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Bacterial pathogens, such as Shiga toxin-producing Escherichia coli (STEC) and Shigella
spp., are important causes of foodborne illness internationally. Recovery of these organisms
from foods is critical for food safety investigations to support attribution of illnesses to
specific food commaodities; however, isolation of bacterial cultures can be challenging.
Methods for the isolation of STEC and Shigella spp. from foods typically require enrichment
to amplify target organisms to detectable levels. Yet, during enrichment, target organisms
can be outcompeted by other bacteria in food matrices due to faster growth rates, or
through production of antimicrobial agents such as bacteriocins or bacteriophages. The
purpose of this study was to evaluate the occurrence of Shigella and STEC inhibitors
produced by food microbiota. The production of antimicrobial compounds in cell-free
extracts from 200 bacterial strains and 332 food-enrichment broths was assessed. Cell-
free extracts produced by 23 (11.5%) of the strains tested inhibited growth of at least one
of the five Shigella and seven STEC indicator strains used in this study. Of the 332
enrichment broths tested, cell-free extracts from 25 (7.5%) samples inhibited growth of
at least one of the indicator strains tested. Inhibition was most commonly associated with
E. coli recovered from meat products. Most of the inhibiting compounds were determined
to be proteinaceous (34 of the 48 positive samples, 71%; including 17 strains, 17 foods)
based on inactivation by proteolytic enzymes, indicating presence of bacteriocins. The
cell-free extracts from 13 samples (27%, eight strains, five foods) were determined to
contain bacteriophages based on the observation of plaques in diluted extracts and/or
resistance to proteolytic enzymes. These results indicate that the production of inhibitors
by food microbiota may be an important challenge for the recovery of foodborne pathogens,
particularly for Shigella sonnei. The performance of enrichment media for recovery of
Shigella and STEC could be improved by mitigating the impact of inhibitors produced by
food microbiota during the enrichment process.
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INTRODUCTION

Foodborne illnesses due to Shiga toxin-producing Escherichia
coli (STEC) and Shigella spp. are an important public health
concern around the world (EFSA, 2013; Gould et al., 2013;
Thomas et al., 2015; Adam and Pickings, 2016; The et al,
2016). In Canada, it is estimated that there are approximately
1,200 domestically-acquired cases of foodborne shigellosis and
approximately 33,000 illnesses attributed to STEC per year
(Thomas et al., 2013). Infections by both STEC and Shigella
can result in serious illnesses. Complications such as hemolytic-
uremic syndrome (HUS), hemorrhagic colitis and Reiter’s
syndrome can have long-term effects and are sometimes fatal
(Donnenberg and Whittam, 2001; Perelle et al., 2004; Warren
et al, 2006; Smith et al, 2014; The et al., 2016). Food
contamination with Shigella is exclusively from human sources
(Warren et al., 2006), whereas animals are important reservoirs
associated with foodborne STEC (Kim et al., 2020).

Infection with STEC or Shigella spp. can occur due to
ingestion of as little as 10-100 cells (Kothary and Babu, 2001;
Thorpe, 2004). Therefore, methods used to test foods for these
pathogens must be very sensitive, and must be able to identify
a small number of target cells that are likely present as a
miniscule portion of the food microbiota. Current methods
used to detect foodborne STEC and Shigella in Canada,
United States, and Europe involve an enrichment step followed
by screening of enrichment cultures for characteristic virulence
genes (Bin Kingombe et al, 2006; Warren et al., 2006; ISO,
2012; Blais et al, 2014; USDA-FSIS, 2019). Typically, an
enrichment procedure is conducted with the intention of favoring
the growth of the target bacteria while limiting the growth
of non-target or background bacteria present in the sample.
Nonetheless, the non-target bacteria can often outcompete the
target pathogen under these conditions due to faster growth
rates, or production of compounds that actively interfere with
their growth (Uyttendaele et al., 2001; Blais et al., 2019). This
can lead to false-negative results in cases where the pathogen
dies, or is present at a proportionally lower level after enrichment,
and cannot be detected or isolated in downstream analyses
(Kozak et al., 2013). There are many examples of foodborne
outbreaks associated with STEC or Shigella spp. in which
pathogens were not successfully recovered from implicated
foods despite strong epidemiological evidence supporting food
attribution (Heier et al., 2009; Lewis et al., 2009; Marshall
et al, 2020; Mikhail et al., 2021). Failure to recover target
pathogens may result in delays in attribution of an outbreak
to a food commodity.

A number of studies have investigated growth dynamics in
food enrichment cultures to gain a better understanding of
the growth of interfering organisms in these environments
(Jarvis et al, 2015; Margot et al,, 2016; Ottesen et al., 2016;
Kang et al., 2021). The aim of many of these studies has largely
been to catalog species in the food microbiome that can interfere
with the successful recovery of target pathogens in enrichment
cultures, and to evaluate the strengths and weaknesses of different
methodological approaches in reducing the growth of non-target
organisms. Few studies have looked specifically at the role of

antimicrobial compounds produced by food microbiota in food
enrichment culture. Although, one study of tomato enrichment
culture microbiomes identified Paenibacillus as a potential
Salmonella-inhibiting organism in this system, based on known
activity of this organism (Ottesen et al., 2013).

Bacteria can produce a variety of antimicrobial compounds.
Almost all bacteria encode bacteriocins, which are antimicrobial
peptides (Kim et al, 2014; Yang et al, 2014; Simons et al,
2020). Bacteriocins produced by Gram-negative bacteria that
target related species are classified as colicins (25-80kDa) or
microcins (10kDa; Duquesne et al., 2007; Yang et al, 2014;
Mader et al., 2015). These bacteriocins damage host cells through
pore formation, DNA/RNA degradation, protein synthesis
inhibition or DNA replication inhibition (Alonso et al., 2000;
Duquesne et al., 2007; Yang et al, 2014). Another mechanism
of microbial antagonism is through the production of
bacteriophages that can infect and kill bacteria (Penadés et al.,
2015; Shahin et al., 2019). Bacteriophages have two cycles of
viral reproduction: the lysogenic and lytic cycles. In the lysogenic
cycle, the bacteriophage genome is integrated into the bacterial
host’s genome as a prophage and is propagated through replication
of the host’s chromosome without damaging the host cell (Parasion
et al., 2014; Penadés et al., 2015). Induction involves conversion
of the lysogenic infection into a lytic infection, where the host’s
machinery is used to produce mature phages, which are released
through lysis of the infected cells. Bacteriophages in the lysogenic
cycle can be induced into the lytic cycle when the bacteria
undergo stress or through induction of the SOS response. Most
phages can only affect a subset of bacteria within a species, and
specificity of the phage depends on the receptors to which it
binds (Koskella and Meaden, 2013; Parasion et al., 2014). Finally,
other antibiotic compounds (e.g., lipopeptides, aminoglycosides,
tetracyclines, and aminocoumarins) may be produced by bacterial
groups such as Actinomycetales, Bacillales, and Enterobacterales
(Mandal et al., 2013; Challinor and Bode, 2015; Mohr, 2016).

The purpose of this study was to evaluate the occurrence
of antimicrobial compounds produced by food microbiota in
food enrichment cultures. Shigella spp. and STEC were selected
for this study as they are related genera that have low infectious
doses, and are among the most difficult pathogens to recover
from foods. Cell-free extracts derived from food-associated
bacterial strains and from food enrichments [modified Tryptone
Soya Broth (mTSB) or Shigella broth (SB)] were tested for
inhibitory activity against STEC and Shigella. Samples containing
inhibitors were further characterized to determine the likely
mechanisms of inhibition. Results of this study will be of great
value in the development of improved methods for a more
reliable recovery of STEC and Shigella spp. from foods.

MATERIALS AND METHODS

Growth and Maintenance of Bacterial
Strains

A selection of 200 predominantly Enterobacteriaceae strains,
most of which were previously isolated from food enrichment
broths, were selected for this study (Supplementary Table S1).
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Seven E. coli strains representing clinically important STEC
serotypes and five Shigella strains were used as the indicator
strains for testing sensitivity to inhibition from cell-free extracts
(Table 1). All strains were stored at —80°C in 15% glycerol
and were plated on Brain-Heart Infusion agar (BHI; OXOID,
Nepean, ON, Canada) overnight (14-16h) at 37°C prior to use.

Preparation of Cell-Free Extracts

Cell-free extracts were prepared from (1) overnight cultures
of bacterial strains, and (2) food enrichment cultures from
negative samples collected by the CFIA’s food testing laboratories
in Ottawa (ON), Toronto (ON), and Saint-Hyacinthe (QC).

Bacterial strains (n=200; Supplementary Table S1) were
grown overnight at 37°C in 10ml of Nutrient broth (OXOID)
and broths were filtered using a 0.22pm Vacuum filter (EMD
Millipore Steriflip™ Sterile Disposable Vacuum Filter Units;
Thermo Fisher Scientific, Ottawa). The cell-free extracts were
stored at 4°C for up to 3months and at —20°C for longer
storage (Figure 1).

Food products were sampled between the fall 2016 and winter
2017 and were representative of the types of foods tested in
regulatory food testing programs (Supplementary Table S2).
Extracts were prepared from 332 enrichment cultures derived
from 235 food samples. Categories of food products tested
included fruits [46 (14%)], salads and coleslaws [78 (23%)],
meats [85 (26%)] and vegetables, cheese and other [123 (37%)].
Enrichment cultures were generated using methods described
in the Canadian Compendium of Analytical Methods: either
the method for detection of Shigella spp. in foods (MFLP-26;
n=23; Bin Kingombe et al, 2006) or the method for detection
of STEC in foods (MFLP-30; n=115; Microbiological Methods
Committee, 2012) or both (#=97). The meats and cheeses were
only enriched in mTSB and the rest were enriched in SB or

TABLE 1 | STEC and Shigella strains used as indicator organisms.

Description/Isolation

Isolate Genus Species Serotype source

OLC0024 Shigella sonnei ATCC29930/feces

OLC2340 Shigella sonnei Pasta salad outbreak/
human feces

OLC0603 Shigella flexneri 1a ATCC25929/human
feces

OLC1597 Shigella flexneri 1b ATCC12022/missing

OLC0608 Shigella dysenteriae Human feces

OLC0455 Escherichia  coli O111:H11 STEC stx7a, eae/
missing

OLC0464 Escherichia  coli 026:H11 STEC stx1a, eae/
missing

OLC0675 Escherichia  coli O145:NM  STEC stx7a, eae/
human feces

OLC0679 Escherichia  coli 0103:H2  STEC stx7a, eae/
human feces

OLCO0710 Escherichia  coli 0121:H19 STEC stx2a, eae/
human feces

OLCO716 Escherichia  coli 045:H2 STEC stx1a, eae/
human feces

OLC0797 Escherichia  coli O157:H7  STEC stx71a, sxt2a,

eae/human feces

both broths. For the MFLP-26 method, samples are enriched
in a 1:10 dilution of sample to Shigella broth (SB; SB base,
OXOID) with Tween-80 (Sigma, Markham, ON, Canada)
containing 0.5pg/ml of novobiocin (Sigma-Aldrich, Oakville,
ON). The SB is enriched for 20h at 42°C in a CO, incubator
or CO, jar system. The MFLP-30 method involves a 1:10 dilution
of sample to modified Tryptone Soya Broth (mTSB, OXOID)
containing 20 pg/ml of novobiocin, followed by aerobic incubation
of the enrichment at 42°C for 18-24h. Typically, 25g of food
are enriched in 225ml of enrichment broth using both methods.
Note that enrichments were negative for targeted pathogens and
that bacterial growth was observed for all samples based on
turbidity of broths.

Enrichment broths were stored at 4°C prior to use. Cell-
free extracts were prepared from 25 to 50 ml of enrichment
broth by centrifugation at 500 x g for 5min, transferring the
supernatant to a new tube, followed by centrifugation at 14000
x g for 10min (Figure 1). The supernatant was then filtered
as described above and stored at 4°C or —20°C. The pellets
from the high-speed spin were resuspended in 30% glycerol
and stored at —80°C.

Detection of Inhibitors in Cell-Free
Extracts

The methods for evaluating the inhibitory activity of cell-
free extracts were modified from methods developed by
(Arici et al.,, 2004) and (Vijayakumar and Muriana, 2015;
Figure 1). Shigella and STEC were grown overnight in 10ml
of Nutrient Broth (NB, OXOID) at 37°C to obtain a
concentration of approximately 10°® cells/ml. Overnight cultures
of each of the indicator strains were enumerated to assess
reproducibility of this approximation for initial experiments,
but enumeration was not done routinely (data not shown).
The overnight Shigella or STEC culture was added at a
concentration of approximately 1x 10° cells/ml into soft agar
cooled to 40°C [NB (OXOID) containing 0.5% (w/v)
bacteriological agar (Sigma-Aldrich)] and poured into a Petri
dish. Once the plates were solidified, 3 ul spots of the cell-
free extracts were added and left to absorb into the agar
before incubating plates overnight at 37°C. To enable high-
throughput analyses, multichannel pipets were used to generate
36 spots on square Petri plates. All extracts were tested
in triplicate.

Isolation of Bacteria Producing Inhibitors
From Food Enrichments

The method from Henning et al. (2015) was used to isolate
the inhibitor-producing bacteria from a subset of 13 of the
food enrichment broths that were active against at least one
indicator organism. Dilutions of the enrichment broths were
spread plated on nutrient agar (OXOID) then immediately
overlaid with a thin nutrient agar sandwich layer. The plates
were incubated at 37°C overnight before a soft agar containing
~1x10° cells/ml of the indicator species (Shigella sonnei OLC2340)
was layered on top (see above). The triple layer agar was
incubated overnight at 37°C. Note that only S. sonnei OLC2340
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25-50 mL of Food Enrichments 10 mL of overnight

1,500 x g for 5 min culture of bacterial

2. 14000 x g for 10 min isolates
Transfer supernatant
= 1. Filter at
0.22pm
l 3. Filter at 0.22pum
- »

Spot 3uL of filtrate on
soft agar containing
1:100 dilution of
overnight culture of
indicator species (STEC
or Shigella)

Incubate O/N
at 37°C

FIGURE 1 | Detection of inhibitors in cell-free extracts from food
enrichments or bacterial strains. Bacterial strains were grown overnight in
10ml of Nutrient broth at 37°C (right side) and food enrichments were
incubated according to MLFP-26 or MLFP-30 methods. For food
enrichments (left side), an aliquot of 25-50ml was taken and centrifuged first
at 500 x g to remove large food particles and then at 14,000 x g to remove
bacterial cells and debris. Supernatants from cell enrichments or overnight
bacterial cultures were then filtered through a 0.22 pm vacuum filter to remove
remaining food particles and bacterial cells. Filtrates were spotted on soft
agar containing indicator strains. Filtrate spots were absorbed into the agar,
and plates were incubated overnight at 37°C. The following day, pictures
were taken to observe the clearings and the diameter of the clearings were
measured in millimeters. A representative plate with 35 different cell-free
extracts and a negative control spotted in a 6 x 6 grid is shown.

was used in this experiment, due to the complexity of the
method, and the susceptibility of this strain to most of the
cell-free extracts.

Following incubation, the triple agar plates were inverted
and placed onto their Petri dish covers, and colonies surrounded
by zones of clearing were streaked onto a new nutrient agar

plate. The streaked plates were incubated overnight at 37°C
and isolated colonies were patched onto two nutrient agar
plates. The two plates were incubated at 37°C for 4h and
then one of the duplicate plates was overlaid with soft agar
containing ~1x10° cells/ml of S. sonnei OLC2340. The plates
were again incubated at 37°C overnight. Isolates recovered
from these plates were streaked for purity, then re-tested to
confirm inhibitory activity. Isolates confirmed to cause inhibition
were stored and maintained as described above.

Testing Cell-Free Extracts for
Proteinaceous Properties, Bacteriophage,
and pH

Proteolytic enzymes were used to assess the proteinaceous
nature of the inhibitory cell-free extracts (Elayaraja et al., 2014).
Proteinase K (Thermo Fisher Scientific) and trypsin (Sigma-
Aldrich) were added to the extracts at a final concentration
of 1mg/ml or 1X, respectively. The extracts were incubated
for 2h at 30°C before spotting on soft agar containing target
bacteria as described above, alongside an untreated control.
The presence of bacteriophage was assessed using the dilution
method from Hockett and Baltrus (2017). Cell-free extracts
were serially diluted two times in nutrient broth (1:10 and
1:100). Dilutions were spotted on soft agar as described above.
Bacteriophage presence was confirmed if individual plaques
were visible in the diluted samples and/or the clearing was
unaffected by proteolytic enzymes. The pH of the cell-free
extracts were measured with pH indicator strips (Thermo
Fisher Scientific).

RESULTS

Inhibition of Growth of Shigella and STEC
by Cell-Free Extracts Derived From
Bacterial Strains

Cell-free extracts from 200 bacterial strains, primarily
recovered from food (Supplementary Table S1), were tested
to detect inhibition of growth of five strains of Shigella and
seven strains of STEC (Table 1). Twenty-three of the 200
strains tested (11.5%) inhibited the growth of at least one
of the 12 indicator organisms (Shigella and EHEC) used in
this study. Most of the strains tested were Enterobacteriaceae
(194/200), except for six strains (Pseudomonadaceae and
Aeromonadaceae; Figure 2; Supplementary Table S1). The
three main genera evaluated were Escherichia, Enterobacter
and Hafnia [118 (48.5%), 31(14.5%), and 20(10%),
respectively]. Cell-free extracts produced by 21 E. coli (10.5%
of all strains, 17.8% of E. coli) inhibited growth of at least
one strain of Shigella, and cell-free extracts from two
Enterobacter spp. strains (1% of all strains, 6.5% of Enterobacter
spp.) inhibited growth of at least one strain of STEC
(Figure 2). Most of the inhibitor-producing E. coli affected
S. sonnei (18 of 21, 86%), with a smaller proportion (n=7,
33%) affecting Shigella flexneri. E. coli classified as STEC
were more likely to produce bacteriocins (10 of 19 strains,
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52.6%), compared to other E. coli (11 of 99 strains, 11.1%).
In most samples, both strains of S. sonnei (OLC0024 and
OLC2340) were inhibited (16 out of 18) whereas only three
out of the seven extracts affecting S. flexneri inhibited both
of the strains used in this study (Figure 3). The inhibitor-
producing Enterobacter spp. affected E. coli O45 (two extracts)
and E. coli O103 (one extract; Figure 3). None of the strains
evaluated in this study inhibited growth of Shigella dysenteriae.

The relative strength of inhibition varied among cell-free
extracts and was assessed based on the diameter of the zone
of inhibition and the opacity of the clearing (Figure 3A).
Samples were designated as very weak (3mm diameter) to
very strong (11 mm diameter; Figure 3; Supplementary Table S3).
The inhibitory activity of cell-free extracts from E. coli on
S. sonnei was generally categorized as strong and very strong,
whereas inhibitory activity on S. flexneri was largely determined
to be medium or weak. Similarly, the cell-free extracts from
Enterobacter spp. that inhibited STEC produced medium or
weak inhibition of growth.

Inhibition of Shigella and STEC From
Cell-Free Extracts From Food Enrichments
Cell-free extracts from 332 food-enrichment broths derived
from 235 food products (Figure 4; Supplementary Table S2)
were evaluated to determine prevalence of inhibitors to Shigella
spp. or STEC in food enrichments. Of the 332 enrichment
broths tested, cell-free extracts from 25 (7.55%) samples inhibited
growth of at least one of the 12 Shigella or STEC strains used
in this study (Figure 5). Twenty-one samples (6%) inhibited
growth of Shigella spp. and seven (2%) inhibited growth of
STEC (Figure 5). Among the 25 cell-free extracts containing
inhibitors, 21 (84%) affected S. sonnei, six (24%) affected
S. flexneri and seven (28%) affected STEC growth (Figure 5).
One of the extracts (GTA-1452) inhibited growth of all STEC
strains tested in this study and three extracts inhibited both
Shigella and STEC strains. None of the extracts affected growth
of S. dysenteriae.

As with the extracts from bacterial strains, the relative
strength of inhibition was assessed based on the diameter of

E. coli (not STEC)
E. coli (STEC)
Enterobacter

Hafnia
Klebsiella
Salmonella
Raoultella
Pseudomonas
Citrobacter
Serratia
Proteus
Aeromonas

Moellerella

0 10 20 30

predicted inhibitor (bacteriocin vs. bacteriophage; see legend).

H No inhibitor

m Shigella inhibitor (bacteriocin)

i Shigella inhibitor (bacteriophage)
2 STEC inhibitor (bacteriophage)

FIGURE 2 | Species and inhibitory activity of foodborne bacterial strains tested against Shigella and STEC. In total cell-free extracts from 200 bacterial strains were
tested on five Shigella spp. strains (two Shigella sonnei, two Shigella flexneri, and one Shigella dysenteriae) and seven STEC (Serotypes 026, 045, 0103, O111,
0121, 0145, and O157) samples. Relative proportion of strains producing inhibitors are indicated according to genus impacted (Shigella spp. vs. STEC), and

40 50 60 70 80 90 100

Number of Samples
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FIGURE 3 | Strengths of inhibitory activity of bacterial strains. (A) Representative image of the different strengths of the inhibitory activity observed in the strains
used in this study. Level of activity (e.g., very weak to very strong) was classified based on diameter of the zone of clearing and opacity of the spot. (B) Relative
strength of inhibitory activity of cell-free extracts from bacterial strains on Shigella spp. and STEC is indicated. The strains are grouped based on predicted inhibitor
present in the sample (bacteriocins, bacteriophage, or both).

the zone of inhibition and the opacity of the clearing (Figure 3A).  Inhibitory activity against S. sonnei tended to be strong, whereas
Strength of inhibition varied among the extracts and among inhibitory activity against S. flexneri and STEC was weaker
indicator organisms tested (Figure 5; Supplementary Table S3).  (Figure 5). Shigella inhibitors were found in two (1.7%) of
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FIGURE 4 | Food product enrichment cultures tested for production of inhibitors. Gray pie chart: Categories. Blue pie chart: Salads and Coleslaws. Red pie chart:
Meats. Green pie chart: Vegetables, Cheese, and Other. Purple pie chart: Fruits. Total food enrichment samples tested was 332 samples.
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the 120 SB extracts (curry leaves and broccoli slaw) and STEC
inhibitors were present in seven (3.2%) of 213 mTSB extracts
tested. In contrast, mTSB extracts examined in this study were
more likely to contain Shigella spp. inhibitors (8.9%), whereas
none of the SB extracts contained STEC inhibitors. All the
food enrichments had relatively neutral pH values between
6.0 and 7.5.

Cell-free extracts derived from the 85 meat mTSB extracts
were most likely to contain inhibitors to either Shigella and/
or STEC (19 extracts, 22% of meat enrichments; Figure 6;
Supplementary Table S2). These extracts inhibited growth of
Shigella spp. (14 extracts), STEC (two extracts) or both (three
extracts). Two of the 23 cell-free extracts derived from cheese
mTSB enrichments inhibited growth of either Shigella spp. or
STEC. In contrast, only four of the 224 extracts derived from
plant products (flax seeds, fruit, and vegetables) enriched in
mTSB (n=104) or SB (n=120) contained inhibitors. In the
97 samples where plant products were enriched in both mTSB
and SB, inhibition was only observed in one of the broths.
For two of these samples (curry leaves and broccoli slaw),
inhibitory compounds were detected in the SB extracts, but

not the mTSB extracts. For two samples (both leafy greens)
inhibitory compounds were detected the mTSB extracts, but
not in the SB extracts.

Characterization of Inhibitory Properties of
Cell-Free Extracts

All the cell-free extracts causing inhibition in at least one of
the indicator Shigella or STEC strains were treated with proteolytic
enzymes (proteinase-K and trypsin) to determine if inhibition
was eliminated by the removal of the protein components of
the extracts indicating that inhibitor was likely to be a bacteriocin
(Figure 7A). The inhibitory activity of the cell-free extracts
from most of the food strains [17 (74%)] and the food
enrichments [15 (60%)] were affected by at least one proteolytic
enzyme (suspected bacteriocins in Figures 3, 5). For the food
enrichment broths, there were two samples that were
indeterminate for all inhibited strains and one sample
indeterminate for S. flexneri due to lack of inhibition in the
untreated control. Inconclusive results were likely associated
with prolonged storage of these extracts as inhibitory activity
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FIGURE 5 | Strengths of inhibitory activity of food enrichments on Shigella and STEC. Relative strength of inhibitory activity of extracts from mTSB (“m” in sample
name) and SB enrichment (“s” in sample name) on Shigella spp. and STEC is indicated (see Figure 3A for representative images of different strengths of inhibitory
activity). The enrichments are grouped based on predicted inhibitor present in the sample (bacteriocins, bacteriophage, or both). Samples were deemed to

be indeterminate if observed inhibition of untreated samples was weak and impacts of proteolytic enzymes and dilutions could not be observed. Stars indicate
samples for which attempts were made to recover isolates of the bacteria responsible for inhibition. Yellow stars indicate that an isolate producing an inhibitor was
recovered, blue stars indicate attempts to recover isolates from samples were unsuccessful.

was found to generally decrease over time during storage at
4°C (data not shown). For the cell-free extract from OLC1219,
the proteinase treatment reduced inhibition for S. sonnei strains
but not for S. flexneri (Figure 3) indicating the presence of
different inhibition mechanisms for these two species. Most
of the cell-free extracts that inhibited Shigella (particularly
S. sonnei) were affected by proteolytic enzymes (suspected
bacteriocins in Figures 3, 5). Cell-free extracts that inhibited

STEC were generally not affected by proteolytic enzymes
(Figures 3, 5).

To identify bacteriophages, the inhibitory cell-free extracts
from the food strains and food enrichments that were resistant
to proteolytic digestion were also diluted to assess the presence
of plaques (Figure 7A). Plaques were observed in dilutions
derived from eight of the cell-free extracts from bacterial strains
(suspected bacteriophage in Figures 3, 7B). For strain OLC1219
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plaques were observed with S. flexneri but not S. sonnei indicating
that inhibition of S. flexneri growth was likely due to
bacteriophage, and inhibition against S. sonnei growth was
likely due to production of bacteriocins (see above). Extracts
from the OLC1028 strain were not completely affected by
proteolytic enzymes and plaques were observed following
treatment with proteolytic enzymes indicating production of
both bacteriocin and bacteriophage inhibitors of S. sonnei.
Plaques were observed in extracts from five of the food
enrichment broths (bacteriophage in Figure 5, 7C).

Recovery of Bacteria Producing Inhibitory
Compounds From Food Enrichment
Broths

Attempts were made to recover isolates of bacteria producing
inhibitors from 13 of the mTSB enrichment broths producing
inhibitory compounds (Figure 5, stars) using the triple overlay
method (Henning et al, 2015). Inhibiting organisms were
successfully recovered from seven of these samples (Figure 5,
yellow stars and Table 2). All recovered isolates were determined
to be E. coli based on whole-genome sequence analysis (data
not shown). Cell-free extracts from isolates generally exhibited
similar inhibitory properties to the cell-free extracts from
enrichment cultures (Table 2; Figure 5, yellow stars). For

example, all seven isolates inhibited growth of both strains of
S. sonnei. Activity of the extracts from six of the E. coli isolates
was affected by proteolytic enzymes indicating that inhibition
was likely due to the production of bacteriocins (Table 2).
The isolate recovered from STH-2768 m produced an inhibitor
that affected both S. sonnei and S. flexneri, and was determined
to produce bacteriophage as the inhibition was not impacted
by proteolytic enzymes.

DISCUSSION

Recovery of the Shigella spp. and STEC from foods is important
to support food safety investigations and to ensure the timely
recall of implicated foods. Yet, this can be extremely challenging,
in part due to problems culturing pathogens to detectable
levels relative to non-target organisms. Studies conducted using
current microbiological methods may underestimate the
prevalence of Shigella spp. as this organism is easily outcompeted
by other Enterobacteriaceae (Fishbein et al., 1971; Pollock and
Dahlgren, 1974; Uyttendaele et al,, 2001). Similarly, detection
of STEC using existing methodology can be difficult due to
lack of selective enrichment media, and competition with
non-target organisms during food enrichment culture (Duffy
et al, 1999; Catarame et al, 2003; Vimont et al., 2006;
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TABLE 2 | Inhibitor-producing organisms recovered from food enrichment This study was performed to determine whether antimicrobial

cultures. compounds impacting STEC, or Shigella spp. were commonly
produced by the microbiota associated with various foods.
Strain Enrichment Serotype Activity Species
culture P inhibited o
Inhibition of Target Foodborne STEC and
OLC3028 STH-2577 0O174:H8  Bacteriocin Shigella sonnei Shige”a spp. by Food Microbiota
OLC3029 STH-2682 023:H9  Bacteriocin Shigella sonnei A llection £ 200 food- iated bacterial strain
0LC3030 STH-2725 ~ O123H16 Bacteriocn  Shigella sonnei cotection o ood-associated - bacteria’ - Strains
0LC3032 STH-2768  O105:H7 Bacteriophage  Shigellasonnei  (Supplementary Table S1) was tested for the production of
Shigella flexneri inhibitory activity against a panel of seven STEC and five
0OLC3035 STH-2777 0153/  Bacteriocin Shigella sonnei Shigella strains. The panel of indicator strains was selected to
O178:H11 represent clinically important species and strains of pathogens
0LGC3094 OTT-1004  OB1:H7  Bacteriodin Shigella sonnel that are targeted in food testing programs. The Gram-negative
OLC3095 OTT-1019 051:H10  Bacteriocin Shigella sonnei

foodborne bacteria included in this study would typically
be highly represented in food-enrichment cultures aimed at
recovery of Shigella/STEC. Most methods integrate antibiotics

Knowles et al., 2016; Verhaegen et al., 2016; Blais et al., 2019).
Very few studies have examined the impact of antimicrobial
compounds produced by food microbiota on pathogen detection.

such as novobiocin to reduce growth of Gram-positive bacteria,
but generally do not include selective agents that reduce growth
of Gram-negative bacteria (Vimont et al., 2007). Only two of
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the 36 Enterobacter strains tested inhibited growth of STEC
(Figure 3B; OLC1633 and OLC1667). In previous investigations
organisms such as Clostridium spp., E. coli, Hafnia alvei,
Brochothrix thermosphacta, and Pediococcus acidilactici present
in meats were shown to outcompete STEC; however, the
mechanism for this was not identified (Dufty et al, 1999;
Kang et al, 2021). Similarly, Paquette et al. (2018) identified
E. coli strains capable of inhibiting STEC due to production
of diffusible antimicrobial compounds (Paquette et al., 2018).
While E. coli with this activity was not found in the present
study, analysis of a larger number of strains or food samples
may have led to the identification of strains with similar
properties. In contrast, extracts from 20 of the 118 E. coli
strains tested were found to inhibit growth of Shigella spp.,
particularly S. sonnei, indicating that this species is highly
susceptible to antimicrobial compounds produced by food
microbiota. The inhibition of Shigella spp. by antibiotics produced
by E. coli recovered from human sources was first described
over 70years ago (Halbert, 1948; Halbert and Gravatt, 1949),
and S. sonmei strains have been used as indicator organisms
for bacteriocins detection due to known susceptibility to a
variety of colicins (Smarda and Obdrzalek, 2001; Micenkova
et al., 2014). It is interesting to note that STEC strains were
more likely to produce inhibitors impacting growth of Shigella
spp. compared to non-pathogenic strains. The association of
bacteriocins and virulence factors in E. coli has been previously
reported (Bradley et al., 1991; Micenkova et al, 2014). Both
of these traits may provide a competitive advantage in
certain environments.

Analysis of cell-free extracts derived from a variety of
food enrichments was done to evaluate the production of
inhibitors by more complex communities of representative
food microbiota. While Shigella broth would not be used for
detection of STEC, and mTSB would not be used for detection
of Shigella, similar analyses conducted with both types of
enrichment broths enabled comparison of inhibitor production
by organisms growing in the two media. Inhibition of at
least one of the 12 indicator organisms tested was observed
for 7.5% of the enrichment cultures tested, making it a
relatively common occurrence overall. Inhibitors were more
commonly associated with raw meat products enriched in
mTSB (22% of raw meat enrichments) relative to plant products
(1.8%). Similarly, a recent study found pathogen-killing
bacteriophage to be more prevalent in raw beef and chicken
than in vegetables and seafood (Premarathne et al., 2017).
The relatively high prevalence of Shigella inhibition in the
mTSB enrichments may be due to the species of bacteria
present in the food matrix rather than differences in the
enrichment broths. For example, E. coli is known to
be associated with animal products (Barco et al, 2015).
Shigella-inhibiting E. coli has long been known to be associated
with human clinical samples (Halbert, 1948; Halbert and
Gravatt, 1949; Levine and Tanimoto, 1954), but to confirm
animal association, samples of animal fecal matter should
be further examined. The association of inhibition to mTSB
is partly due to the fact that meat and cheese products were
not enriched in Shigella broth in this study. Paired enrichments

of raw meat products in both broths could be evaluated to
confirm the association of inhibitor-production with raw meats
rather than enrichment broths. In the 97 plant products
enriched with both broths, no association of the inhibiting
organisms to the enrichment broths was observed; however,
only four of the 224 broths examined produced inhibitors.

Similar to what was observed with the bacterial strains,
S. sonnei was the indicator species that was the most sensitive
to inhibition (21 out of 25 extracts), followed by S. flexneri
and STEC (Figure 5). The observation of similar trends between
the bacterial strains and enrichments indicates that the bacterial
strains used in this study are representative of the bacteria in
food enrichments. Most enrichments affected only one species
(e.g., S. sonnei or STEC for 19 of 25 extracts) however there
were some samples that showed a broader activity. For instance,
cell-free extracts from one enrichment culture inhibited all
seven STEC strains (GTA-1452, Figure 5). There were also
three enrichment broths that inhibited both STEC and Shigella
strains (GTA-1549, STH-2577 and STH-2777). This is likely
indicative of an inhibitor that has a larger spectrum of activity,
or potentially more than one strain with this activity in the
samples (see below). Bacteriocins and bacteriophages can have
broad or narrow spectrums of activity (Penadés et al., 2015;
Simons et al., 2020). Note that the approach used to evaluate
cell-free extracts was only semi-quantitative, as interpretation
could be somewhat subjective, particularly for “weak” and “very
weak” spots. Size of spots was also influenced by length of
storage, with reduced activity over time (data not shown).
Nonetheless, general trends could be determined with the
screening approach used in this study.

Recovery of inhibiting organisms from enrichment cultures
was challenging. Out of 13 enrichment cultures, seven E. coli
isolates were recovered from cultures derived from raw meat
products using a triple agar overlay method (Henning et al,
2015; Table 2). Recovery of inhibitor-producing E. coli is
consistent with observations for the food-associated bacterial
strains, and further supports the finding that E. coli may be an
important source of inhibition, particularly for growth of S. sonnei.
Results may be biased by the use of only one of the indicator
strains (S. sonnei, OLC2340) for the recovery of inhibitory
isolates, which were all derived from meat enrichments. E. coli
is an indicator of fecal matter contamination which could occur
during the slaughter process, potentially explaining the association
of these organisms with raw meat products (Tallon et al., 2005;
Odonkor and Ampofo, 2013; Barco et al., 2015). Failure to
recover isolates in six samples may be because the method
required recovery of a bacterial strain producing the inhibition.
This approach would not work for the recovery of bacteriophage
that may have been present in the foods, but not associated
with a bacterial host. Cell-free extracts from the isolated E. coli
strains had similar inhibitory properties to the extracts from
the food samples from which they were isolated (Table 2;
Supplementary Table S3), particularly to S. sonnei, which was
the organism used for the recovery of these isolates. However,
differences in activity against other indicator strains were observed.
For example, OLC3032 was active against S. flexneri, unlike
in the original enrichment culture where only S. sonnei was
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affected and conversely OLC3028 did not inhibit growth of
S. flexneri, unlike the original food enrichment culture. This
indicates that multiple strains may have been responsible for
inhibitory activity in the more complex enrichment cultures.
Use of multiple indicator strains, and characterization of additional
bacterial isolates may have led to recovery of additional strains.

S. sonnei and S. flexneri were included as indicator organisms
in this study as they are the Shigella species most commonly
associated with outbreaks in North America (Thompson et al.,
2015; Centers for Disease Control and Prevention (CDC), 2016;
The et al., 2016). Shigella sonnei was most commonly affected
by antimicrobial compounds, followed by S. flexneri (Figures 3, 5).
Previous studies have that shown that S. flexneri was more
highly affected by organic acids (e.g., by-products from food
and food microbiota) than S. sonnei (Hentges, 1969; Uyttendaele
et al., 2001; Zhang et al., 2011). S. dysenteriae was not affected
by any of the cell-free extracts, so it is possible this species
has a tolerance or resistance to inhibitors such as bacteriocins
due to differences in targeted receptors in this species (Alonso
et al, 2000). The acidity of the cultures was not likely to
be an important factor in the observed growth inhibition. The
pH range of Shigella growth is between 4.8-9.3 and the range
of STEC growth is 4.0-10.0 (Food and Drug Administration,
2011). The pH of the bacterial isolate cell-free extracts (6.5-7.5)
and food enrichment extracts (6.0-7.5) was well within
these ranges.

Foodborne Shigella outbreaks are often associated with plant
products (Kozak et al, 2013; Nygren et al, 2013). While
enrichment broths derived from plant products were less likely
to contain bacteriocins than those derived from meats in this
study, this does not mean that recovery of Shigella spp. from
plant products would not be problematic. Shigella contamination
of foods is exclusively from human sources, and such
contamination would likely also include E. coli. Given that
human isolates of E. coli commonly inhibit Shigella spp. (Halbert,
1948; Levine and Tanimoto, 1954), the combination of organisms
could impact recovering Shigella from the implicated foods.
In fact, in a foodborne outbreak associated with baby corn
in 2007, Shigella was not recovered from implicated samples
despite strong epidemiological evidence, however, samples had
high levels of E. coli (100-350cfu/g) indicating potential issues
with food hygiene (Lewis et al.,, 2009).

Identification of Predicted Bacteriocins
and Bacteriophage in Cell-Free Extracts

To gain a better understanding of the mechanism of the
inhibition, cell-free extracts were digested with proteolytic
enzymes to determine if the inhibitor was impacted, as would
be expected for bacteriocins which are proteinaceous compounds
(Elayaraja et al., 2014), and extracts were diluted to identify
the plaques that would be attributed to bacteriophages (Hockett
and Baltrus, 2017; Figure 7). Most of the inhibitors, particularly
those affecting S. sonnei, were affected by proteolytic enzymes
and are likely to be bacteriocins (Figures 3, 5, 7). Notably,
there were two E. coli strains (OLC1028 and OLC1219) that
were predicted to produce both bacteriocins and bacteriophages

with antimicrobial activity against Shigella spp. (Figure 3). In
contrast, STEC inhibition was more commonly associated with
bacteriophages (Figures 3, 5). The Enterobacter strains that
inhibited growth of the O45 and O103 were both predicted
to produce bacteriophages (Figure 3). Similarly, the broad
spectrum inhibition of STEC observed for sample GTA-1452
was also determined to be associated with bacteriophages. This
inhibition could be due to the presence of a bacteriophage
that has a wide spectrum of activity, or multiple bacteriophages
targeting a few strains (Penadés et al., 2015; Simons et al,
2020). For example, STEC-killing phage can have broad or
narrow host ranges (Litt et al., 2018; Mangieri et al., 2020).
Interestingly, the inhibition produced by the isolate recovered
from the STH-2768m (OLC3032) was determined to be due
to bacteriophages (Table 2) rather than the bacteriocins observed
in the original culture (Supplementary Table S3), indicating
that there was likely at least one bacteriocin-producing organism
in the original culture that was not recovered. The identification
of multiple inhibiting organisms within a single enrichment
culture is further evidence that these strains may be an important
factor in the success of competitive enrichment for food
microbiology methods.

Bacteriophages active against STEC have been isolated from
numerous zoonotic sources and may be relatively common
indicating potential importance for enrichment cultures (Litt
et al., 2018; Mangieri et al., 2020; Pinto et al., 2021). Presence
of bacteriophages active against target species in enrichment
cultures has been shown to reduce relative proportions of target
Salmonella and S. sonnei by over a log indicating their critical
impact on food microbiological methods (Muniesa et al., 2005).
Bacteriocins would be expected to have similar inhibitory
activity in food enrichment cultures. The ability to produce
bacteriocins impacting closely related species is a common
feature of E. coli enabling their survival in competitive
environments (Micenkova et al., 2016; Cameron et al., 2019).
E. coli, particularly human isolates, frequently produce colicins,
some of which have been shown to specifically target Shigella
spp. (Halbert and Gravatt, 1949; Levine and Tanimoto, 1954).
Only two colicins (colicin Z and J,) that specifically target
Enteroinvasive E. coli (EIEC) and Shigella species have been
characterized (Micenkova et al., 2019). Further analysis of the
E. coli recovered in this study will be conducted to determine
if the strains recovered encode related colicins.

In this study, S. sonnei were more susceptible to bacteriocins
than S. flexneri and STEC. Due to practical considerations,
the number of indicator strains used in this study was necessarily
limited. It is possible that some of the indicator organisms
used had higher resilience to phage and bacteriocins due to
biological factors such as presence of immunity proteins, or
other defense mechanisms (Rendueles et al., 2022). Use of a
larger panel of Shigella strains, particularly strains associated
with food outbreaks, will be necessary to establish whether
S. sonmei strains are more susceptible than others. An
understanding of the impact of bacteriocins on enrichment
dynamics could lead to approaches to mitigating their impact.
For example, fermentable sugars have been shown to reduce
colicin production by S. sonnei (Lavoie et al., 1973). Future
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studies will target enrichment dynamics associated with
bacteriocins in food matrices.

While outside of the scope of the current study, there is
currently significant interest in alternatives to antibiotics for
the prevention of food contamination with these Shigella spp.
and STEC, and for the development of therapeutics (Yang
et al., 2014; Mangieri et al, 2020; Telhig et al, 2020; Jiang
et al, 2022). The bacteria recovered in this study are highly
active against pathogenic strains of Shigella spp. and STEC,
with potential for future use in the production of alternatives
to antibiotics.

CONCLUSION

Isolation of a foodborne bacterial pathogen is an important
component of a food safety investigation that is sometimes
difficult to achieve. This study provides evidence that production
of antimicrobial compounds such as bacteriocins and
bacteriophages by food microbiota is a relatively common
occurrence which could impede growth of Shigella and STEC
in enrichment cultures, reducing effectiveness of microbiological
methods aimed at recovering these organisms. Presence of
bacteriocin-producing E. coli may be an important challenge
for the recovery of Shigella spp. and presence of bacteriophage
may be of greater concern for STEC. Development of new
methods should mitigate the potential interference due to
inhibitor production by food microbiota. Organisms recovered
in this study could be included as interfering organisms in
future method validations, leading to a more rigorous assessment
of methods aimed at recovery of Shigella and STEC from foods.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/Supplementary Material, and further inquiries
can be directed to the corresponding author.

REFERENCES

Adam, P. R,, and Pickings, W. D. (2016). “Shigella and shigellosis,” in Shigella:
Molecular and Cell Biology. eds. W. D. Pickings and W. L. Pickings (UK:
Caister Academic Press), 7-26.

Alonso, G., Vilchez, G., and Rodriguez Lemoine, V. (2000). How bacteria protect
themselves against channel-forming colicins. Int. Microbiol. 3, 81-88.

Arici, M., Bilgin, B., Sagdic, O., and Ozdemir, C. (2004). Some characteristics
of Lactobacillus isolates from infant faeces. Food Microbiol. 21, 19-24. doi:
10.1016/S0740-0020(03)00044-3

Barco, L., Belluco, S., Roccato, A., and Ricci, A. (2015). A systematic review
of studies on Escherichia coli and Enterobacteriaceae on beef carcasses at
the slaughterhouse. Int. J. Food Microbiol. 207, 30-39. doi: 10.1016/j.
ijfoodmicro.2015.04.027

Bin Kingombe, C., Cerqueira-Campos, M. L., Trottier, Y. L., and Houle, J.
(2006). “Isolation and identification of Shigella (VTEC) spp. from foods
(MFLP-25), in Compendium of Analytical Methods (Ottawa, Canada:
Health Canada).

Blais, B., Martinez, A., Gill, A., McIlwham, S., Mohajer, S., Gauthier, M., et al.
(2014). “Tsolation and identification of priority verotoxigenic Escherichia coli

AUTHOR CONTRIBUTIONS

CK originally identified bacteriocins as an important inhibitor
for Shigella spp. TM, CC, AW, and BB conceived and designed
the experiments and contributed to writing of the manuscript.
TM performed laboratory experiments. TM and CC analyzed
the data and wrote the first draft of the manuscript. TM, CC,
AM, KS, and BB contributed reagents, materials, and analysis
tools. All authors contributed to the article and approved the
submitted version.

FUNDING
This study has received funding from the Canadian Food
Inspection Agency and the Government of Canada

interdepartmental Genomic Research Development Initiative
(GRDI).

ACKNOWLEDGMENTS

The authors gratefully acknowledge staff at the CFIA food
microbiology laboratories in Ottawa (Austin Markell),
Scarborough (Katherine Han), and Saint-Hyacinthe (José Riva,
Julie Plamondon, Lyne Laflamme) for providing food enrichment
cultures. The authors also appreciate technical assistance from
Bridgette Kelly, Susan Van Zanten, Hilda Hoo, Paul Manninger,
Martine Dixon, and Mylene Deschénes. The authors would
also like to thank Sam Mohajer, Chloe Anastasiadis and Lang
Yao for critical review of the manuscript.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fmicb.2022.880043/
full#supplementary-material

(VTEC) in meat and vegetable products (MFLP-52),” in Laboratory Procedures
of Microbiological Analysis of Foods (Ottawa, Canada: Health Canada
(Compendium of Analytical Methods)).

Blais, B. W,, Tapp, K., Dixon, M., and Carrillo, C. D. (2019). Genomically
informed strain-specific recovery of Shiga toxin-producing Escherichia coli
during foodborne illness outbreak investigations. J. Food Prot. 82, 39-44.
doi: 10.4315/0362-028X.JFP-18-340

Bradley, D. E., Howard, S. P, and Lior, H. (1991). Colicinogeny of O157:H7
enterohemorrhagic Escherichia coli and the shielding of colicin and phage
receptors by their O-antigenic side chains. Can. J. Microbiol. 37, 97-104.
doi: 10.1139/m91-014

Cameron, A., Zaheer, R., Adator, E. H., Barbieri, R., Reuter, T., and McAllister, T. A.
(2019). Bacteriocin occurrence and activity in Escherichia coli isolated from
bovines and wastewater. Toxins 11:475. doi: 10.3390/toxins11080475

Catarame, T. M. G., O'Hanlon, K. A., Duffy, G., Sheridan, J. J., Blair, I. S,,
McDowell, D. A., et al. (2003). Optimization of enrichment and plating
procedures for the recovery of Escherichia coli O111 and 026 from minced
beef. J. Appl. Microbiol. 95, 949-957. doi: 10.1046/j.1365-2672.2003.02065.x

Centers for Disease Control and Prevention (CDC) (2016) National Shigella
Surveillance Annual Report, 2013. Atlanta, Georgia: US Department of Health
and Human Services, CDC.

Frontiers in Microbiology | www.frontiersin.org

June 2022 | Volume 13 | Article 880043


https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles
https://www.frontiersin.org/articles/10.3389/fmicb.2022.880043/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2022.880043/full#supplementary-material
https://doi.org/10.1016/S0740-0020(03)00044-3
https://doi.org/10.1016/j.ijfoodmicro.2015.04.027
https://doi.org/10.1016/j.ijfoodmicro.2015.04.027
https://doi.org/10.4315/0362-028X.JFP-18-340
https://doi.org/10.1139/m91-014
https://doi.org/10.3390/toxins11080475
https://doi.org/10.1046/j.1365-2672.2003.02065.x

McMahon et al.

Microbial Antagonism in Food Enrichment

Challinor, V. L., and Bode, H. B. (2015). Bioactive natural products from novel
microbial sources. Ann. N. Y. Acad. Sci. 1354, 82-97. doi: 10.1111/nyas.12954

Donnenberg, M. S., and Whittam, T. S. (2001). Pathogenesis and evolution of
virulence in enteropathogenic and enterohemorrhagic Escherichia coli. J. Clin.
Investig. 107, 539-548. doi: 10.1172/JCI12404

Dufty, G., Whiting, R. C., and Sheridan, J. J. (1999). The effect of a competitive
microflora, pH and temperature on the growth kinetics of Escherichia coli
0157:H7. Food Microbiol. 16, 299-307. doi: 10.1006/fmic.1998.0242

Duquesne, S., Destoumieux-Garzén, D., Peduzzi, J., and Rebuffat, S. (2007).
Microcins, gene-encoded antibacterial peptides from enterobacteria. Nat.
Prod. Rep. 24, 708-734. doi: 10.1039/B516237H

EFSA (2013). Scientific opinion on VTEC-seropathotype and scientific criteria
regarding pathogenicity assessment. EFSA J. 11:3138. doi: 10.2903/j.
efsa.2013.3138

Elayaraja, S., Annamalai, N., Mayavu, P, and Balasubramanian, T. (2014).
Production, purification and characterization of bacteriocin from Lactobacillus
murinus AU06 and its broad antibacterial spectrum. Asian Pac. J. Trop.
Biomed. 4(Suppl 1), $305-S311. doi: 10.12980/APJTB.4.2014C537

Fishbein, M., Mehlman, I. J., and Wentz, B. (1971). Isolation of Shigella from
foods. J. Assoc. Off. Anal. Chem. 54, 109-111. doi: 10.1093/jacac/54.1.109

Food and Drug Administration (2011). “Appendix 4: Bacterial Pathogen Growth
and Inactivation,” in Fish and Fishery Products Hazards and Controls Guidance.
4th Edn.

Gould, L. H., Mody, R. K., Ong, K. L., Clogher, P,, Cronquist, A. B., Garman, K. N,
et al. (2013). Increased recognition of non-O157 Shiga toxin-producing
Escherichia coli infections in the United States during 2000-2010: epidemiologic
features and comparison with E. coli O157 infections. Foodborne Pathog.
Dis. 10, 453-460. doi: 10.1089/fpd.2012.1401

Halbert, S. P. (1948). The antagonism of coliform bacteria against shigellae.
J. Immunol. 58, 153-167. PMID: 18905191

Halbert, S. P, and Gravatt, M. (1949). The relation of Shigella type-specificity
and susceptibility to antibiotic-producing strains of Escherichia coli. J. Immunol.
61, 271-282. PMID: 18117864

Heier, B. T., Nygéard, K., Kapperud, G., Lindstedt, B. A., Johannessen, G. S.,
and Blekkan, H. (2009). Shigella sonnei infections in Norway associated
with sugar peas, May-June 2009. Eur. Secur. 14:19243. doi: 10.2807/ese.14.24.
19243-en

Henning, C., Vijayakumar, P., Adhikari, R., Jagannathan, B., Gautam, D., and
Muriana, P. (2015). Isolation and taxonomic identity of bacteriocin-producing
lactic acid bacteria from retail foods and animal sources. Microorganisms
3, 80-93. doi: 10.3390/microorganisms3010080

Hentges, D. J. (1969). Inhibition of Shigella flexneri by the normal intestinal
flora II. Mechanisms of inhibition by coliform organisms. J. Bacteriol. 97,
513-517. doi: 10.1128/jb.97.2.513-517.1969

Hockett, K. L., and Baltrus, D. A. (2017). Use of the soft-agar overlay technique
to screen for bacterially produced inhibitory compounds. J Vis Exp. 119.
doi: 10.3791/55064

ISO (2012) ISO/TS 13136:2012, Microbiology of food and animal feed -- Real-
time polymerase chain reaction (PCR)-based method for the detection of
food-borne pathogens -- Horizontal method for the detection of Shiga
toxin-producing Escherichia coli (STEC) and the determination of O157,
O111, 026, 0103 and O145 serogroups. International Organization for
Standardization. Available at: http://www.iso.org/iso/home/store/catalogue_tc/
catalogue_detail.htm?csnumber=53328 (Accessed: 24 July 2016).

Jarvis, K. G., White, J. R., Grim, C. J., Ewing, L., Ottesen, A. R, Beaubrun, J. J. G,,
et al. (2015). Cilantro microbiome before and after nonselective pre-enrichment
for Salmonella using 16S rRNA and metagenomic sequencing. BMC Microbiol.
15:160. doi: 10.1186/512866-015-0497-2

Jiang, Y.-H., Xin, W. G., Zhang, Q. L, Lin, L. B, and Deng, X. Y. (2022). A
novel bacteriocin against Shigella flexneri from Lactiplantibacillus plantarum
isolated From Tilapia intestine: purification, antibacterial properties and
antibiofilm activity. Front. Microbiol. 12:779315. doi: 10.3389/fmicb.2021.779315

Kang, S., Ravensdale, J. T., Coorey, R., Dykes, G. A., and Barlow, R. S. (2021).
Changes in STEC and bacterial communities during enrichment of
manufacturing beef in selective and non-selective media. Food Microbiol.
96:103711. doi: 10.1016/j.fm.2020.103711

Kim, J.-S., Lee, M.-S., and Kim, J. H. (2020). Recent updates on outbreaks of
Shiga toxin-producing Escherichia coli and its potential reservoirs. Front.
Cell Infect. Microbiol. 10:273. doi: 10.3389/fcimb.2020.00273

Kim, Y. C, Tar, A. W, and Penfold, C. N. (2014). Colicin import into E. coli
cells: a model system for insights into the import mechanisms of bacteriocins.
Biochim. Biophys. Acta 1843, 1717-1731. doi: 10.1016/j.bbamcr.2014.04.010

Knowles, M., Stinson, S., Lambert, D., Carrillo, C., Koziol, A., Gauthier, M.,
et al. (2016). Genomic tools for customized recovery and detection of
foodborne Shiga toxigenic Escherichia coli. J. Food Prot. 79, 2066-2077. doi:
10.4315/0362-028X.JFP-16-220

Koskella, B., and Meaden, S. (2013). Understanding bacteriophage specificity
in natural microbial communities. Viruses 5, 806-823. doi: 10.3390/v5030806

Kothary, M. H., and Babu, U. S. (2001). Infective dose of foodborne pathogens
in volunteers: a review. J. Food Saf. 21, 49-68. doi: 10.1111/j.1745-4565.2001.
tb00307.x

Kozak, G. K., MacDonald, D., Landry, L., and Farber, J. M. (2013). Foodborne
outbreaks in Canada linked to produce: 2001 through 2009. J. Food Prot.
76, 173-183. doi: 10.4315/0362-028X.JFP-12-126

Lavoie, M., Mathieu, L. G., and Charron-Allie, L. (1973). Inhibition of colicin
production by fermentable sugars. Can. J. Microbiol. 20, 269-272. doi: 10.1139/
m74-044

Levine, M., and Tanimoto, R. H. (1954). Antagonisms among enteric pathogens
and coliform bacteria. J. Bacteriol. 67, 537-541. doi: 10.1128/jb.67.5.537-541.1954

Lewis, H. C., Ethelberg, S., Olsen, K. E. P, Nielsen, E. M., Lisby, M., Madsen, S. B.,
et al. (2009). Outbreaks of Shigella sonnei infections in Denmark and Australia
linked to consumption of imported raw baby corn. Epidemiol. Infect. 137,
326-334. doi: 10.1017/50950268808001829

Litt, P. K., Saha, J., and Jaroni, D. (2018). Characterization of bacteriophages
targeting non-O157 Shiga toxigenic Escherichia coli. J. Food Prot. 81, 785-794.
doi: 10.4315/0362-028X.JFP-17-460

Mader, A., von Bronk, B., Ewald, B., Kesel, S., Schnetz, K., Frey, E, et al.
(2015). Amount of colicin release in Escherichia coli is regulated by lysis
gene expression of the colicin E2 operon. PLoS One 10:¢0119124. doi:
10.1371/journal.pone.0119124

Mandal, S. M., Sharma, S., Pinnaka, A. K., Kumari, A., and Korpole, S. (2013).
Isolation and characterization of diverse antimicrobial lipopeptides produced
by Citrobacter and Enterobacter. BMC Microbiol. 13:152. doi: 10.1186/1471-
2180-13-152

Mangieri, N., Picozzi, C., Cocuzzi, R., and Foschino, R. (2020). Evaluation of
a potential bacteriophage cocktail for the control of Shiga-toxin producing
Escherichia coli in food. Front. Microbiol. 11:1801. doi: 10.3389/fmicb.2020.01801

Margot, H., Tasara, T., Zwietering, M. H., Joosten, H., and Stephan, R. (2016).
Effects of different media on the enrichment of low numbers of Shiga
toxin-producing Escherichia coli in mung bean sprouts and on the development
of the sprout microbiome. Int. J. Food Microbiol. 232, 26-34. doi: 10.1016/j.
ijfoodmicro.2016.05.005

Marshall, K. E., Hexemer, A., Seelman, S. L., Fatica, M. K., Blessington, T.,
Hajmeer, M., et al. (2020). Lessons learned from a decade of investigations
of Shiga toxin-producing Escherichia coli outbreaks linked to leafy greens,
United States and Canada. Emerg. Infect. Dis. 26, 2319-2328. doi: 10.3201/
€id2610.191418

Micenkovd, L., Bosdk, J., Kucera, J., Hrala, M., Dolejsova, T., Sedo, O., et al.
(2019). Colicin Z, a structurally and functionally novel colicin type that
selectively kills enteroinvasive Escherichia coli and Shigella strains. Sci. Rep.
9:11127. doi: 10.1038/s41598-019-47488-8

Micenkovd, L., Bosdk, J., Vrba, M., Sevéikova, A., and Smajs, D. (2016). Human
extraintestinal pathogenic Escherichia coli strains differ in prevalence of
virulence factors, phylogroups, and bacteriocin determinants. BMC Microbiol.
16:218. doi: 10.1186/s12866-016-0835-z

Micenkovd, L., Staudovd, B., Bosdk, J., Mikalova, L., Littnerov4, S., Vrba, M.,
et al. (2014). Bacteriocin-encoding genes and EXPEC virulence determinants
are associated in human fecal Escherichia coli strains. BMC Microbiol. 14:109.
doi: 10.1186/1471-2180-14-109

Microbiological Methods Committee (2012) ‘MFLP-30: Detection of Escherichia
coli O157:H7 in select foods using the BAX® System E. coli 0157:H7 MP,
in Compendium of Analytical Methods. Ottawa: Health Canada.

Mikhail, A. E W,, Pereboom, M., Utsi, L., Hawker, J., Lighthill, J., Aird, H.,
et al. (2021). Utility of whole-genome sequencing during an investigation
of multiple foodborne outbreaks of Shigella sonnei. Epidemiol. Infect. 149:e71.
doi: 10.1017/50950268821000509

Mohr, K. I. (2016). History of antibiotics research. Curr. Top. Microbiol. Immunol.
398, 237-272. doi: 10.1007/82_2016_499

Frontiers in Microbiology | www.frontiersin.org

June 2022 | Volume 13 | Article 880043


https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles
https://doi.org/10.1111/nyas.12954
https://doi.org/10.1172/JCI12404
https://doi.org/10.1006/fmic.1998.0242
https://doi.org/10.1039/B516237H
https://doi.org/10.2903/j.efsa.2013.3138
https://doi.org/10.2903/j.efsa.2013.3138
https://doi.org/10.12980/APJTB.4.2014C537
https://doi.org/10.1093/jaoac/54.1.109
https://doi.org/10.1089/fpd.2012.1401
https://doi.org/18905191
https://doi.org/18117864
https://doi.org/10.2807/ese.14.24.19243-en
https://doi.org/10.2807/ese.14.24.19243-en
https://doi.org/10.3390/microorganisms3010080
https://doi.org/10.1128/jb.97.2.513-517.1969
https://doi.org/10.3791/55064
http://www.iso.org/iso/home/store/catalogue_tc/catalogue_detail.htm?csnumber=53328
http://www.iso.org/iso/home/store/catalogue_tc/catalogue_detail.htm?csnumber=53328
https://doi.org/10.1186/s12866-015-0497-2
https://doi.org/10.3389/fmicb.2021.779315
https://doi.org/10.1016/j.fm.2020.103711
https://doi.org/10.3389/fcimb.2020.00273
https://doi.org/10.1016/j.bbamcr.2014.04.010
https://doi.org/10.4315/0362-028X.JFP-16-220
https://doi.org/10.3390/v5030806
https://doi.org/10.1111/j.1745-4565.2001.tb00307.x
https://doi.org/10.1111/j.1745-4565.2001.tb00307.x
https://doi.org/10.4315/0362-028X.JFP-12-126
https://doi.org/10.1139/m74-044
https://doi.org/10.1139/m74-044
https://doi.org/10.1128/jb.67.5.537-541.1954
https://doi.org/10.1017/S0950268808001829
https://doi.org/10.4315/0362-028X.JFP-17-460
https://doi.org/10.1371/journal.pone.0119124
https://doi.org/10.1186/1471-2180-13-152
https://doi.org/10.1186/1471-2180-13-152
https://doi.org/10.3389/fmicb.2020.01801
https://doi.org/10.1016/j.ijfoodmicro.2016.05.005
https://doi.org/10.1016/j.ijfoodmicro.2016.05.005
https://doi.org/10.3201/eid2610.191418
https://doi.org/10.3201/eid2610.191418
https://doi.org/10.1038/s41598-019-47488-8
https://doi.org/10.1186/s12866-016-0835-z
https://doi.org/10.1186/1471-2180-14-109
https://doi.org/10.1017/S0950268821000509
https://doi.org/10.1007/82_2016_499

McMahon et al.

Microbial Antagonism in Food Enrichment

Muniesa, M., Blanch, A. R., Lucena, E, and Jofre, J. (2005). Bacteriophages
may bias outcome of bacterial enrichment cultures. Appl. Environ. Microbiol.
71, 4269-4275. doi: 10.1128/AEM.71.8.4269-4275.2005

Nygren, B. L., Schilling, K. A., Blanton, E. M., Silk, B. J., Cole, D. ], Mintz, E. D,
et al. (2013). Foodborne outbreaks of shigellosis in the USA, 1998-2008.
Epidemiol. Infect. 141, 233-241. doi: 10.1017/50950268812000222

Odonkor, S. T., and Ampofo, J. K. (2013). Escherichia coli as an indicator of
bacteriological quality of water: An overview. Microbiol. Res. 4:e2. doi:
10.4081/mr.2013.e2

Ottesen, A. R., Gonzalez, A., Bell, R., Arce, C., Rideout, S., Allard, M., et al.
(2013). Co-enriching microflora associated with culture based methods to
detect Salmonella from tomato Phyllosphere. PLoS One 8:73079. doi: 10.1371/
journal.pone.0073079

Ottesen, A., Ramachandran, P, Reed, E., White, J. R., Hasan, N., Subramanian, P.,
et al. (2016). Enrichment dynamics of listeria monocytogenes and the associated
microbiome from naturally contaminated ice cream linked to a listeriosis
outbreak. BMC Microbiol. 16:275. doi: 10.1186/512866-016-0894-1

Paquette, S.-J., Zaheer, R., Stanford, K., Thomas, J., and Reuter, T. (2018).
Competition among Escherichia coli strains for space and resources. Vet.
Sci. 5:93. doi: 10.3390/vetsci5040093

Parasion, S., Kwiatek, M., Gryko, R., Mizak, L., and Malm, A. (2014). Bacteriophages
as an alternative strategy for fighting biofilm development. Pol. J. Microbiol.
63, 137-145. doi: 10.33073/pjm-2014-019

Penadés, J. R., Chen, ], Quiles-Puchalt, N., Carpena, N., and Novick, R. P.
(2015). Bacteriophage-mediated spread of bacterial virulence genes. Curr.
Opin. Microbiol. 23, 171-178. doi: 10.1016/j.mib.2014.11.019

Perelle, S., Dilasser, F, Grout, J., and Fach, P. (2004). Detection by 5-nuclease
PCR of Shiga-toxin producing Escherichia coli 026, 055, 091, 0103, O111,
0113, 0145 and O157:H7, associated with the world’s most frequent clinical
cases. Mol. Cell. Probes 18, 185-192. doi: 10.1016/j.mcp.2003.12.004

Pinto, G., Minnich, S. A., Hovde, C. J., Oliveira, H., Smidt, H., Almeida, C.,
et al. (2021). The interactions of bacteriophage ace and Shiga toxin-producing
Escherichia coli during biocontrol. FEMS Microbiol. Ecol. 97:p. fiab105. doi:
10.1093/femsec/fiab105

Pollock, H. M., and Dahlgren, B. J. (1974). Clinical evaluation of enteric media
in the primary isolation of Salmonella and Shigella. Appl. Microbiol. 27,
197-201. doi: 10.1128/am.27.1.197-201.1974

Premarathne, J. M. K. J. K, Thung, T. Y., New, C. Y,, Huat, J. T. Y., Basri, D. E,
Rukayadi, Y. et al. (2017). Distribution of bacteriophages in food and
environment samples. Int. Food Res. ]. 24, 888-896.

Rendueles, C., Duarte, A. C., Escobedo, S., Fernandez, L., Rodriguez, A,
Garcia, P, et al. (2022). Combined use of bacteriocins and bacteriophages
as food biopreservatives. A review. Int. J. Food Microbiol. 368:109611. doi:
10.1016/j.ijffoodmicro.2022.109611

Shahin, K., Bouzari, M., Wang, R., and Yazdi, M. (2019). Prevalence and
molecular characterization of multidrug-resistant Shigella species of food
origins and their inactivation by specific lytic bacteriophages. Int. J. Food
Microbiol. 305:108252. doi: 10.1016/j.iffoodmicro.2019.108252

Simons, A., Alhanout, K., and Duval, R. E. (2020). Bacteriocins, antimicrobial
peptides from bacterial origin: overview of their biology and their impact
against multidrug-resistant bacteria. Microorganisms 8:639. doi: 10.3390/
microorganisms8050639

Smarda, J., and Obdrzélek, V. (2001). Incidence of colicinogenic strains among
human  Escherichia coli. ]. Basic Microbiol. 41, 367-374. doi:
10.1002/1521-4028(200112)41:6<367::AID-JOBM367>3.0.CO;2-X

Smith, J. L., Fratamico, P. M., and Gunther, N. W. (2014). Shiga toxin-producing
Escherichia coli. Adv. Appl. Microbiol. 86, 145-197. doi: 10.1016/B978-0-12-
800262-9.00003-2

Tallon, P., Magajna, B., Lofranco, C., and Leung, K. T. (2005). Microbial indicators
of faecal contamination in water: a current perspective. Water Air Soil
Pollut. 166, 139-166. doi: 10.1007/s11270-005-7905-4

Telhig, S., Ben Said, L., Zirah, S., Fliss, L., and Rebuffat, S. (2020). Bacteriocins
to thwart bacterial resistance in Gram negative bacteria. Front. Microbiol.
11:586433. doi: 10.3389/fmicb.2020.586433

The, H. C., Thanh, D. P, Holt, K. E., Thomson, N. R., and Baker, S. (2016).
The genomic signatures of Shigella evolution, adaptation and geographical
spread. Nat. Rev. Microbiol. 14, 235-250. doi: 10.1038/nrmicro.2016.10

Thomas, M. K., Murray, R., Flockhart, L., Pintar, K., Fazil, A., Nesbitt, A.,
et al. (2015). Estimates of foodborne illness-related hospitalizations and
deaths in Canada for 30 specified pathogens and unspecified agents. Foodborne
Pathog. Dis. 12, 820-827. doi: 10.1089/fpd.2015.1966

Thomas, M. K., Murray, R., Flockhart, L., Pintar, K., Pollari, E, Fazil, A., et al.
(2013). Estimates of the burden of foodborne illness in Canada for 30
specified pathogens and unspecified agents, circa 2006. Foodborne Pathog.
Dis. 10, 639-648. doi: 10.1089/fpd.2012.1389

Thompson, C. N., Duy, P. T, and Baker, S. (2015). The rising dominance of
Shigella sonnei: An intercontinental shift in the etiology of bacillary dysentery.
PLoS Negl. Trop. Dis. 9:¢0003708. doi: 10.1371/journal.pntd.0003708

Thorpe, C. M. (2004). Shiga toxin-producing Escherichia coli infection. Clin.
Infect. Dis. 38, 1298-1303. doi: 10.1086/383473

USDA-FSIS (2019) Detection, isolation and identification of top seven Shiga
toxin-producing Escherichia coli (STECs) from meat products and carcass
and environmental sponges. Athens GA: United States Department of
Agriculture. Available at: https://www.fsis.usda.gov/wps/wcm/connect/fsis-
content/internet/main/topics/science/laboratories-and-procedures/guidebooks-
and-methods/microbiology-laboratory-guidebook/microbiology-laboratory-
guidebook (Accessed: 18 April 2019).

Uyttendaele, M., Bagamboula, C. E, de Smet, E., van Wilder, S., and Debevere, J.
(2001). Evaluation of culture media for enrichment and isolation of Shigella
sonnei and S. flexneri. Int. J. Food Microbiol. 70, 255-265. doi: 10.1016/
$0168-1605(01)00549-9

Verhaegen, B., van Damme, I, Heyndrickx, M., Botteldoorn, N., Elhadidy, M.,
Verstraete, K., et al. (2016). Evaluation of detection methods for non-O157
Shiga toxin-producing <i>Escherichia coli<>/i> from food. Int. ]. Food
Microbiol. 219, 64-70. doi: 10.1016/j.iffoodmicro.2015.12.006

Vijayakumar, P. P., and Muriana, P. M. (2015). A microplate growth inhibition
assay for screening bacteriocins against Listeria monocytogenes to differentiate
their mode-of-action. Biomol. Ther. 5, 1178-1194. doi: 10.3390/biom5021178

Vimont, A., Delignette-Muller, M.-L., and Vernozy-Rozand, C. (2007).
Supplementation of enrichment broths by novobiocin for detecting Shiga
toxin-producing Escherichia coli from food: a controversial use. Lett. Appl.
Microbiol. 44, 326-331. doi: 10.1111/j.1472-765X.2006.02059.x

Vimont, A., Vernozy-Rozand, C., Montet, M. P, Lazizzera, C., Bavai, C., and
Delignette-Muller, M. L. (2006). Modeling and predicting the simultaneous
growth of Escherichia coli O157:H7 and ground beef background microflora
for various enrichment protocols. Appl. Environ. Microbiol. 72, 261-268.
doi: 10.1128/AEM.72.1.261-268.2006

Warren, B. R., Parish, M. E., and Schneider, K. R. (2006). Shigella as a foodborne
pathogen and current methods for detection in food. Crit. Rev. Food Sci.
Nutr. 46, 551-567. doi: 10.1080/10408390500295458

Yang, S.-C., Lin, C. H,, Sung, C. T, and Fang, J. Y. (2014). Antibacterial
activities of bacteriocins: application in foods and pharmaceuticals. Front.
Microbiol. 5:241. doi: 10.3389/fmicb.2014.00241

Zhang, Y., Zhang, L., du, M., Yi, H,, Guo, C,, Tuo, Y,, et al. (2011). Antimicrobial
activity against Shigella sonnei and probiotic properties of wild lactobacilli from
fermented food. Microbiol. Res. 167, 27-31. doi: 10.1016/j.micres.2011.02.006

Conflict of Interest: The authors declare that the research was conducted in
the absence of any commercial or financial relationships that could be construed
as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product that may
be evaluated in this article, or claim that may be made by its manufacturer, is
not guaranteed or endorsed by the publisher.

Copyright © 2022 McMahon, Kingombe, Mathews, Seyer, Wong, Blais and Carrillo.
This is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) and the copyright owner(s) are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

Frontiers in Microbiology | www.frontiersin.org

June 2022 | Volume 13 | Article 880043


https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles
https://doi.org/10.1128/AEM.71.8.4269-4275.2005
https://doi.org/10.1017/S0950268812000222
https://doi.org/10.4081/mr.2013.e2
https://doi.org/10.1371/journal.pone.0073079
https://doi.org/10.1371/journal.pone.0073079
https://doi.org/10.1186/s12866-016-0894-1
https://doi.org/10.3390/vetsci5040093
https://doi.org/10.33073/pjm-2014-019
https://doi.org/10.1016/j.mib.2014.11.019
https://doi.org/10.1016/j.mcp.2003.12.004
https://doi.org/10.1093/femsec/fiab105
https://doi.org/10.1128/am.27.1.197-201.1974
https://doi.org/10.1016/j.ijfoodmicro.2022.109611
https://doi.org/10.1016/j.ijfoodmicro.2019.108252
https://doi.org/10.3390/microorganisms8050639
https://doi.org/10.3390/microorganisms8050639
https://doi.org/10.1002/1521-4028(200112)41:6<367::AID-JOBM367>3.0.CO;2-X
https://doi.org/10.1016/B978-0-12-800262-9.00003-2
https://doi.org/10.1016/B978-0-12-800262-9.00003-2
https://doi.org/10.1007/s11270-005-7905-4
https://doi.org/10.3389/fmicb.2020.586433
https://doi.org/10.1038/nrmicro.2016.10
https://doi.org/10.1089/fpd.2015.1966
https://doi.org/10.1089/fpd.2012.1389
https://doi.org/10.1371/journal.pntd.0003708
https://doi.org/10.1086/383473
https://www.fsis.usda.gov/wps/wcm/connect/fsis-content/internet/main/topics/science/laboratories-and-procedures/guidebooks-and-methods/microbiology-laboratory-guidebook/microbiology-laboratory-guidebook
https://www.fsis.usda.gov/wps/wcm/connect/fsis-content/internet/main/topics/science/laboratories-and-procedures/guidebooks-and-methods/microbiology-laboratory-guidebook/microbiology-laboratory-guidebook
https://www.fsis.usda.gov/wps/wcm/connect/fsis-content/internet/main/topics/science/laboratories-and-procedures/guidebooks-and-methods/microbiology-laboratory-guidebook/microbiology-laboratory-guidebook
https://www.fsis.usda.gov/wps/wcm/connect/fsis-content/internet/main/topics/science/laboratories-and-procedures/guidebooks-and-methods/microbiology-laboratory-guidebook/microbiology-laboratory-guidebook
https://doi.org/10.1016/s0168-1605(01)00549-9
https://doi.org/10.1016/s0168-1605(01)00549-9
https://doi.org/10.1016/j.ijfoodmicro.2015.12.006
https://doi.org/10.3390/biom5021178
https://doi.org/10.1111/j.1472-765X.2006.02059.x
https://doi.org/10.1128/AEM.72.1.261-268.2006
https://doi.org/10.1080/10408390500295458
https://doi.org/10.3389/fmicb.2014.00241
https://doi.org/10.1016/j.micres.2011.02.006
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Microbial Antagonism in Food-Enrichment Culture: Inhibition of Shiga Toxin-Producing Escherichia coli and Shigella Species
	Introduction
	Materials and Methods
	Growth and Maintenance of Bacterial Strains
	Preparation of Cell-Free Extracts
	Detection of Inhibitors in Cell-Free Extracts
	Isolation of Bacteria Producing Inhibitors From Food Enrichments
	Testing Cell-Free Extracts for Proteinaceous Properties, Bacteriophage, and pH

	Results
	Inhibition of Growth of Shigella and STEC by Cell-Free Extracts Derived From Bacterial Strains
	Inhibition of Shigella and STEC From Cell-Free Extracts From Food Enrichments
	Characterization of Inhibitory Properties of Cell-Free Extracts
	Recovery of Bacteria Producing Inhibitory Compounds From Food Enrichment Broths

	Discussion
	Inhibition of Target Foodborne STEC and Shigella spp. by Food Microbiota
	Identification of Predicted Bacteriocins and Bacteriophage in Cell-Free Extracts

	Conclusion
	Data Availability Statement
	Author Contributions
	Funding

	 References

