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ABSTRACT

Various Listeria monocytogenes strains may contaminate a single food product, potentially resulting in simultaneous exposure
of consumers to multiple strains. However, due to bias in strain recovery, L. monocytogenes strains isolated from foods by selec-
tive enrichment (SE) might not always represent those that can better survive the immune system of a patient. We investigated
the effect of cocultivation in tryptic soy broth with 0.6% yeast extract (TSB-Y) at 10°C for 8 days on (i) the detection of L. mono-
cytogenes strains during SE with the ISO 11290-1:1996/Amd 1:2004 protocol and (ii) the in vitro virulence of strains toward the
Caco-2 human colon epithelial cancer cell line following exposure to simulated gastric fluid (SGF; pH 2.0)-HCI (37°C). We deter-
mined whether the strains which were favored by SE would be effective competitors under the conditions of challenges related to
gastrointestinal passage of the pathogen. Interstrain competition of L. monocytogenes in TSB-Y determined the relative popula-
tion of each strain at the beginning of SE. This in turn impacted the outcome of SE (i.e., favoring survival of competitors with
better fitness) and the levels exposed subsequently to SGF. However, strong growth competitors could be outcompeted after SGF
exposure and infection of Caco-2 cells by strains outgrown in TSB-Y and underdetected (or even missed) during enrichment.
Our data demonstrate a preferential selection of certain L. monocytogenes strains during enrichments, often not reflecting a se-
lective advantage of strains during infection. These findings highlight a noteworthy scenario associated with the difficulty of
matching the source of infection (food) with the L. monocytogenes isolate appearing to be the causative agent during listeriosis
outbreak investigations.

IMPORTANCE

This report is relevant to understanding the processes involved in selection and prevalence of certain L. monocytogenes strains in
different environments (i.e., foods or sites of humans exposed to the pathogen). It highlights the occurrence of multiple strains
in the same food as an important aspect contributing to mismatches between clinical isolates and infection sources during liste-

riosis outbreak investigations.

Selective enrichment (SE) for detection of foodborne patho-
gens has been a fundamental tool in the food industry, critical
for hygiene control and safety monitoring (1) while providing
crucial information during trace-back investigations of food-
borne outbreaks. However, selective culture-based enrichment
procedures are associated with inherent bias since the use of selec-
tive agents and the presence of competing background microor-
ganisms in food samples sometimes obstruct the isolation of a
target pathogen and lead to false-negative results (2, 3).

Listeria monocytogenes stands out among the pathogens of ma-
jor concern for food safety. This Gram-positive bacterium causes
the rare but life-threatening disease listeriosis and manifests the
interplay between saprophytic lifestyle and virulence (4, 5). Its
ubiquity allows L. monocytogenes to easily enter the food chain,
whereas the capacity to survive and grow in various habitats (e.g.,
cold, highly acidic, or osmotic environments) provides the micro-
organism with the potential to withstand extremely adverse con-
ditions involved in food production or storage (6). After contam-
inated food is consumed, this remarkable adaptability also helps L.
monocytogenes to remain viable during digestion, endure the pas-
sage to the intestine, and eventually infect susceptible hosts (7, 8).

The accurate detection of L. monocytogenes in foods is clearly of
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utmost importance. Nonetheless, the bias associated with enrich-
ment protocols introduces recovery limitations and compromises
the isolation of the pathogen. The interference of background
food microflora (9, 10) or other Listeria spp. (particularly L. in-
nocua) may mask the presence and diminish the detectability of L.
monocytogenes (11-17).

Recent studies have addressed the issue of L. monocytogenes
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TABLE 1 Listeria monocytogenes strains used in the study

SE and GIT Passage of L. monocytogenes Strains

Strain Serotype(s) MLST Source Yr of isolation Country Antibiotic(s) (MIC [pg/ml])”

C5 4b ST2 Cow feces 2007 Ireland Streptomycin (2,000)

6179 1/2a ST121 Cheese 1999 ITreland Rifampin (>800)

ScottA 4b ST290 Human isolate 1983 United States Streptomycin (4,000), rifampin (>800)
PL25 1/2b (3b,7)" ST59 Ground pork 2009 Greece Rifampin (800)

@ The approximate MIC value was considered the minimum tested concentration (in micrograms per milliliter) of antibiotic at which no bacterial growth was observed after 24 h at
30°C. Bacterial growth was confirmed through measurements of the optical density at 600 nm (ODy,). Streptomycin was evaluated at 0, 125, 250, 500, 1,000, 2,000, and 4,000 g/

ml. Rifampin was evaluated at 0, 200, 400, and 800 p.g/ml.

b The serovar-specific group was characterized by multiplex PCR according to Doumith et al. (59), and the serovars in parentheses were omitted on the basis of the multilocus

sequence typing (MLST) classification results.

strain competition as a factor related to enrichment bias (18, 19).
The efficiency of enrichment protocols in isolating all L. monocy-
togenes strains that might have contaminated the same food has
reasonably become a subject of investigation; mixed populations
of L. monocytogenes strains could be present in a single sample, and
ingestion of more than one strain by the same individual is likely
(20, 21). Apparently, the success of an enrichment protocol is
dependent on detection of the infecting strain.

Among the 13 serotypes of L. monocytogenes, serotype 4b is
considered the major outbreak-associated serotype, while 1/2a
strains are more frequently food isolates (22). Such a food- or
outbreak-strain correlation might be attributable not just to the
particular genetic characteristics of strains that equip them with
proper capabilities to survive or thrive under different conditions
(e.g., in foods or during passage through the gastrointestinal tract
[GIT]) but might also be the result of the potential failure of se-
lective enrichment to detect all relevant strains in a food contam-
inated with multiple strains.

Considering the above, we investigated the effect of cocultiva-
tion on the recovery of L. monocytogenes strains after selective
enrichment or after exposure to simulated gastric fluid (SGF) and
subsequent infection of Caco-2 cells. We hypothesized that the
selective enrichment would not always detect the strains that
would survive better in gastric fluid and infect Caco-2 cells.

MATERIALS AND METHODS

Bacterial strains, culture, and growth conditions. The L. monocytogenes
strains used in this study are listed in Table 1. The selection of strains was
performed according to two previous studies investigating the growth,
virulence, and enrichment competition of L. monocytogenes strains (23,
24). Strains selected for resistance to rifampin (Rifambicin; AppliChem)
or streptomycin (Streptomycin Sulfate Biochemica; AppliChem) accord-
ing to the method described by Blackburn and Davies (25) were used for
enabling selective enumeration of each strain in coculture.

Strains were stored at —80°C in tryptic soy broth (Lab M) with 0.6%
yeast extract (TSB-Y; pH 7.2) and 20% glycerol. During the experiments,
all strains were maintained on tryptic soy agar (TSA; Lab M) supple-
mented with 0.6% yeast extract (Lab M) (TSA-Y) containing rifampin (50
pg/ml) or streptomycin (1,000 pg/ml).

For each strain, one single colony from a TSA-Y stock culture was
transferred to 10 ml TSB-Y plus streptomycin (1,000 pg/ml) or rifampin
(50 pg/ml) and incubated for 24 h at 30°C. Subsequently, 100 .l of the
24-h cultures was transferred to 10 ml of TSB-Y plus the corresponding
antibiotic and incubated at 30°C for 18 h.

Inoculation of TSB-Y was performed as previously described for single
or mixed listerial cultures (23). Briefly, the activated 18-h cultures (cor-
responding to approximately 10° CFU/ml) of L. monocytogenes strains
were washed with Ringer solution (Lab M; LAB100Z), resuspended in 10
ml TSB-Y, and serially diluted in TSB-Y to obtain a final inoculum of
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approximately 10 CFU/ml. Strains were grown at 10°C for 8 days as single
cultures or in combinations by mixing a rifampin-resistant strain with a
streptomycin-resistant strain (ratio, 1:1; final volume, 10 ml). On days 2,
4,6,and 8, cultures were sampled for determination of CFU and then used
for enrichment experiments or exposure to simulated gastric fluid, as
described below.

Enrichment of L. monocytogenes cocultures. Enrichment of mixed
listerial cultures was performed according to the ISO 11290-1:1996/Amd
1:2004 enrichment protocol (26) using the media recommended by the
method description. There are also other standard protocols for the en-
richment of L. monocytogenes available, such as the U.S. Food and Drug
Administration (FDA) Bacterial Analytical Manual (BAM) method; this
protocol has already been used to test competition of L. monocytogenes
serotype 4b strains against strains of serotype 1/2a (19). We chose ISO
protocols as reference methods widely used across laboratories in Europe
and also regulated by the European Commission (27). We showed previ-
ously that coenrichment of L. monocytogenes strains—also used in this
study—following the ISO method might favor the recovery of certain
strains, resulting in a biased outcome (24). In addition, we have demon-
strated previously that growth competition could occur between L. mono-
cytogenes strains during their cocultivation in TSB-Y at 10°C (23). The
10°C temperature was initially chosen as one at which at we could observe
equal levels of growth of all single cultures of L. monocytogenes strains,
thus ensuring that the observed inhibition would not be the result of
differences in the individual growth potentials of strains under the condi-
tions tested. On the basis of these observations, we moved onward by
investigating the effect of the duration of cocultivation on the detection of
L. monocytogenes strains, simulating the conditions occurring during stor-
age of a contaminated food. Therefore, on days 2, 4, 6, and 8 of incubation
at 10°C, a 1-ml volume from each L. monocytogenes coculture (TSB-Y) was
added to 9 ml of Half Fraser broth (HF; Lab M) and the reaction mixture
was incubated at 30°C for 24 h. Subsequently, 100 pl of HF was transferred
into 10 ml of Full Fraser broth (FF; Lab M) and the reaction mixture was
incubated at 37°C for 48 h. After each enrichment step, the enrichment
broths (HF and FF) were streaked (10 nl) onto Agar Listeria Ottavian
Agosti (ALOA; Biolife 4016052) and the ALOA plates were incubated at
37°C for 2 days. Following incubation, all individual L. monocytogenes
colonies were picked (1-pl inoculating loop) from plates and further
streaked on TSA-Y containing rifampin or streptomycin in order to de-
termine the percentage of colonies formed by each strain (streptomycin or
rifampin resistant) among the total colonies appearing on the streaked
plate. Furthermore, the CFU counts of each strain in the xenic cultures
were determined after inoculation of HF and at the end of both enrich-
ment steps. Each enrichment experiment was performed three indepen-
dent times in triplicate, and each of the triplicate (HF or FF) cultures was
streaked on two different ALOA plates. The number of isolated colonies
ranged from 15 to 30 for each plate, thus resulting in a total of ca. 270 to
540 colonies per mixed culture for each enrichment step.

Exposure of L. monocytogenes cultures to simulated gastric fluid
(SGF). SGF was prepared according to the method described by Barmpa-
lia-Davis et al. (28) and consisted of the following reagents (per liter): 0.4
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g glucose (Riedel de Haén, Switzerland), 3.0 g yeast extract (Lab M Lim-
ited, United Kingdom), 1.0 g Bacto peptone (Lab M Limited, United
Kingdom), 4.0 g porcine mucin (Sigma-Aldrich Co., USA), 0.5 g cysteine
(Sigma-Aldrich Co., USA), 0.08 g NaCl (Merck KGaA, Germany), 0.4 g
NaHCO; (PanReac AppliChem, Spain), 0.04 g K,HPO, (Merck KGaA,
Germany), 0.008 g CaClL,-2H,0 (Merck KGaA, Germany), 0.008 g
MgSO,-7H,0 (Mallinckrodt Pharmaceuticals, Ireland), 1.0 g xylan
(Sigma-Aldrich, Co., USA), 3.0 g soluble starch (Merck KGaA, Germany),
2.0 g pectin (Sigma-Aldrich, Co., USA), and 1 ml Tween 80 (Scharlab S.L.,
Spain). The components were mixed, and the fluid was autoclaved. Prior
to use, the solution was adjusted to 37°C, 3.0 g pepsin from porcine stom-
ach mucosa (=400 U/mg protein) (Sigma-Aldrich, Co., USA) was added
to the solution, and the pH of SGF was adjusted to 2.0 using 6 N HCI
under aseptic conditions.

The survival of L. monocytogenes strains in SGF was evaluated for sin-
gle and mixed TSB-Y (10°C) cultures as follows: on days 2, 4, 6, and 8 of
incubation, 2-ml volumes of the cultures were centrifuged (10,000 X g for
1 min), resuspended in 2 ml of SGF (37°C), and incubated in a water bath
at 37°C for total exposure times of 18, 48, 60, and 90 min, respectively.
During exposure of the strains to SGF, the cultures were sampled at spe-
cific time points (depending on the day) and the surviving populations
were enumerated by plating appropriate serial dilutions on TSA-Y or
TSA-Y containing rifampin or streptomycin. The experiment was per-
formed three independent times in triplicate.

In vitro virulence potential of L. monocytogenes strains. The tumor-
derived Caco-2 human intestinal epithelial cell line (American Type Cul-
ture Collection [ATCC]) was used for the in vitro virulence assays; Caco-2
cells were grown in a mixture consisting of Eagle’s minimum essential
medium (MEM) supplemented with 15% (vol/vol) fetal bovine serum
(FBS) inactivated at 56°C for 30 min, 2 mM L-glutamine, 100 U/ml pen-
icillin-streptomycin, and 1% (vol/vol) nonessential amino acids (all from
Biochrom) at 37°C in a humidified atmosphere (95% relative humidity)
containing 5% CO,.

On the basis of the growth curves of L. monocytogenes strains at 10°C
and their capacity to survive in SGF (to ensure a sufficient number of
survivors), the in vitro virulence potential of the strains was evaluated after
incubation for 6 and 8 days at 10°C in TSB-Y and subsequent exposure to
SGF for 20 and 30 min, respectively. Also, due to high levels of the popu-
lation differences at the selected time points, the combination of strain C5
and strain 6179 was not selected for in vitro virulence assays.

Invasion efficiency and intracellular proliferation were assessed for L.
monocytogenes strains in Caco-2 cell monolayers, as previously described
(23). Briefly, Caco-2 cells were seeded into 24-well tissue culture plates
(Greiner Bio-One) in MEM supplemented with 15% (vol/vol) FBS until
confluence was reached. At 24 h prior to the experiment, culture medium
was aspirated and replaced by MEM without antibiotics and containing
0.1% (vol/vol) FBS.

L. monocytogenes strains were cultivated at 10°C as described above
except for the use of a different culture volume, which was set at 30 ml
TSB-Y in 50-ml plastic tubes. On day 6 or 8 of incubation, bacterial cells
were exposed to SGF (20 ml of culture centrifuged and resuspended in 20
ml of SGF) for 20 or 30 min, respectively, at 37°C. Following exposure to
SGF, bacterial cultures were centrifuged (5,000 X g for 5 min at 37°C) and
resuspended in prewarmed MEM (37°C) to obtain a multiplicity of infec-
tion of ~25. Caco-2 cell monolayers were infected with the cultures for 1
h at 37°C; at 60 min postinfection, Caco-2 cells were washed twice with
Dulbecco’s phosphate-buffered saline (DPBS) and incubated in MEM
containing 0.1% FBS and 100 pg/ml gentamicin (Biochrom). After 45
min (invasion assay) or 4 h (intracellular proliferation assay), Caco-2 cells
were washed twice with DPBS and lysed with 1 ml of cold 0.1% Triton
X-100 (Applichem). The 45-min or 4-h suspension was used for enumer-
ation of viable L. monocytogenes cells, the levels of which were determined
by plating appropriate dilutions on TSA-Y or TSA-Y supplemented with
rifampin or streptomycin. Invasion efficiency was reported as follows:
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no. of intracellular bacteria after invasion assay

no. of L. monocytogenes cells used as initial inoculum X100 (1)

Intracellular replication of L. monocytogenes was expressed as intracel-
lular growth coefficient (IGC) values; IGC was calculated using the fol-
lowing fraction:
no. of bacteria after proliferation assay

— no. of bacteria after invasion assay 2)
no. of bacteria after invasion assay

IGC =

In addition, the total in vitro virulence potential of L. monocytogenes
strains was described as the percentage of the initial inoculum that was
recovered and enumerated after the proliferation assay.

The in vitro virulence properties of L. monocytogenes strains were de-
termined for (i) mixed cultures, (ii) single-strain cultures, (iii) single-
strain cultures combined in mixtures before exposure to SGF, and (iv)
single-strain cultures without prior exposure of cultures to SGF. The ex-
periments were performed three independent times in triplicate.

Statistical analysis and curve fitting. Data analysis was performed
using Microsoft Excel 2011 and SPSS 22.0 for Mac (SPSS Inc., Chicago, IL,
USA). The Tukey’s honestly significant difference (HSD) test was used for
multiple comparisons regarding cell concentration or in vitro virulence or
to determine differences between the means of the Weibull model param-
eters for comparisons of conditions. For all pairwise comparisons, the
Student ¢ test was used. Differences were considered to be significant for P
values of <0.05.

For the SGF assays, the mean log,;, CFU counts for the strains were
plotted against sampling times and the Weibull inactivation model was
fitted to the experimental data, using Microsoft Excel GInaFIT add-in
software (version 1.6). The software tool was used for the calculation of
the estimates for delta (8) and p values. The delta value is the time for the
first log reduction expressed in minutes, and p is a shape factor indicating
whether the curve is concave (p < 1), convex (p > 1), or linear (p = 1). On
the basis of the & and p values, the time for 4 log inactivation (t,5,) was
estimated to enable comparisons of curves with varying p values using the
Weibull equation and, in particular, the following formula:

tip =8 X \/4 (3)

RESULTS
Growth of L. monocytogenes strains in TSB-Y. The growth of
single and mixed cultures of L. monocytogenes strains at 10°C was
evaluated in our previous study (23). The population of each
strain (grown individually or in coculture in TSB-Y) after 2, 4, 6,
and 8 days of incubation is given in Table 2 as Log,,(NO) [where
Log,,(NO) represents the measured population (log CFU/millili-
ter) of L. monocytogenes strains in TSB-Y and the initial inoculum
used for enrichments or exposure to SGF on each day]. Coculti-
vation of C5 with 6179 or ScottA inhibited the growth of the two
latter strains, resulting in their lower numbers compared to C5 on
days 6 and 8. Similarly, PL25 suppressed the growth of ScottA,
which did not manage to attain more than ca. 6 log CFU/ml com-
pared to the 9 log CFU/ml of PL25. Cocultivation of C5 with PL25
resulted in equivalent levels of growth of the two strains.
Growth of L. monocytogenes strains in enrichment broths.
Cocultivation of L. monocytogenes strains for 2, 4, 6, and 8 days in
TSB-Y was followed by their enrichment according to the ISO
method. All strains in mixed cultures reached 6 to 9 log CFU/ml
after incubation in HF and FF enrichment broths, and any ob-
served differences between the final cell densities of two strains in
amixed culture did not exceed 3 log CFU/ml at the end of the two
enrichment steps (Fig. 1). After enrichment of a C5 plus 6179
coculture previously grown in TSB-Y for 2 and 4 days, the popu-
lation of 6179 in enrichment broths increased up to ca. 7.5 log
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TABLE 2 Inactivation kinetics of L. monocytogenes strains in SGF as described by the Weibull model”

SE and GIT Passage of L. monocytogenes Strains

d

e

Day and strain Combination Log,,(N0)® Delta® p tap
2
Single 5.33 * 0.00 0.40 = 0.00*® 0.41 * 0.00 12.06 =+ 0.00%>
s +6179 5.07 * 0.17 0.29 = 0.02° 0.37 + 0.01 13.14 * 1.78%¢
+ScottA 5.17 * 0.00 0.14 = 0.00* 0.30 = 0.00 14.22 * 0.00"°
+PL25 5.13 * 0.00 0.17 * 0.00° 0.30 = 0.00 16.38 = 0.00°
6179 Single 5.13 * 0.10 0.47 = 0.06*® 0.45 = 0.01 10.26 * 0.59%
+C5 5.10 = 0.01 0.31 = 0.18® 0.36 = 0.05 14.58 * 1.27%¢
Single 5.44 *+ 0.03 0.34 + 0.04% 0.42 + 0.01 8.94 *+ 0.08"
ScottA +C5 5.03 * 0.06 0.65 = 0.06° 0.43 = 0.01 16.20 =* 0.00°
+PL25 5.00 = 0.16 0.27 = 0.15* 0.35 = 0.07 13.86 =+ 2.80"°
Single 5.41 %+ 0.00 0.26 * 0.00° 0.37 * 0.00 11.52 * 0.00%
PL25 +C5 5.36 * 0.00 0.35 = 0.00*® 0.43 = 0.00 9.12 *+ 0.00°
+ScottA 5.15 * 0.00 0.19 = 0.17° 0.34 = 0.09 11.04 * 1.19%
4
Single 7.84 £ 0.28 0.56 = 0.01° 0.55 = 0.00 7.11 * 0.13*
s +6179 7.54 * 0.00 1.55 + 0.00°b¢ 0.73 * 0.00 10.44 =+ 0.00%>
+ScottA 7.45 * 0.37 1.33 = 0.28%® 0.71 = 0.04 9.54 * 1.02%°
+PL25 7.08 * 0.34 1.76 * 0.59°><4 0.75 = 0.08 11.25 * 1.40%¢
6179 Single 7.33 = 0.00 1.66 * 0.00°°<¢ 0.76 + 0.00 10.44 = o.ooabf
+C5 7.08 = 0.01 2.60 * 0.13%4 0.90 + 0.01 12.24 + 0.25%
Single 7.00 * 0.90 3.41 + 0.25¢ 0.96 = 0.15 14.91 * 2.25¢
ScottA +C5 6.67 = 0.09 1.56 * 1.36%%¢ 0.60 = 0.18 14.25 * 3.61%
+PL25 6.47 + 0.38 3.31 £ 0.11¢ 1.00 = 0.00 13.32 £ 0.51%
Single 7.82 * 0.00 1.77 %= 0.00°°4 0.80 = 0.00 10.26 = 0.00°"¢
PL25 +C5 7.74 * 0.00 1.80 = 0.00°><d 0.81 = 0.00 10.08 =+ 0.00%>
+ScottA 7.60 = 0.00 0.96 = 0.00*® 0.63 = 0.00 9.00 * 0.00*"
6
Single 9.50 + 0.08 5.19 = 3.29% 0.87 + 0.21 24.90 = 7.21*°
cs +6179 8.93 + 0.28 4.62 *+ 0.86°° 0.82 * 0.04 25.50 + 2.97%®
+ScottA 9.26 = 0.27 6.28 = 4.22%° 0.92 = 0.26 27.60 + 7.64%°
+PL25 8.30 + 0.67 10.07 + 0.82%® 1.06 * 0.13 38.10 * 2.97°°
6179 Single 9.18 + 0.23 1.73 * 0.17° 0.61 + 0.01 17.10 = 1.27°
+C5 7.95 * 0.86 2.87 * 1.59° 0.66 =+ 0.08 23.04 + 7.47°
Single 8.85 = 0.58 5.48 + 2.62% 0.86 * 0.15 27.30 = 5.52%°
ScottA +C5 7.60 * 0.29 8.24 + 2.52% 0.98 = 0.17 33.90 + 2.12%®
+PL25 6.65 = 0.44 22.01 *+ 20.39" 2.12 = 2.01 45.90 * 10.61°
Single 9.26 * 0.16 5.28 = 1.72% 0.86 * 0.15 27.00 = 0.85™
PL25 +C5 9.22 = 0.04 5.69 * 2.55% 0.84 = 0.21 29.70 + 1.27%®
+ScottA 8.93 * 0.21 8.73 * 4.82%° 1.04 = 0.28 32.70 *+ 6.36%°
8
Single 9.33 = 0.04 4.81 = 4.94° 0.67 = 0.31 30.30 = 13.18%°
cs +6179 9.33 = 0.11 6.49 * 4.48° 0.81 = 0.19 33.90 + 9.62%°
+ScottA 9.25 *+ 0.49 3.63 + 1.67° 0.68 + 0.11 27.00 * 5.47°
+PL25 9.16 * 0.34 4.25 *+ 1.89° 0.69 = 0.09 28.17 + 4.46°°
6179 Single 9.44 = 0.11 4.68 * 4.57° 0.70 = 0.24 29.10 = 12.61%°
+C5 7.72 + 0.38 430 + 3.52 0.68 + 0.21 29.10 + 9.62%
Single 9.40 = 0.09 7.03 * 2.75% 0.79 = 0.12 40.50 *+ 5.62%"¢
ScottA +C5 7.64 *0.17 17.25 + 5.58" 1.21 £ 0.26 54.84 + 9.63%
+PL25 6.59 + 0.00 19.90 * 3.06° 1.20 + 0.25 65.70 *+ 7.14¢
Single 9.41 = 0.05 7.76 * 4.20%¢ 0.84 = 0.20 40.20 *+ 5.79%°¢
PL25 +C5 9.17 = 0.28 5.20 * 1.70°° 0.74 = 0.09 33.60 *+ 4.16°°
+ScottA 9.28 = 0.25 9.19 = 7.27°¢ 0.91 = 0.31 38.40 * 13.95%®

“ Data represent mean values = standard deviations (SD) of the results of three independent experiments performed in triplicate. Single or mixed cultures of L. monocytogenes
strains were grown in TSB-Y for 8 days at 10°C before exposure to SGF. Different lowercase superscript letters indicate significant differences among values within the same

column.

¥ Log,,(N0), measured population (log CFU/milliliter) of L. monocytogenes strains in TSB-Y and the initial inoculum used for enrichments or exposure to SGF on each day.

¢ Delta, time (in minutes) for the first decimal reduction.
“ p, shape parameter.

€ typ> time (min) for 4-decimal reduction.
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FIG 1 Numbers (log CFU per milliliter) of L. monocytogenes strains C5, 6179, ScottA, and PL25 following incubation for 24 h at 30°C in Half Fraser (A, C, E, and
G) or 48 hat 37°C in Full Fraser (B, D, F, and H) enrichment broth. Selective enrichment was performed for cocultures of L. monocytogenes strains C5 plus 6179
(A and B), C5 plus ScottA (C and D), C5 plus PL25 (E and F), and ScottA plus PL25 (G and H) after incubation for 2, 4, 6, or 8 days at 10°C in TSB-Y. Bars
represent mean values = standard deviations (SD) of results of three independent experiments performed in triplicate.

CFU/ml, while the population of C5 was constantly ca. 9 log
CFU/ml (Fig. 1A and B). The levels of the 6th- and 8th-day cocul-
tures of 6179 did not increase in HF, and the cell density after
enrichment was similar to the initial level added to HF. In the C5
plus ScottA combination, ScottA had a CFU count that was ca. 1.5
log CFU/ml lower than that of C5 in HF, but no significant pop-
ulation differences were observed for the two strains in FF (Fig. 1C
and D). Regarding C5 and PL25, both strains reached ca. 8 to 9 log
CFU/ml in HF and FF regardless of the day on which TSB-Y com-
posites were subjected to enrichment (Fig. 1E and F). In the com-
bination of ScottA plus PL25, the 6th- and 8th-day cells of PL25
reached a higher final population (ca. 8.0 log CFU/ml) than the
6th- and 8th-day cells of ScottA (ca. 6.0 log CFU/ml) after incu-
bation in HF (Fig. 1G and H). However, there were no significant
population differences for the two strains in FF.

Recovery of the L. monocytogenes strains on selective agar.
Following incubation in enrichment broths, the cocultures of L.
monocytogenes strains were streaked on selective ALOA plates.
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Strain C5 systematically accounted for at least 80% of the total
ALOA colonies in testing against 6179 (Fig. 2A and B) or ScottA
(Fig. 2C and D). In fact, after the 4th day of their coincubation in
TSB-Y, all the enrichments resulted in the dominance of C5 and
minor or zero recovery of ScottA and 6179 on ALOA, streaked
from either Half Fraser broth or Full Fraser broth. In the presence
of strain PL25, the dominance of C5 on ALOA was marginal after
the first enrichment step, with 60% of the total colony count be-
longing to this strain (Fig. 2E). However, following the second
enrichment, the rate of recovery of PL25 was dramatically reduced
and C5 was almost exclusively isolated from the surface of ALOA
regardless of the day on which enrichment was performed (Fig.
2F). When PL25 and ScottA were grown together in TSB-Y, the
effect of cocultivation time on the recovery of strains on ALOA
was considerable (Fig. 2G and H). After 2 days of coincubation
with PL25 and subsequent enrichment in HF, ScottA dominated
on ALOA, accounting for ca. 70% of the total isolated colonies
(Fig. 2G). Following coincubation of the strains for 4 or 6 days in
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FIG 2 Percentages of L. monocytogenes strains C5, 6179, ScottA, and PL25 on ALOA after enrichment in Half Fraser (A, C, E, and G) and Full Fraser (B, D, F, and
H) enrichment broth. Selective enrichment followed by streaking on ALOA was performed for cocultures of L. monocytogenes strains C5 plus 6179 (A and B), C5
plus ScottA (Cand D), C5 plus PL25 (E and F), and ScottA plus PL25 (G and H) after incubation for 2, 4, 6, or 8 days at 10°C in TSB-Y. Bars represent mean
values = SD of results of three independent experiments performed in triplicate.

TSB-Y and enrichment in HF, the colony percentage of both
strains was ca. 50%. After 8 days in TSB-Y and subsequent coen-
richment of PL25 plus ScottA in HF, the relative proportions of
the two strains on ALOA were reversed compared to those seen at
the beginning of incubation, and PL25 prevailed, with over
95% of the total colonies belonging to this strain. Notably, after
the second enrichment step in FF, PL25 was always the domi-
nant strain on ALOA (Fig. 2H). Only 30% of the isolated ALOA
colonies were confirmed to represent ScottA, following 2 days
of coincubation with PL25 in TSB-Y and two subsequent en-
richment steps. In addition, we observed again a declining
trend regarding the recovery of ScottA on ALOA over the
course of incubation in TSB-Y. After 8 days of coincubation
with PL25 in TSB-Y and double enrichment, ScottA could not
be detected on ALOA plates streaked from FF (i.e., 0% of the
colony count).

Opverall, the recovery of strains on ALOA was dependent on their
population at the end of the enrichment and this was associated with
the strain-specific levels attained from the preceding growth in
TSB-Y, with the latter determining the fitness of competing strains.
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Survival of L. monocytogenes strains in SGF. The survival of L.
monocytogenes strains in SGF (pH 2.0, 37°C) was tested after
growth in TSB-Y as single or mixed cultures for 2, 4, 6, or 8 days at
10°C. Following 2 or 4 days in TSB-Y, exposure of single cultures
or composites to SGF resulted in the rapid inactivation of all
strains (data not shown in graphs). A 4-log reduction of the initial
populations or even a reduction below the enumeration limit (1
log CFU/ml) was noticed after a very short time (ca. 9 to 16 min)
(Table 2); thus, any observed differences regarding the resistance
of strains to acid stress, albeit statistically significant, were not
considered relevant in the context of the study. When L. monocy-
fogenes strains were grown in cocultures for 6 or 8 days, although
their survival in SGF increased compared to that observed after 2
and 4 days of incubation prior to gastric challenge, their inactiva-
tion kinetics did not significantly differ from the kinetics seen with
their respective monocultures (Table 2). In addition, significant
differences were not observed in the SGF survival rates of 6179 and
C5 (Fig. 3A and 4A and Table 2), but due to its lower initial cell
density, 6179 was inactivated sooner than C5. ScottA displayed
increased acid resistance compared to C5 and PL25 after 6 or 8
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FIG 3 Survival of L. monocytogenes strains C5, 6179, ScottA, and PL25 in SGF (pH 2.0, 37°C), after coculture of C5 plus 6179 (A), C5 plus ScottA (B), C5 plus
PL25 (C), and ScottA plus PL25 (D) for 6 days at 10°C in TSB-Y. Data points represent mean values = SD of results of three independent replicates performed

in triplicate.

days of coincubation with the latter strains in TSB-Y. Despite hav-
ing lower initial populations than C5 and PL25, ScottA showed an
overall higher survival rate in SGF as indicated by the smoother
slope of its inactivation curve (Fig. 3B and D and 4B and D). When
C5 and PL25 were paired, the two strains produced almost iden-
tical inactivation curves (Fig. 3C and 4C).

Taking the data together, the cocultivation of L. monocytogenes
strains did not have a profound role in the sensitization or resis-
tance of cells to gastric acid stress, but overall, it contributed to
strain-specific reductions by impacting the level of each strain in
the composite at the beginning of exposure to SGF.
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In vitro virulence of L. monocytogenes strains after exposure
to SGF. The efficiency of L. monocytogenes strains with respect to
invasion and proliferation in Caco-2 cells after cocultivation and
exposure to SGF was studied. We wanted to investigate whether
the strains that were grown in mixed culture and that tended to be
more easily recovered by enrichment and streaking were also ca-
pable of outcompeting the others during infection of intestinal
epithelial cells.

The infection of Caco-2 cells was performed after incubation of
L. monocytogenes cultures for 6 and 8 days in TSB-Y at 10°C and
subsequent exposure to SGF (pH 2.0, 37°C) for 20 and 30 min,
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FIG 4 Survival of L. monocytogenes strains C5, 6179, ScottA, and PL25 in SGF (pH 2.0, 37°C), after coculture of C5 plus 6179 (A), C5 plus ScottA (B), C5 plus
PL25 (C), and ScottA plus PL25 (D) for 8 days at 10°C in TSB-Y. Data points represent mean values = SD of results of three independent replicates performed

in triplicate.
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FIG 5 Percent invasion (A), intracellular growth (IGC) (B), and percent total
in vitro virulence (C) of L. monocytogenes strains C5, ScottA, and PL25 as
determined using Caco-2 cells, after growth in TSB-Y at 10°C for 8 days with-
out exposure to SGF (dark bars) or after growth in TSB-Y at 10°C for 8 days
and subsequent exposure to SGF (pH 2.0, 37°C) for 30 min (light bars). Caco-2
cells were infected for 1 h with bacteria and incubated for 45 min (invasion) or
4 h (intracellular growth) with gentamicin. Total in vitro virulence was calcu-
lated as the percentage of initial bacteria recovered at the end of the assay. Data
represent means *+ standard errors of the means (SEM) of results of three
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respectively; at these time points, the population of all L. monocy-
togenes strains in the different cocultures was ca. 10° CFU/ml,
except for 6179 in coculture with C5, where 6179 had significantly
lower cell density, and for this reason that combination was not
used for in vitro virulence tests.

After incubation for 6 days in TSB-Y and subsequent exposure
to SGF, the efficiency of L. monocytogenes strains mainly with re-
spect to penetration but also with respect to proliferation into
Caco-2 cells was poor (data not shown). In many cases, their num-
bers were below the detection limit (1 CFU/ml of Triton X-100 cell
suspension). When possible, their total in vitro virulence was es-
timated (see Table S1 in the supplemental material).

Before exposure to SGF, strains C5 and PL25 were more inva-
sive than ScottA (Fig. 5A), while PL25 had slightly higher IGC
values than ScottA and significantly higher IGC values than C5
(Fig. 5B). The exposure to SGF reduced the invasion of all three
strains into epithelial cells but to different degrees depending
on the strain, with ScottA being identified as the most invasive
strain after SGF passage followed by C5 and PL25 (Fig. 5A).
Due to the decrease also in the intracellular growth of ScottA
and PL25, the three L. monocytogenes strains had similar IGC
values after exposure to SGF (Fig. 5B). In total, the virulence
potential of ScottA, following SGF exposure, was slightly but
significantly (P < 0.05) higher than that of C5, which was more
virulent than PL25 (Fig. 5C).

When C5 was cocultivated with ScottA, the two strains dis-
played comparable levels of invasion efficiency (Fig. 6A). How-
ever, the intracellular growth of ScottA was markedly increased in
the presence of C5, resulting in a higher number of intracellular
bacteria for ScottA after 4 h (Fig. 6B). The CFU of C5 at the end of
the virulence assay corresponded only to 2% of the initial infecting
population count compared to 10% of ScottA (Fig. 6C). Interest-
ingly, when the two strains were combined before SGF exposure,
they showed no differences in their in vitro virulence properties
(Fig. 6). With regard to C5 and PL25, the invasion efficiency of
PL25 (Fig. 7A) and the total number of CFU recovered from
Caco-2 cells at the end of the assay (Fig. 7C) were higher than the
levels seen with C5. In contrast, C5 was more efficient in multi-
plying in epithelial cells in the absence of previous coincubation
with PL25 (Fig. 7B). As for ScottA and PL25, they managed to
invade and proliferate in Caco-2 cells at similar levels (Fig. 8).

DISCUSSION

In two previous publications, we confirmed our hypothesis that
growth, virulence, and enrichment competition may take place
between L. monocytogenes strains (23, 24). In the present study, we
used the knowledge obtained by our previous findings to investi-
gate a particularly relevant topic: the potential failure of enrich-
ment protocols to detect the L. monocytogenes strains responsible
for listeriosis cases or outbreaks. We demonstrated that L. mono-
cytogenes strains which were well-suited to coping with barriers
relevant to GIT were sometimes underrepresented during selec-
tive enrichment.

biological replicates performed in triplicate. Asterisks (*) indicate significant
differences between the results determined for a strain prior to and after ex-
posure to SGF. Small letters indicate significant differences between strains
prior to exposure to SGF. Capital letters indicate significant differences be-
tween strains after exposure to SGF (P < 0.05).
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FIG 6 Percent invasion (A), intracellular growth (IGC) (B), and percent total
in vitro virulence (C) of L. monocytogenes strains C5 and ScottA as determined
using Caco-2 cells after (i) cocultivation in TSB-Y at 10°C for 8 days and
subsequent exposure to SGF (pH 2.0, 37°C) for 30 min or (ii) growth as a single
culture in TSB-Y at 10°C for 8 days, mixing at equal volumes, and subsequent
exposure to SGF (pH 2.0, 37°C) for 30 min. Caco-2 cells were infected for 1 h
with bacteria and incubated for 45 min (invasion) or 4 h (intracellular growth)
with gentamicin. Total in vitro virulence was calculated as the percentage of
initial bacteria recovered at the end of the assay. Data represent means + SEM
of results of three biological replicates performed in triplicate. Asterisks (*)
indicate significant differences between two strains in the same combination
(P <0.05).

The process of selective enrichment is considered biased since
it relies upon the ability of a pathogen to counteract the adverse
conditions induced by growth-inhibiting selective agents, food-
related compounds, and competing food microflora (29-31). Ina
previous work (24) which also included the strains of this study,
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FIG 7 Percent invasion (A), intracellular growth (IGC) (B), and percent total
in vitro virulence (C) of L. monocytogenes strains C5 and PL25 as determined
using Caco-2 cells after (i) cocultivation in TSB-Y at 10°C for 8 days and
subsequent exposure to SGF (pH 2.0, 37°C) for 30 min or (ii) growth as a single
culture in TSB-Y at 10°C for 8 days, mixing at equal volumes, and subsequent
exposure to SGF (pH 2.0, 37°C) for 30 min. Caco-2 cells were infected for 1 h
with bacteria and incubated for 45 min (invasion) or 4 h (intracellular growth)
with gentamicin. Total in vitro virulence was calculated as the percentage of
initial bacteria recovered at the end of the assay. Data represent means = SEM
of results of three biological replicates performed in triplicate. Asterisks (*)
indicate significant differences between two strains in the same combination
(P <0.05).

we observed preferential selection of certain L. monocytogenes
strains after their coenrichment with the ISO protocol. At the
beginning of enrichment, the initial populations of the strains
were adjusted to the same level. In the present study, the popula-
tions of strains were developed naturally as a result of their coin-
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FIG 8 Percent invasion (A), intracellular growth (IGC) (B), and percent total
in vitro virulence (C) of L. monocytogenes strains ScottA and PL25 as deter-
mined using Caco-2 cells after (i) cocultivation in TSB-Y at 10°C for 8 days and
subsequent exposure to SGF (pH 2.0, 37°C) for 30 min or (ii) growth as a single
culture in TSB-Y at 10°C for 8 days, mixing at equal volumes, and subsequent
exposure to SGF (pH 2.0, 37°C) for 30 min. Caco-2 cells were infected for 1 h
with bacteria and incubated for 45 min (invasion) or 4 h (intracellular growth)
with gentamicin. Total in vitro virulence was calculated as the percentage of
initial bacteria recovered at the end of the assay. Data represent means = SEM
of results of three biological replicates performed in triplicate. Asterisks (*)
indicate significant differences between two strains in the same combination
(P < 0.05).

cubation in TSB-Y. This determined their initial levels before en-
richment. Keys et al. (32) reported that high initial population
differences between L. monocytogenes and L. innocua in enrich-
ment broth restrict the presence of L. monocytogenes in the con-
fluent layer of the streaked selective plate while enabling L. in-
nocua to develop individual isolated colonies. Likewise, we
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observed that the strains which were outcompeted during growth
(see also reference 23) were also underrecovered after enrichment.
This suggests that if a product is contaminated with two different
strains of L. monocytogenes, then strain competition during stor-
age might result in the strain with the growth disadvantage being
missed during enrichment. In fact, if population differences in-
crease with storage time, then the likelihood of the outgrown
strain being underdetected during enrichment also increases. In
line with our previous findings (24), we showed that the ratios of
two strains after the first enrichment step can change substantially
following the second enrichment step. For instance, the probabil-
ity that a strain would become totally undetectable might be
higher after the second enrichment step. According to Gnanou
Besse et al. (33), who proposed a 24-h reduction in the duration
specified the ISO protocol, the latter scenario might be related to
the production of inhibitory factors (e.g., phages or phage tails,
namely, monocins) by competing strains over the last 24 h of the
second enrichment cycle. LiCl, a principal selective agent present
in Fraser broth and ALOA, has been reported to induce the pro-
duction of such inhibitory compounds (34). Furthermore, poor
recovery after the second enrichment step could be the result of
the inability of the strain to remain viable throughout the whole
duration of the procedure (33, 35).

The viability and competitive fitness of different L. monocyto-
genes strains contaminating the same sample are also crucial for
food ingestion and the evolution of a possible infection. Investi-
gating the effect of cocultivation on the survival of L. monocyto-
genes strains in SGF, we illustrated the fact that cocultivation has
an indirect effect on the survival of strains in SGF through the
following succession: strain competition determines the associa-
tions of strains during growth in TSB-Y (see also reference 23) and
defines the population of each strain upon entry in the gastric
fluid. As a result, despite the similar inactivation rates, the popu-
lations of two competing strains in SGF could be different at each
time point due to differences in their initial cell density (e.g., see
the case of C5 plus 6179). Previous studies have suggested that the
inoculum size can affect bacterial inactivation kinetics with lower
inocula, resulting in faster inactivation (28, 36). On the other
hand, we showed that after 6 or 8 days of cocultivation in TSB-Y,
the lower population levels of ScottA compared to C5 or PL25
populations did not lead to faster elimination of ScottA in SGF.
Thus, despite being a weak competitor during growth in TSB-Y,
this strain was an efficient survivor in SGF, which points out that
some L. monocytogenes strains might be outgrown on foods due to
competition but could be nonetheless be adept at passing the gas-
tric barrier and reaching the small intestine.

After the exposure of L. monocytogenes to the primary physical
stress of high acidity, crossing the barrier of intestinal epithelium
signifies the entry of the pathogen in the host and triggers the early
events of infection (37, 38). The intermediate passage of L. mono-
cytogenes through the highly acidic (pH 2.0) SGF after incubation
in TSB-Y and before infection of Caco-2 cells, as performed in our
study, had a major influence on the virulence of L. monocytogenes
by significantly reducing the virulence characteristics of L. mono-
cytogenes strains. The encounter of L. monocytogenes with acidic
environments is known to induce the transcription of virulence-
associated genes (e.g., inlA, which mediates the entry of L. mono-
cytogenes in epithelial cells, and prfA, a key regulator of L. mono-
cytogenes virulence) regulated by the stress-responsive alternative
sigma factor o® (39, 40). However, consistently with our results,
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there is also evidence for attenuated invasion of L. monocytogenes
in Caco-2 cells or decreases in the levels of virulence-related genes
after exposure to low pH (41, 42). In addition, despite the higher
invasion efficiency of L. monocytogenes after adaptation to sub-
lethal acid conditions, Garner et al. (43) have demonstrated that
this elevated invasiveness was reduced to the levels seen prior to
adaptation following exposure of L. monocytogenes to simulated
gastric fluid. The cocultivation of strains followed by their passage
through SGF seemed to affect the selection of efficient competi-
tors during invasion and multiplication in Caco-2 cells. The prob-
ability of a strain dominating throughout the infection process
was dependent on the individual virulence potential of each strain
and was also associated with the combination of the strains. Pre-
viously (23), we suggested that cocultivation of strains might in-
fluence the transcription of virulence genes as demonstrated by
Tan et al. (44), who investigated virulence gene expression of L.
monocytogenes in the presence of Bifidobacterium longum. Fur-
thermore, we hypothesized that competition between L. monocy-
togenes strains might take place upon the approach to host cells.
This hypothesis seems to be supported by our present results,
which showed that culturing of strains individually, but combin-
ing them prior to SGF exposure, could impact their competition
in Caco-2 cells. As previously discussed, for probiotic bacteria
capable of reducing the in vitro virulence of L. monocytogenes,
physical blocking of adhesion and invasion sites on the surface of
epithelial cells could explain the competitive advantage of a strain
regarding invasion (45). Likewise, competition in the host cyto-
plasm might influence intracellular processes and contribute to
the dominance of certain strains during infection.

Our findings do not suggest a link of the L. monocytogenes
competitive advantage to strain serotype, sequence type, or strain
origin. Strain C5, a serotype 4b dairy farm environmental isolate
(ST2), was a strong growth competitor which managed to domi-
nate on ALOA during mixed enrichments and displayed the high-
est recovery rate regardless of the competing strain. In contrast, C5
was outcompeted when confronted with gastrointestinal chal-
lenges. The second serotype 4b strain, the clinical isolate ScottA
(ST290), which was a poor competitor during growth in TSB-Y
and enrichment, performed remarkably well in gastric fluid and
epithelial cells. PL25, a serotype 1/2b minced pork isolate (ST59),
diminished the growth and detection of ScottA but could not ef-
ficiently compete against the latter strain in Caco-2 cells. This was
reversed when PL25 was combined with C5. Finally, strain 6179
(ST121) was always outcompeted during growth and enrichment
despite being a serotype 1/2a cheese isolate that persisted for over
8 years. This strain was not included in the assays performed with
Caco-2 cells, but it harbors a truncated inlA, which would most
likely result in attenuated virulence compared to that seen with
competing strains, similarly to previous studies (23, 46). The lim-
ited number of tested strains and strain combinations in our study
did not allow us to establish a generic pattern. In line with this
statement, Gorski et al. (19) could not confirm that serotype 1/2a
L. monocytogenes strains would be fitter than serotype 4b strains
during enrichment performed with the FDA BAM protocol. Fur-
thermore, there have been controversial results regarding the se-
rotype- or origin-dependent survival of L. monocytogenes under
acidic conditions (47—49). Also, there is no solid evidence avail-
able supporting a distinct link between virulence and origin or
serotype of L. monocytogenes (50-52). Thus, in the absence of con-
sistent trends, existing reports acknowledge the role of strain-to-
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strain variations and specificity regarding responses to stressful
challenges (e.g., selective enrichment) and infectivity of L. mono-
cytogenes (53, 54). Such interstrain variations might be the result
of differences in the genome content of different L. monocytogenes
strains. Previous studies have identified the presence of strain-
specific virulence-associated genes in different L. monocytogenes
strains (55) or of proteins potentially related to L. monocytogenes
contact-dependent growth inhibition (46). Gene nucleotide poly-
morphisms, such as premature stop codons in inlA or prfA, which
result in virulence attenuation, might also justify the hypothesis of
a disadvantage of L. monocytogenes strains during virulence com-
petition (54). As aforementioned, the production of monocins
might confer a competitive advantage to the producing L. mono-
cytogenes strains during selective enrichment. The monocin locus,
a highly conserved cryptic prophage region that includes the Ima
operon, has been shown to play a role also in the intracellular
growth of L. monocytogenes inside macrophages (56, 57), and the
presence of a complete Ima operon in a L. monocytogenes strain has
been suggested to be involved in the finding that its virulence was
higher than that seen with a strain harboring a truncated Ima
operon (58). Nevertheless, besides the interstrain genomic differ-
ences which might explain strain advantages or disadvantages un-
der certain environments, the stimuli and conditions that trigger
the expression of factors related to enrichment or virulence com-
petition are also unknown and may well be subject to strain vari-
ations. In this study, the responses of ScottA might be an indica-
tion of reduced detectability of human isolates during selective
enrichment but enhanced effectiveness with respect to outcom-
peting other strains during exposure to host barriers. The reported
findings could serve as a basis for validation of our implications
via further, more in-depth research involving a larger set of strains
and focusing on the underlying mechanisms.

Conclusions. Our results demonstrate that the occurrence of
multiple L. monocytogenes strains in a single food sample can com-
plicate downstream investigations and effective source attribution
not only due to genetic and phenotypic diversity between strains
but also due to their interactions. The succession of steps included
in this study did not entirely simulate the passage of contaminated
food through the GIT in vivo. L. monocytogenes faces various
stresses before it reaches enterocytes, and such stresses affect the
behavior of the pathogen. Future studies incorporating the simu-
lation of additional compartments of the GIT and challenges en-
countered by L. monocytogenes strains in the protocol until in-
fection of Caco-2 cells would strengthen our implications.
Finally, potential in vivo experiments could allow us to accurately
assess strain competition during infection.
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