set and in processing these samples.

Evaluation of Letheen broth and HiCap broth stored at RT
before use by comparison to those stored at 4 °C
Both Letheen broth and HiCap broth were claimed to be
stable at RT before being used for environmental sam-
pling [21]. Therefore, we performed experiments to
evaluate these claims. We compared these broths after
storage at RT and at 4 °C before being used for sample
collection, and we also included D/E broth stored at 4 °C
for each comparison. We used 400 ppm of quat when
Letheen broth was evaluated and 8000 ppm of quat
when HiCap broth was evaluated because earlier data
showed that these were the concentrations that would
yield fractional positive results for each of these broths.
Letheen broths stored at RT and at 4 °C for 2 months
enabled the recovery of statistically equivalent numbers
of positive test portions, as did the HiCap broth. Both
broths stored at RT also generated equivalent results to
D/E broth stored at 4 °C (Tables 4 and 5). We reached
the same conclusions when simulating: 1) same day ana-
lysis of samples; 2) analysis after overnight delivery of
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samples in cold storage; and 3) analysis after over-the-
weekend delivery of samples in cold storage. While we
evaluated the storage at RT and at 4 °C for sponges be-
fore sampling, we did not evaluate storage of sponges
after sampling for more than 24 h at RT because previ-
ous studies suggested that bacteria could grow in trans-
port broths at RT due to the nutrients present in
transport broths and this growth was not selective, and
thus background flora could outgrow Lm, negatively af-
fecting subsequent selective enrichments [20].
In our study, we designed a scheme to evaluate

transport broths by using desiccation- and sanitizer-
treated Lm. We performed evaluation using one
sanitizer representing QAC. Due to the high number
of test portions, controls for each broth, and limited
biosafety cabinet space, we compared three broths
side by side and used two sanitizer concentrations.
Real-world environmental sampling and testing can
be very complex. There are many other types of sani-
tizers in addition to QAC, and there are many differ-
ent QACs. Different food processing environments
can have very different distributions of sanitizer resi-
dues at different times of production. There are add-
itional commercially available transport broths.
Therefore, the primary objective of this study was not
to offer definitive guidance on the three neutralizing
broths; rather, we developed a scheme that can be
adapted later to evaluate various elements of environ-
mental testing methods. The core principles of this
scheme were to induce desiccation stress and sanitizer
stress to low levels of Lm cells, to use the sanitizer
concentrations similar to or higher than those found

in different areas of a food processing facility, and to
use relatively large number of test portions. In future
studies, other neutralizing broths, sanitizers, sanitizer
concentrations, and other strains of Lm or Listeria
spp. can be incorporated into such a scheme. In our
previous study aimed at evaluating enrichment
schemes, competing microflora were co-inoculated
with Lm at concentrations a log higher than Lm, and
they significantly affected the performance of
enrichment-based analyses [26]. Zhu et al. observed
that the presence of background flora could affect
how transport broths maintain the viability of Lm
[19]. Specifically, certain transport broths appeared to
better facilitate Lm to outcompete certain background
flora [19]. Therefore, future work to evaluate trans-
port broths should inoculate Lm along with back-
ground flora before exposure to sanitizers and
subsequent sponge sampling and analysis. Background
flora would possibly affect the Lm stress response
during exposure to sanitizers, thereby affecting how
transport broths maintain the viability of Lm. Further-
more, there has been no investigation on whether
background flora could also interfere with the
sanitizer-neutralizing capacity of transport broths. In
addition, real-world environmental samples could also
contain organic soils and/or food debris, which could
very likely interfere with the performance of transport
broths. Therefore, a comprehensive evaluation of any
compounds that might interfere with transport broths
from different food categories and different types of
food processing environments is needed to further
evaluate the efficacy of transport broths. Our

Table 4 Number of positive test portions out of 20 test portions generated with Letheen broth stored at RT, Letheen broth and D/E
broth stored at 4 °C before sample collection when the initial inoculation level was ~ 800 CFU/square and 400 ppm of Whisper™ V
was applied to Lm cells before sampling

Storage condition between
sample collection and analysis

Number of positive test portions collected using neutralizing broths stored under different conditions
before usea

Letheen at RT Letheen at 4 °C D/E at 4 °C

2 h at RT (p = 1)a 15 16 15

72 h at 4 °C (p = 0.25) 16 17 12
aExtended Fisher’s exact tests for each row among different enrichment broths

Table 5 Number of positive test portions out of 20 test portions generated with HiCap broth stored at RT, HiCap broth and D/E
broth stored at 4 °C before sample collection when the initial inoculation level was ~ 3000 CFU/square and 8000 ppm of Whisper™ V
was applied to Lm cells before sampling

Storage condition between
sample collection and analysis

Number of positive test portions collected using neutralizing broths stored under different conditions
before usea

HiCap at RT HiCap at 4 °C D/E at 4 °C

2 h at RT (p = 0.94)a 11 12 13

72 h at 4 °C (p = 0.71) 14 13 11
aExtended Fisher’s exact tests for each row among different enrichment broths
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preliminary work applying rinsates of raw produce
along with Lm onto stainless steel surfaces before
desiccation and sanitizing treatments did not reach
different conclusions regarding the relative neutraliz-
ing capacity among Letheen, D/E and HiCap broths
(unpublished data). In our previous study, we also
experimented with different types of environmental
surfaces (e.g., rubber, plastic, wood, or cast iron),
which did not affect our conclusions on the relative
performance of enrichment schemes. However, the
potential effects of environmental surface types war-
rant further investigations. Lm likely endure different
degrees of desiccation stress when drying on different
surfaces, and this may affect subsequent sanitizer
stress, sanitizer neutralization and viability in trans-
port broths. In addition, we could allow Lm to form
more mature biofilms before applying sanitizers. Lm
biofilms may have enhanced resistance to sanitizers,
and in order to obtain fractional positive results, we
could reduce the levels of initial inocula or increase
the QAC concentrations so that we further challenge
the qualitative methods and potentially expose weak-
nesses of any method.

Conclusions
In summary, we developed a scheme to apply Lm onto
experimental surfaces, subject Lm to desiccation stress,
and subsequently apply different concentrations of a
QAC sanitizer onto desiccated Lm. This allowed us to
generate environmental samples that contained sanitizer
residues and low levels of stressed Lm after sponge sam-
pling. We used this scheme to evaluate three neutraliz-
ing broths, D/E, Letheen and HiCap, and found that
these broths provided similar results when no sanitizer
or sanitizer at the industry-recommended concentra-
tions was applied to Lm cells desiccated on stainless
steel surfaces; however, the recovery of Lm from sponges
pre-moistened and transported in Letheen broth was
significantly lower than D/E or HiCap broths when a
very high concentration of sanitizer was used. In general,
whether collected samples were analyzed on the same
day of sample collection or after storage at 4 °C for 72 h,
there were no differences in the conclusions of broth
comparisons. HiCap broth and Letheen broth are stable
under RT, at least for the 2-month period evaluated in
this study.

Methods
Environmental surfaces and bacterial strains
Food grade stainless steel plates and a single strain of
Lm (HI-051, serotype 1/2a), isolated from an environ-
mental source were used for all the experiments. The
strain was cultured overnight in BHI with 150–200 rpm
shaking at 37 °C to reach ~ 4 × 109 CFU/ml.

Preparation of environmental samples artificially
inoculated with desiccation- and sanitizer-stressed Lm
We prepared environmental test portions by modifying a
previously described method [26]. Briefly, large stainless
steel plates were divided into 10 cm × 10 cm designated
sampling squares. An overnight liquid culture of Lm was
diluted to appropriate concentrations in BHI broth, and
320 μl of diluted culture was evenly spread onto each
designated square on the stainless steel plates. We found
that 320 μl of liquid is the minimum amount that would
allow relatively even spread of the inoculum. The inocu-
lated plates were left at RT (21–24 °C) and 50–60% rela-
tive humidity to dry for 16–18 h in biosafety cabinets
with no air flow. Whisper™ V, a quaternary ammonium
chloride sanitizer (active ingredients, 3% dimethyl benzyl
ammonium chloride, 2.25% octyl decyl dimethyl ammo-
nium chloride, 1.35% didecyl dimethyl ammonium
chloride, 0.90% dioctyl dimethyl ammonium chloride.
Ecolab Inc., St Paul, MN), was then added onto the
treated stainless steel plates at 320 μL/square. Whisper™
V is a low-foaming, liquid sanitizer, which is usually
used in both raw and ready-to-eat meat and poultry pro-
cessing facilities. It also can be used for a variety of ap-
plications including sanitation of equipment, hard
surfaces, and shell eggs intended for food. The recom-
mended concentrations of Whisper™ V ranged from 150
to 400 ppm of quat for food processing equipment to
400–1200 ppm of quat for floors per manufacturer in-
structions. Whisper™ V application was followed by an-
other 6 h of drying at RT. Each sampling square was
subsequently sampled with a pre-moistened sponge,
resulting in an environmental test portion. We first ap-
plied no Whisper™ V to induce only desiccation stress on
Lm cells using the previously suggested inoculation level
of 25 CFU/square of Lm [26] to reach fractional positive
test results according to AOAC validation guidelines.

Determination of the Whisper™ V concentrations and Lm
inoculation levels that can be used to compare the
efficacy of transport/neutralizing broths
Achieving fractional positive results required multiple
experiments to determine the appropriate Lm inocula-
tion levels, and thus we first conducted a pilot experi-
ment to determine the quat concentrations that are
suitable to compare neutralizing broths and the corre-
sponding inoculation level that, after Lm stress, returned
fractional positive test results. Five concentrations of
Whisper™ V were evaluated: 8000 ppm, 4000 ppm, 1600
ppm, 800 ppm and 400 ppm of quat. We also evaluated
two Lm inoculation levels (~ 800 CFU and ~ 3000 CFU
per square) using five test portions per inoculation level.
Once we determined the appropriate combinations of
quat concentration and inoculation level, we proceeded
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with a full-scale experiment and prepared environmental
test portions as described below.

Sampling with sponges pre-moistened with different
neutralizing broths, subjected to different storage
conditions after sample collection and before enrichment-
based qualitative analysis
The EZ Reach™ polyurethane sponge samplers pre-
moistened with 10 mL Letheen broth (#EZ-10LET-PUR,
World Bioproducts, LLC, WA), 10 mL D/E broth (#EZ-
10DE-PUR, World Bioproducts, LLC, WA), or 10 mL
HiCap Neutralizing Broth (#EZ-10HC-PUR, World Bio-
products, LLC, WA) were used to collect Lm cells from
inoculated stainless steel surfaces. For sampling, even and
firm pressure was applied to push the sampler in one dir-
ection across each sampling square: 10 times vertically,
followed by 10 times horizontally, and then 10 times diag-
onally. After sampling, sponges containing sampled Lm
were hand massaged in its neutralizing broth 10–20 times,
and were subjected to one of three different storage condi-
tions meant to replicate transport and delivery conditions:
1) test portions stored at RT for 2 h to simulate same day
sample delivery and same day qualitative analysis; 2) test
portions stored at 4 °C for 24 h to simulate overnight de-
livery of samples before qualitative analysis; and 3) test
portions stored at 4 °C for 72 h to simulate analysis after
over-the-weekend delivery of samples.

Detection of Lm from environmental samples using
enrichment-based analysis
After sample collection and storage, environmental test
portions were analyzed according to FDA’s Bacterio-
logical Analytical Manual (BAM). Briefly, each test por-
tion (i.e., sponge containing Lm and moistened with 10
mL neutralizing broth) was mixed with 90ml buffered
Listeria enrichment broth (BLEB) (Oxoid, Thermo
Fisher Scientific, Waltham, MA) for incubation at 30 °C.
After initial 4 h of incubation, Listeria selective agents
(Oxoid, Thermo Fisher Scientific, Waltham, MA) were
added and incubation was continued at 30 °C for another
44 h. Enrichment cultures were then streaked onto Agar
Listeria Ottavani & Agosti (ALOA) agar (bioMérieux,
Inc., St Louis, MO) for incubation at 37 °C for 24 to 48
h. Blue colonies with a white opaque halo were pre-
sumptive positive for Lm, and subsequently confirmed
using VITEK® MS (bioMérieux, Inc., St Louis, MO).

Number of test portions and inoculation levels per
method
The comparison of neutralizing broths was performed
following AOAC Microbial Validation Guidelines [24].
For each neutralizing broth, 20 test portions were pre-
pared. The inoculation level and physiological stress of
Lm resulted in fractional positive (25% to 75% positive)

results after enrichment-based detection of Lm for at
least one broth in each comparison. This experimental
design allowed for the comparison of two methods when
the Lm levels in the test portions were close to the limit
of detection of at least one method. Per requirement of
AOAC validation guidelines, additional test portions
were also prepared for each neutralizing broth: five test
portions containing high levels (at least 10 times the
level that would yield fractional positive results) and ex-
pected to yield 100% positive after enrichment-based
analysis, and another five test portions containing no Lm
(i.e., stainless steel surface inoculated with blank BHI)
serving as negative controls.

Evaluation of Letheen broth and HiCap broth stored at RT
and at 4 °C before these two broths were used for
sampling
Storage at RT was listed as an option for Letheen broth
[41] and HiCap broth, and thus, their performance when
stored at RT before being used for sampling was evalu-
ated by comparison with these broths stored at 4 °C and
with D/E broth stored at 4 °C. For the comparison in-
volving HiCap broth, ~ 3000 CFU/square inoculum and
8000 ppm of quat were used. For the comparison involv-
ing Letheen broth, ~ 800 CFU/square inoculum and 400
ppm of quat were used. For each of the Letheen broth
and HiCap broth, broths stored at RT for 2 months, the
same broths stored at 4 °C for 2 months, and the D/E
broth stored at 4 °C for 2 months were compared.

Quantitation of Lm cells remaining after desiccation, after
sanitizer exposure and after swabbing
In order to understand the reduction or loss of cultur-
ability of Lm after stress, we performed additional exper-
iments to determine the level of remaining Lm in the 20
inoculated squares. To determine the levels of Lm after
desiccation, we used the same inoculation levels, 800
CFU/square and 3000 CFU/square. To recover the
remaining Lm after desiccation treatment, each sampling
square was rinsed with 2 mL of sterile PBS by aspirating
and dispensing at least 30 times using a micropipette
moving across the square [42]. Around 1.6 mL of PBS
was able to be collected and plated on 8 BHI agar plates
(i.e., 200 μL/agar plate) for incubation and enumeration.
A portion of representative colonies on BHI agar were
streaked onto Rapid' L.mono (Bio-Rad Laboratories,
Hercules, CA) chromogenic agar and subjected to API
Listeria test (bioMerieux, Inc., St. Louis, MO) for con-
firmation as Lm. To determine the levels of Lm after
desiccation and sanitizer exposure, we used the inocula-
tion level of 800 CFU/square and 400 ppm of quat. We
used the approach described above to recover Lm in
each square but used D/E broth instead of PBS to rinse
Lm cells exposed to and surrounded by sanitizers. After
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rinsing, we plated the 1.6 mL of collected D/E broth
onto four BHI agar plates and four Rapid L’mono
chromogenic agar plates. The counts on BHI agar were
used to estimate the total levels of culturable Lm
remaining on stainless steel surfaces and the counts on
Rapid' L.mono agar were used to assess the injury of Lm
after desiccation and sanitizer stress. We did not per-
form such experiments using 8000 ppm of quat because
a much larger volume (i.e., at least 10 mL) of D/E broth
was needed and it was impossible to rinse and recover
Lm from each square with that large volume of liquid.
We also performed quantitation of Lm cells after desic-
cation, exposure to sanitizer and sponge sampling. We
tested two combinations, 800 CFU/square inoculation
with 400 ppm of quat and 3000 CFU/square with 8000
ppm of quat, used sponges pre-moistened in D/E broth
to swab each sampling square as described above, and
then used 2mL of D/E broth to rinse and recover any
Lm remaining on each square. The 1.6 mL of collected
D/E broth was plated onto 8 BHI agar plates.

Statistical analysis
We used extended Fisher’s exact test in SAS v9.4 (Cary,
NC) to compare the number of positive test portions out
of the 20 test portions among the three neutralizing
broths under each simulated sample storage scenario.
When p value was less than 0.1, pairwise comparisons
were performed.
We also performed chi-square analysis, which is pre-

scribed in AOAC guidelines for two-way comparisons
[26, 43], to compare between HiCap broth and D/E
broth, and between Letheen broth and D/E broth.
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