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ABSTRACT

Next-generation sequencing plays an important role in the characterization of clinical bacterial isolates for source
attribution purposes during investigations of foodborne illness outbreaks. Once an illness cluster and a suspect food vehicle have
been identified, food testing is initiated for confirmation and to determine the scope of a contamination event so that the
implicated lots may be removed from the marketplace. For biochemically diverse families of pathogens such as Shiga toxin–
producing Escherichia coli (STEC), the ability to detect specific strains may be hampered by the lack of a universal selective
enrichment approach for their recovery against high levels of background microbiota. The availability of whole genome
sequence data for a given outbreak STEC strain prior to commencement of food testing may provide food microbiologists an
opportunity to customize selective enrichment techniques favoring the recovery of the outbreak strain. Here we demonstrate the
advantages of using the publicly available ResFinder tool in the analysis of STEC model strains belonging to serotypes O111
and O157 to determine antimicrobial resistance traits that can be used in formulating strain-specific enrichment media to
enhance recovery of these strains from microbiologically complex food samples. The improved recovery from ground beef of
model STEC strains with various antimicrobial resistance profiles was demonstrated using three classes of antibiotics as
selective agents, suggesting the universal applicability of this new approach in supporting foodborne illness investigations.
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Recent developments in the application of next-
generation sequencing technology to the analysis of food
pathogens herald a new paradigm for analytical food
microbiology in which the ability to identify key gene
markers will play a critical role in identifying food
contamination events and tracing their sources to inform
risk management actions (18, 19, 21). Food microbiology
testing routines support favorable outcomes in foodborne
illness investigations through the identification of tainted
food production lots for their timely removal from the
marketplace to minimize public exposure to microbial
hazards. A major factor hindering the recovery and
identification of certain priority pathogens, such as Shiga
toxin–producing Escherichia coli (STEC), in food sam-
ples—particularly foods such as ground beef, sprouts, and
leafy greens, which can harbor high levels of background
microbiota—is the fact that target strains are members of a
broader heterogeneous group with no common trait for the
implementation of a universally applicable selective
enrichment approach favoring their growth while suppress-
ing interfering background bacteria (7, 12, 13).

Although food testing methods used in some jurisdic-
tions include a combination of immunomagnetic separation
(IMS) and elevated temperatures for selective recovery of a
limited group of predefined STEC serogroups (5, 14), such an
approach may not be broadly suited to the recovery and
detection of STEC strains involved in foodborne illness
outbreaks because (i) many outbreaks have been caused by
STEC strains falling outside the so-called big seven priority
serogroups (6); (ii) testing laboratories probablywill not have
IMS beads coated with antibodies to all possible O antigens
implicated in human illness; (iii) IMS recovery rates for some
STEC serogroups can be low (10, 17); and (iv) although the
use of higher enrichment temperatures (e.g., 428C) may favor
the recovery of some STEC strains in the presence of
background microbiota, more studies are needed to support
the use of such an approach for all STEC strains of public
health significance—especially for stressed cells—whereas it
is well established that the optimum growth temperature for
E. coli, including STEC, is 378C (4).

We previously proposed a model for the real-time
application of next-generation sequencing technology with
strain-specific selective recovery tools to aid in the efficient
detection of pathogens implicated in an active food safety
event (16). This approach is based on the use of
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antimicrobial resistance (AMR) prediction tools in the
analysis of whole genome sequence (WGS) data obtained
from an outbreak strain for the identification of AMR traits
that can be exploited in its selective recovery in foods. A
high correlation between the presence of AMR genes
(identified with bioinformatics tools) and phenotypic
resistance has been found for many bacterial pathogens,
including E. coli (16, 20, 23, 26, 27).

Outbreak events associated with consumption of
contaminated food products are initially recognized when
public health laboratories recover matching clinical isolates
from several affected individuals (1, 11, 21). This match is
routinely effected by sequencing the genomes of clinical
isolates for high-resolution typing analyses to establish
phylogenetic relationships. Once an outbreak is recognized,
the isolate sequence can be rapidly disseminated to the food
testing laboratory, which can apply an AMR prediction tool
in the analysis of clinical WGS data to determine whether a
suitable AMR gene is present to aid in the selective
recovery of the outbreak strain using an enrichment broth
formulated with the indicated antibiotic, in parallel with
validated testing approaches. Following identification of the
target strain in food products, appropriate regulatory action
can be taken to minimize public exposure to the hazard,
such as recalling specific production lots from the
marketplace.

The feasibility of such an approach was previously
demonstrated using the recovery of a single laboratory
STEC strain predicted to have trimethoprim (TMP)
resistance based on identification of acquired AMR genes
in WGS data (16). With ground beef as a model, enrichment
in modified tryptone soya broth (mTSB) containing TMP
greatly enhanced the recovery of low levels of the model
strain. Here we demonstrate the broader applicability of this
concept by studying the recovery of several model STEC
strains bearing a variety of AMR gene markers (or alleles)
for three classes of antibiotics from ground beef samples
with background microbiota.

MATERIALS AND METHODS

Antibiotics. The antibiotics chloramphenicol (CHL; C1919),
gentamicin (GEN; G1264), and TMP (T7883) were obtained from
Sigma-Aldrich (St. Louis, MO).

Bacterial strains. Five STEC strains (Canadian Food
Inspection Agency, Ottawa Laboratory Carling culture collection
[OLC], Ottawa, Ontario) were used as model target strains for
recovery studies after inoculation into ground beef. The strains
were sequenced (genomes previously deposited at DDBJ/EMBL/
GenBank under BioProject PRJNA319494) and analyzed for
acquired AMR genes using the ResFinder Web server, version 2.1
(www.genomicepidemiology.org) (15, 26) as previously described
(16). The presence of the virulence genes eae (intimin), stx1 (Shiga
toxin 1), and stx2 (Shiga toxin 2) and the AMR profiles for the
strains were as follows: strain OLC-714 (E. coli O111:NM; eae
and stx1; NCBI accession no. NWRA000000000) resistant to β-
lactam, CHL, GEN, kanamycin, neomycin, spectinomycin,
streptomycin, sulfonamide, and TMP; strain OLC-1068 (E. coli
O157:H7; eae and stx2; NWSC00000000) resistant to β-lactam,
streptomycin, sulfonamide, and TMP; strain OLC-1112 (E. coli
O157:H7; eae; NWRT00000000) resistant to GEN, spectinomy-

cin, streptomycin, and sulfonamide; strain OLC-455 (E. coli O111:
H11; eae and stx1; NWRQ00000000) resistant to CHL, kanamy-
cin, neomycin, streptomycin, and sulfonamide; and strain OLC-
1337 (E. coli O157:H7; eae and stx2; NWRS00000000) resistant
to CHL, florfenicol, streptomycin, and sulfonamide.

Bacteria were routinely grown on nutrient agar (NA; Oxoid,
Basingstoke, England) for 16 to 20 h at 378C. Viable bacteria in
cell suspensions or ground beef sample suspensions (pre- and
postenrichment) were enumerated by plating serial dilutions in
phosphate-buffered saline on NA plates, which were incubated for
16 to 20 h at 378C.

Ground beef recovery studies. Fresh ground beef was
obtained from a local retailer. Total aerobic colony counts (ACCs)
were obtained by stomaching 25 g of ground beef in 225 mL of
TSB (Oxoid) and plating serial dilutions on NA plates, which were
incubated for 16 to 20 h at 378C. The ACC for the ground beef
was 2.33 104 CFU/g. The starting sample was determined to be
free of STEC based on results of a previously described method
(13) and was stored at 48C until used.

For enrichment studies, unless otherwise indicated, 25-g
portions of ground beef were stomached in 225 mL of mTSB
containing various concentrations of the three antibiotics,
inoculated with the E. coli model strain (Table 1), and then
incubated for 16 to 20 h at 378C. Postenrichment cultures were
tested with the STE PCR (13), and culture aliquots were plated on
Rainbow agar (Biolog, Hayward, CA) to obtain isolated colonies
so that at least 30 colonies per plate could be assayed using a
previously described PCR method targeting the stx1, stx2, and eae
genes associated with pathogenic STEC (8, 13). Recovery
efficiency was calculated by determining the proportion of total
colonies assayed that produced the expected pattern of eae and stx
amplicons for the inoculated strain.

RESULTS AND DISCUSSION

Recovery of STEC strains inoculated into ground
beef. The five STEC strains belonging to two serotypes
(O157 and O111) selected for this study on the basis of their
different AMR profiles (16) were used as models for
selective recovery from ground beef using three antibiotics
from different antibiotic classes with differing resistance
mechanisms: diaminopyrimidines (TMP), aminoglycosides
(GEN), and phenicols (CHL). Resistance among the model
strains to each antibiotic was predicted by ResFinder
analysis (Table 1). For many antibiotics, the genetic basis
for resistance may be specified by different genes or
sequence variants (23, 26); thus, the selection of strains was
intended to cover variants predicted to confer resistance to
two of the antibiotics (TMP and GEN) used in the present
study.

Ground beef samples inoculated with each model
STEC strain were subjected to enrichment in mTSB
containing one of the antibiotics for which the subject
strain was predicted to be resistant. Because the manifes-
tation of resistance is dependent on the antibiotic concen-
tration, different concentrations were used to study the
impact on subsequent recovery of the inoculated strain on
plating media. Strain OLC-714, for which resistance to
TMP, GEN, and CHL (among others) was predicted, was
not recovered when antibiotics were absent from the
selective broth but had high recovery rates (near 100%)
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with both concentrations of TMP tested (10 and 100 μg/
mL), with 100 μg/mL GEN, and with 10 μg/mL CHL (Table
1). The other STEC strains were each tested with one of the
antibiotics for which they were predicted to be resistant by
ResFinder to demonstrate the applicability of this approach
to the selective recovery of various bacteria. For OLC-1068,
for which resistance to TMP was predicted, albeit on the
basis of a different variant AMR gene than that for OLC-
714, lack of antibiotic in the enrichment broth yielded no
recovery on the plating media, whereas the strain was
recovered at near 100% when both concentrations of TMP
were included. Strain OLC-1112 was not recovered in the
absence of antibiotic, but near 100% recovery was achieved
with 100 μg/mL GEN. The failure to recover this strain with
10 μg/mL GEN and poor recovery with 1 μg/mL CHL
suggests that the lower concentrations of these antibiotics
were not sufficiently inhibitory to the background microbi-
ota to prevent their overgrowth on the plating media. The
postenrichment broth cultures were determined to contain
significant levels of bacteria (Table 1), indicating the growth
of background microbiota. The failure to recover any of the
strains in the absence of antibiotic may be owing to the fact
that low to moderate levels of inocula were used, which
were several orders of magnitude lower than the starting
level of background microbiota in the ground beef,
suggesting that the target bacteria were overwhelmed
during enrichment in the absence of selective agent(s).

Strains OLC-455 and OLC-1337, predicted to be
resistant to CHL on the basis of the identification of the
resistance genes CAT and floR, respectively, also were not
recovered in the absence of antibiotic, but 100% recovery
was achieved with 10 μg/mL CHL. Although strain OLC-
455 was recovered with 100 μg/mL CHL, strain OLC-1337
was not. This difference may reflect the different resistance
genes in these strains. The CAT gene product (CHL
transferase) is specifically adapted to the degradation of
CHL, and the floR gene product specifies resistance to the
CHL derivative florfenicol (25) and may have a lower
binding affinity for CHL, causing the latter to overwhelm
the resistance mechanism at higher concentrations. No
bacteria (including the background microbiota) grew with
100 μg/mL CHL (Table 1). This experiment was carried out
in duplicate, and similar results were obtained (not shown).

These results suggest that for the tested antibiotics a
priori ResFinder AMR predictions could be used for the
selective recovery of various STEC strains, even those with
different genetic resistance determinants for a given
antibiotic, provided that the antibiotic concentration was
carefully selected. According to Clinical and Laboratory
Standards Institute interpretive criteria, E. coli strains are
considered resistant based on MICs of �16 μg/mL for
GEN, �4 μg/mL for TMP, and �32 μg/mL for CHL (2).
For CHL, concentrations below the cutoff value of 10 μg/
mL were sufficient to favor growth of the STEC in

TABLE 1. Recovery of various STEC strains

Strain AMR markera

Antibioticb

Inoculum (CFU)c
Postenrichment level
(CFU/mL 3 108)d Recovery (%)eType Concn (μg/mL)

OLC-714 dfrA17 TMP 0 14 6.2 0
10 4.9 100
100 6.7 96

Aac(3)-IId GEN 0 46 10 0
10 1.7 0
100 6.4 100

CAT CHL 0 38 6.6 0
1 4.8 5
10 5.9 100

OLC-1068 dfrA7 TMP 0 318 7.6 0
10 2.8 98
100 12 99

OLC-1112 Aac(3)-VIa GEN 0 16 11 0
10 2.2 0
100 9.7 100

OLC-455 CAT CHL 0 26 9.0 0
10 8.0 100
100 9.0 100

OLC-1337 floR CHL 0 31 10 0
10 4.1 100
100 0 0

a Resistance gene identified by ResFinder for each antibiotic used in the enrichment procedure.
b Antibiotics used in the enrichment procedure: TMP, trimethoprim; GEN, gentamicin; CHL, chloramphenicol.
c STEC level inoculated per analytical unit of ground beef prior to enrichment procedure.
d Total bacteria in final enrichment broth culture.
e Percentage of colonies (minimum of 30 colonies tested per sample) recovered on plating media that had PCR-positive results for the
virulence marker genes associated with the inoculated STEC strain.
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enrichment culture, whereas concentrations exceeding the
cutoff value (100 μg/mL) resulted in no growth for one
strain. In contrast, strains resistant to TMP were able to
grow at concentrations much higher than the 4 μg/mL
breakpoint. For GEN, use of 10 μg/mL (lower than the
breakpoint) was not effective for recovery of the target
STEC organisms; 100 μg/mL was required. MIC break-
points used to determine that strains are resistant to an
antibiotic do not necessarily reflect concentrations that
would be effective for selective enrichment of these strains
from foods. Notwithstanding the limitations of this study,
for TMP and GEN the use of 100 μg/mL is suggested for
the selective recovery of STEC strains bearing these
resistance traits (although 10 μg/mL may be equally
effective for TMP), whereas for CHL a concentration of
10 μg/mL is indicated.

Limit of detection for an STEC model strain in
ground beef. The low STEC infectious dose (22) requires
that methods for strain detection in foods have adequate
detectability characteristics and that the use of antibiotics as
selective agents not hinder the growth and detection of low
initial levels of target strains. Therefore, we studied the
detection of different levels (0, 3, 30, and 300 CFU) of a
model STEC strain (OLC-714) inoculated into ground beef
after enrichment in mTSB containing TMP, GEN, and CHL.
To simulate real world conditions in which a target
organism in a food matrix might be physiologically stressed
and hence more difficult to recover (especially in the
presence of a selective agent), the inoculated ground beef

samples were stored a 48C for 72 h prior to enrichment. The
STE PCR, previously described for screening enrichment
broth cultures (13), was used to assess growth and
detectability of the inoculated strain under the various
conditions.

The inoculated strain was not detected in the absence of
antibiotics at any of the inoculum levels, but variable results
were obtained when each of the three antibiotics was added
(Fig. 1). For TMP, positive PCR results were obtained with
a minimum of 3 CFU. Minimums of 300 and 30 CFU were
required for detection with GEN and CHL, respectively.
None of the uninoculated samples produced a PCR-positive
result, confirming the specificity of the assay. These
experiments were carried out on a duplicate set of
inoculated samples from the same ground beef sample,
and similar results were obtained (not shown). These results
are consistent with our previous observations (Table 1) and
demonstrate the benefit of incorporating a selective agent
favoring the recovery of a target STEC strain, presumably
because low initial levels of the organism were over-
whelmed by background microbiota in the starting sample.
Of particular importance is the ability to detect low levels
(�30 CFU) of the target strain using TMP and CHL,
mirroring the results presented in Table 1 for the ensemble
of strains. The ability to detect the target strain in the
presence of GEN appears to have been somewhat
hampered, perhaps as a result of cold stress; nonetheless,
net detection was achieved (albeit at a minimum of 300
CFU) that would otherwise not have been possible in the
absence of the antibiotic. For strains resistant to multiple

FIGURE 1. Limit of detection for STEC model strain OLC-714 in ground beef cultured with different antibiotics. Each 25-g portion of
ground beef was inoculated with a different level of E. coli O111:NM: lane 1, 0 CFU; lane 2, 3 CFU; lane 3, 30 CFU; lane 4, 300 CFU.
Samples were enriched in mTSB supplemented with one of three antibiotics: (A) no antibiotic; (B) trimethoprim (100 μg/mL);(C)
gentamicin (100 μg/mL); (D) chloramphenicol (10 μg/mL). The STE PCR assay was used to analyze the postenrichment cultures as
described in the ‘‘Methods and Materials.’’ The sizes of the PCR amplicon bands for the eae and stx1 markers associated with the model
strain are indicated by arrows.
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antibiotics, such as OLC-714, the choice of an antibiotic
such as TMP would likely lead to improved recovery of the
target organism in traceback and traceforward investiga-
tions.

We achieved enhanced recovery of STEC strains from
ground beef samples by using a variety of antibiotics
(representing three antibiotic classes) on the basis of AMR
characteristics predicted with the ResFinder tool. We
examined strains with different AMR profiles to show that
the concept of customized strain-specific selective enrich-
ment could be broadly applicable and useful for the
recovery of any STEC strain with an identifiable AMR
profile. The prospect for identifying a useful AMR trait is
supported by the finding that a variety of antibiotics may be
used for this purpose, provided that the target strain bears a
corresponding AMR gene. Our results also suggest that the
nature of the AMR gene specifying resistance to a particular
antibiotic may not be a significant factor in the utility of this
approach, although this assumption needs investigation with
a larger variety of genes. These results highlight the benefit
of incorporating a selective agent for the more reliable
recovery of target STEC strains when analyzing food
samples containing high levels of background microbiota.

The main application for the approach described herein
would be the identification of an outbreak STEC strain in
foods for source identification and traceback during food
safety investigations, such as delineating contaminated
production lots implicated in a foodborne illness outbreak.
A recent analysis of over 4,000 publicly available E. coli
genomes revealed that about half of E. coli strains carry one
or more resistance determinants (9). In Canada, 54% of E.
coli O157:H7 isolates from bovine sources and 38% of
isolates from clinical sources were resistant to at least one
antibiotic (24). In contrast, in a study of AMR in clinical
STEC O157 and O26 isolates in England, only 17.4% of
STEC O157 and 35.3% of STEC O26 isolates were
predicted to be resistant (3). Currently, pathogen sequence
data from a number of public health organizations are
provided to a centralized system such as the NCBI
Pathogen Detection system (https://www.ncbi.nlm.nih.
gov/pathogens/) for real-time analysis. Within this system,
AMR genes are identified using the NCBI AMR Finder
process (https://www.ncbi.nlm.nih.gov/pathogens/
antimicrobial-resistance/). For WGS data that are not
accessible through open data sources, WGS assemblies
can be easily shared electronically, and AMR genes can be
identified with Web-based tools such as ResFinder (26).

Although not all clinical STEC strains will necessarily
have a useable AMR trait, the application of a strain-
specific selection strategy, where applicable, might greatly
enhance the likelihood of detection of STEC strains in foods
implicated in food safety events, particularly non-O157
STEC for which selective properties have not been well
delineated (7). However, to safeguard against the possibility
of false-negative results due to bioinformatics errors or for
those instances where a strain lacks a useable AMR trait,
samples or portions thereof can also be tested using standard
STEC detection methodology (13). As an alternative, the
present approach might be used in conjunction with other

selective recovery measures, such as IMS or elevated
enrichment temperatures (5, 14), where applicable, to
improve performance. The main advantage of this approach
is that it exploits a readily ascertainable feature associated
with a particular strain of interest to enable its reliable
recovery from foods without reliance on techniques such as
IMS and elevated temperature enrichment in instances
where these techniques have not been proven to be
applicable to the recovery of STEC strains that are a food
safety concern. A catalog is needed of validated resistance
determinations for a wider variety of antibiotics and
regimens for their use across the spectrum of priority STEC
strains. The results of the current study demonstrate that
such an endeavor, although time-consuming, will be highly
worthwhile because this strain-specific customized enrich-
ment approach may prove a valuable adjunct for supporting
risk management actions in outbreak events.
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