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ABSTRACT The increasing prevalence of extended-spectrum beta-lactamase (ESBL)-
producing Escherichia coli is worrisome. Coordinated efforts to better understand
global prevalence and risk factors are needed. Developing lower- and middle-
income countries need reliable, readily available, and cost-effective solutions for de-
tecting ESBL E. coli to contribute to global surveillance. We evaluated MacConkey
agar supplemented with ceftriaxone or cefotaxime as a screening method for accu-
rately detecting and quantifying potential ESBL E. coli. MacConkey agar from eight
manufacturers, representing seven countries, was prepared with 2 or 4 �g/ml ceftri-
axone or cefotaxime. Four E. coli strains (NC11, ATCC 25922, CM-13457, and CM-
10455) and one Klebsiella pneumoniae strain (CM-11073) were grown overnight, seri-
ally diluted, and plated in triplicate for enumeration on all medium combinations.
After recovery was assessed, US-1 MacConkey agar with cefotaxime was used to fur-
ther evaluate the reproducibility and detection of potential ESBL E. coli from poultry
cecal (n � 30) and water (n � 30) samples. Results indicated the recovery of E. coli
13457 from four MacConkey agar manufacturers was reduced by up to 4 log CFU/
ml, and phenotypic differences in colony size and color were apparent for each
manufacturer for control E. coli strains. A true ESBL, NC11, was not reduced with
4 �g/ml cefotaxime. From ceca and water, potential ESBL E. coli isolates were only
confirmed from MacConkey agar with 4 �g/ml cefotaxime, where 45% and 16.6% of
E. coli isolates phenotypically expressed ESBL production. The quality and reproduc-
ibility of MacConkey agar varied by manufacturer, which suggests that a single man-
ufacturer and medium type should be selected for global monitoring efforts so that
training and interpretation can be standardized.
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In 2015, the World Health Organization released its Global Action Plan (GAP) on
Antimicrobial Resistance, with five objectives aimed at ensuring our future ability to

treat and prevent infectious diseases with safe and effective antimicrobials (1). The
second strategic objective in the GAP is to strengthen the knowledge and evidence
base through surveillance and research. Surveillance systems are critical to predict the
magnitude and to map the emergence of antibiotic resistance (2). In the United States,
the Centers for Disease Control and Prevention (CDC) estimated the burden of antimi-
crobial resistance and acknowledged the report underestimates the burden because of
the lack of availability of accurate data (3). In other developed or developing countries,
the problem is no different or potentially worse. Challenges in methodology and
criteria for defining antimicrobial resistance are complex, yet for global, harmonized
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monitoring systems, the quality and reproducibility of methods is critical for data
comparison.

Extended-spectrum beta-lactamase (ESBL)-producing Enterobacteriaceae are a sub-
set of antimicrobial-resistant bacteria that the CDC has declared a serious threat (3).
Escherichia coli, a member of the Enterobacteriaceae family, has repeatedly demon-
strated ESBL activity from both clinical and environmental biological matrices (4, 5).
Production of ESBLs by E. coli is challenging for the treatment of both human and
veterinary infections, because the resistance mechanisms are generally nonspecific to
many beta-lactam antimicrobials (6). Adding to the challenge, resistance to multiple
different classes of antimicrobials is common among ESBL-producing E. coli isolates (7).

In many European countries and the United States, detecting and characterizing
ESBL-producing E. coli from human or veterinary clinical cases is common; automated
equipment, molecular inference, and specialized chromogenic media have been eval-
uated for routine use (8–10). For a global surveillance application in lower- and
middle-income countries (LMIC) without consistent inventory and fewer resources,
other solutions are needed. Developing LMIC need reliable, readily available, and
cost-effective solutions for detecting these organisms. Additionally, for projects sup-
ported by GAP initiatives, detection techniques should span sample matrices and be
useful in both clinical and environmental settings.

The objective of our work was to evaluate a widely available microbiological
medium and simple methodology to detect potential ESBL-producing E. coli from
different sample types. If effective, this medium could be used as a screening meth-
odology in a global surveillance program, particularly in LMIC, with biological matrices
from human clinical specimens, human and animal feces, and environmental water
samples (11). We specifically targeted MacConkey agar because of its reasonable cost
and availability, familiarity in human and veterinary clinical settings, and relatively
simple selectivity and interpretation. Because this medium is globally manufactured
and used in the microbiological assessment of many different sample matrices, it is a
good candidate for use in global surveillance systems. Additionally, we evaluated two
third-generation cephalosporins for use as a selective component. Both cefotaxime and
ceftriaxone have previously been used in studies of ESBL-producing Enterobacteriaceae;
cefotaxime has previously demonstrated slightly higher selectivity than other agents in
the detection of ESBL-producing E. coli (12). Optimizing the concentration of this
selective agent is critical for achieving the highest sensitivity and specificity of detection
methods; optimization can also be complicated by different breakpoints used to
determine resistance in human clinical testing.

MATERIALS AND METHODS
Medium acquisition and sources. MacConkey agar was purchased from eight manufacturers,

representing seven countries (the United States [two manufacturers, US-1 and US-2], China, India, Italy,
France, Canada, and the United Kingdom). The manufacturers and compositions of MacConkey agar are
provided in Table 1; composition was not identical across manufacturers. For all experiments, MacConkey
agar was prepared per the manufacturer’s instructions. Cefotaxime (Sigma-Aldrich, Merck, St. Louis, MO)
and ceftriaxone (Sigma-Aldrich) were added to MacConkey agar at 2 �g/ml or 4 �g/ml after the media
had cooled below 50°C. Each MacConkey agar plate (with antimicrobials) was poured to a volume of
20 ml. Plates were properly labeled and stored at 4°C until further use (within 48 h).

Bacterial strains. Five strains of bacteria were used in the initial evaluation of MacConkey agar
supplemented with 2 or 4 �g/ml cefotaxime or ceftriaxone. Four E. coli strains, including ATCC 25922
(negative control), 13457 (veterinary clinical isolate), 10455 (veterinary clinical isolate), NC11 (cattle feces;
nonclinical isolate), and K. pneumoniae 11073 (veterinary clinical isolate) were streaked onto blood agar,
checked for purity, and evaluated for their antimicrobial susceptibility profile using broth microdilution
(Vitek2 compact; Biomeriux, Marcy-lEtoile, France). E. coli 13457 and NC11 and K. pneumoniae 11073
demonstrated phenotypic ESBL profiles (indicated as ESBL positive on Vitek2), while E. coli 10455 did not
demonstrate an ESBL phenotypic profile. Whole-genome sequencing (WGS) was carried out for the three
reference E. coli strains (NC11, 10455, and 13457) using an Illumina MiSeq instrument at NC State
University (FDA-GenomeTrakr Program laboratory) as previously described (13). The raw sequence
(FASTA) files were annotated and assembled using CLC genomics work bench (CLC Genomics, Qiagen).
The assembled files then were uploaded to an open-source resistance finder tool at the Center for
Genomic Epidemiology (http://www.genomicepidemiology.org/). WGS analysis of isolates confirmed the
presence of blaCMY-2 in both E. coli 13457 and E. coli 10455; TEM-1B was detected in E. coli 13457. The
NC11 strain contained the blaCTX-M gene, confirming it as a true ESBL producer.

Jacob et al. Journal of Clinical Microbiology

September 2020 Volume 58 Issue 9 e01039-19 jcm.asm.org 2

http://www.genomicepidemiology.org/
https://jcm.asm.org


A combination disk diffusion test was performed to further confirm reference strains as true ESBL or
AmpC producers according to CLSI and EUCAST guidelines (14, 15). Briefly, overnight cultures of
potential ESBL E. coli (NC11), AmpC E. coli (10455), and a negative control (E. coli ATCC 25922) were
adjusted to 0.5 McFarland standard, and 100 �l was streaked onto Mueller-Hinton agar plates. The discs,
containing cefotaxime (30 �g), cefotaxime (30 �g) plus clavulanic acid (10 �g), ceftazidime (30 �g), and
ceftazidime (30 �g) plus clavulanic acid (10 �g), were placed on a plate. All of the plates were incubated
at 37°C for 24 h. A �5-mm increase in the zone diameter for either antimicrobial agent tested in
combination with clavulanic acid versus the zone diameter of the agent tested alone is considered to
indicate true ESBL producers; otherwise, they are AmpC producers.

For the evaluation of media, an isolated colony of each strain was grown overnight in 10 ml of tryptic
soy broth (TSB; Fisher Scientific, Waltham, MA) at 37°C. Overnight cultures were serially diluted 10-fold
using 9 ml of phosphate-buffered saline (PBS). Dilutions were plated (0.1 ml) in triplicate onto all media
using a cell spreader, and the plates were incubated at 37°C for 24 h. In addition to MacConkey agar, all
cultures were plated onto tryptic soy agar (TSA; Fisher Scientific) as a nonselective control. After
incubation, the number of colonies for the dilution with between 30 and 300 colonies was counted and
recorded for all medium types. The recovered concentration of each isolate was calculated and
compared to the starting concentration recovered on TSA.

Assessment of medium quality and reproducibility. Based on outcomes from the evaluation of all
MacConkey agars (n � 8) supplemented with 2 or 4 �g/ml cefotaxime or ceftriaxone (Fig. 1) and the
timely availability of media, we selected US-1 (BD-Becton, Dickinson, USA) MacConkey agar with
cefotaxime for further evaluation of reproducibility. Again, each strain (ESBL-positive E. coli [NC11],
AmpC-positive E. coli 10455, E. coli 13457, and negative-control ATCC 25922) was grown overnight in
10 ml of TSB at 37°C. Overnight cultures were serially diluted 10-fold using 9 ml PBS. Appropriate
dilutions were plated (0.1 ml) in triplicate onto US-1 MacConkey agar with cefotaxime at 1, 2, and
4 �g/ml, and TSA without drug, using a cell spreader. All of the plates were incubated at 37°C for 18 to
24 h and the concentration assessed as described above.

Additionally, four different combinations or cocktails of strains were created to evaluate the recovery
of different beta-lactamase phenotypes in a mixed population. Each strain was grown independently in
20 ml of TSB for 18 h at 37°C. After incubation, 1-ml volumes of each strain were combined and serially
diluted 10-fold in 9 ml of PBS. The cocktail groups included (i) E. coli 13457 and E. coli 10455; (ii) E. coli
13457, E. coli 10455, and K. pneumoniae 11073; (iii) E. coli 10455 and K. pneumoniae 11073; and (iv) E. coli
10455 and E. coli NC11. Appropriate dilutions were plated and assessed, as described above, onto US-1
MacConkey agar with 1, 2, and 4 �g/ml cefotaxime.

Recovery of ESBL E. coli from chicken ceca and water. The sample size needed to detect an
estimated 90% prevalence (as determined after expert input for water samples) with 95% confidence and
a precision of 0.2 was 25 samples. Therefore, ceca (n � 30) from adult chickens were collected from
necropsy specimens at NC State University (n � 15) and independent poultry farms across North Carolina
(n � 15). A loopful of cecal content from each sample was plated directly onto US-1 MacConkey agar
supplemented with cefotaxime at 2 �g/ml and 4 �g/ml for the recovery of ESBL-producing E. coli. To
assess environmental application, water samples from a local river/creek (n � 30) were collected over 4
weeks. For the recovery of ESBL E. coli from water, 90 ml of buffered peptone water (BPW) was added to
10-ml water samples for preenrichment. Samples were incubated at 37°C for 18 to 24 h. After 24 h, 10 �l
of enriched water was plated onto US-1 MacConkey agar supplemented with cefotaxime at 4 �g/ml. All
MacConkey plates were incubated at 37°C for 18 to 24 h. Up to eight presumptive E. coli colonies
(morphologically consistent lactose-fermenting colonies) were picked from each plate and confirmed to
be E. coli by matrix-assisted laser desorption ionization time of flight (MALDI-TOF) (Vitek MS; Biomeriux).
Confirmed E. coli isolates were streaked for isolation onto 5% Columbia blood agar plates for overnight
incubation at 37°C. Isolated colonies were evaluated for antimicrobial susceptibility testing (Vitek2

TABLE 1 Composition of MacConkey agar from seven countries and eight different manufacturers

Countries Manufacturer Composition (g/liter)

United States-1 BD Pancreatic digest of gelatin, 17; peptone, 3; lactose, 10; bile salts, 1.5; sodium chloride, 5; agar, 13.5;
neutral red, 0.03; crystal violet, 0.001

United States-2 Microbiology Intl. Pancreatic digest of gelatin, 17; peptone, 3; lactose, 10; bile salts, 1.5; sodium chloride, 5; agar, 13.5;
neutral red, 0.03; crystal violet, 0.001

United Kingdom Mast Peptone, 14.6; lactose, 10; bile salts, 0.004; sodium chloride, 5; agar, 14; neutral red, 0.03;
crystal violet, 0.001

Canada Oxoid Peptone, 20; lactose, 10; bile salts, 1.5; sodium chloride, 5; agar, 15; neutral red, 0.03;
crystal violet, 0.001

France Biokar Diagnostics Pancreatic digest of gelatin, 17; peptone, 3; lactose, 10; bile salts, 1.5; sodium chloride, 5; agar, 13.5;
neutral red, 0.03; crystal violet, 0.001

India Hi medium Pancreatic digest of gelatin, 17; peptone, 3; lactose, 10; bile salts, 1.5; sodium chloride, 5; agar, 13.5;
neutral red, 0.03; crystal violet, 0.001

Italy Liofilchem Pancreatic digest of gelatin, 17; peptone, 3; lactose, 10; bile salts, 1.5; sodium chloride, 5; agar, 15;
neutral red, 0.03; crystal violet, 0.001

China HKM Pancreatic digest of gelatin, 17; peptone, 3; lactose, 10; bile salts, 1.5; sodium chloride, 5; agar, 13.5;
neutral red, 0.03; crystal violet, 0.001
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Compact; bioMérieux) to determine potential ESBL production. Additionally, a subset of 28 cecal isolates
was randomly selected for multiplex PCR detection of TEM, SHV, OXA1-like, and various CTX-M genes
using a previously described protocol (16).

RESULTS

In the evaluation of eight different MacConkey manufacturers with either 2 or
4 �g/ml cefotaxime or ceftriaxone, the starting concentrations of E. coli 13457, E. coli
10455, E. coli NC11, and E. coli 25922 inocula on TSA plates were 8.99, 8.96, 9.02, and
8.96 log10 CFU/ml, respectively. Additionally, no E. coli ATCC 25922 growth was
observed on any MacConkey plate supplemented with cefotaxime or ceftriaxone
(2 �g/ml or 4 �g/ml).

The recovered concentration of E. coli 10455 and K. pneumoniae 11073 on MacCo-
nkey agar from each manufacturer with either cefotaxime or ceftriaxone was the same
as recovery on the TSA control plates. The recovery of E. coli 13457 on MacConkey from
China, US-2, Italy, and the United Kingdom was reduced by between 3 and 4 log10

CFU/ml from the initial count (8.96 log10 CFU/ml) on plates with 4 �g/ml cefotaxime
(Fig. 1A). Recovery of E. coli 13457 from MacConkey agar with 4 �g/ml ceftriaxone was

FIG 1 Concentration recovered and standard errors for E. coli 13457 (A), E. coli 10455 (B), and Klebsiella pneumoniae
11073 (C) on MacConkey agar from various manufacturers, representing seven countries, supplemented with
4 �g/ml cefotaxime or 4 �g/ml ceftriaxone.
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similar to that of the control plate, with the exception of reductions in US-2 (4.8 log10

CFU/ml) and UK (7.8 log10 CFU/ml) manufacturers (Fig. 1A). Additionally, phenotypic
differences, including size, shape, and color, were apparent in this strain (Fig. 2).
Although there were no differences in the recovery of E. coli 10455 or K. pneumoniae
11073 among manufacturers and antimicrobials, similar differences in phenotypic
appearance, including colony size and color, were apparent for each manufacturer (Fig.
2 and 3).

Upon further evaluation of US-1, similar concentrations were obtained from all of
the bacterial strains on MacConkey agar with cefotaxime at 1 or 2 �g/ml. At 4 �g/ml,
there was also no difference in the recovered concentration of E. coli 10455, E. coli
NC11, or K. pneumoniae 11073; however, the level of E. coli 13457 was reduced by 1.26
log10 CFU/ml (Table 2). The recovery of control E. coli strains on MacConkey agar with
1 �g/ml cefotaxime and inoculated with a cocktail of strains was similar to the initial
count on TSA (9.0 to 9.1 log10 CFU/ml) (Table 3). We observed a reduction of approx-
imately 0.25 log10 CFU/ml in recovered beta-lactamase-producing E. coli control strains
on MacConkey agar with 2 and 4 �g/ml cefotaxime, especially in the cocktails with K.
pneumoniae (Table 3). Based on the appearance or lack of pale pink capsulated
colonies, it was evident that there was no growth of K. pneumoniae on cocktail two or
three at 2 and 4 �g/ml cefotaxime (Fig. 4). Colonies selected from MacConkey agar
inoculated with cocktail group 2 or 3 inocula confirmed that there was no growth of K.
pneumoniae, as all isolates were confirmed to be E. coli. Cocktail group 4 (AmpC E. coli
10455 and ESBL E. coli NC11) resulted in the recovery of equal concentrations of 10455
and the ESBL producer NC11, which was consistent with the original concentration on
MacConkey agar. There was a phenotypic difference in the colonies on the MacConkey
agar (Fig. 4). We picked these two different colonies and confirmed their respective
phenotypes using a combination disk method (Fig. 5). In addition, we counted the
number of colonies on a 106 dilution for the recovery of AmpC and ESBL producers
based on phenotypic appearance (colony characteristics), and we found a larger
number of colonies of true ESBL producers than AmpC producers (Fig. 4).

The US-1 medium with 2 or 4 �g/ml was used to screen chicken cecal contents for
potential ESBL-producing E. coli. A total of 21 (out of 30; 70%) and 20 (67%) ceca were

FIG 2 Phenotypic appearance of pure cultures of Escherichia coli (EC) 13457 and E. coli 10455 on MacConkey agar
manufactured in Canada (CA), India (IN), and China (CH) supplemented with 4 �g/ml either cefotaxime (TOX) or
ceftriaxone (AXO).

FIG 3 Phenotypic appearance of pure cultures of Klebsiella pneumoniae (KP) on MacConkey agar manufactured in
Canada (CA), India (IN), France (FR), and the United Kingdom (UK) supplemented with 4 �g/ml ceftriaxone (AXO).
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positive for presumptive AmpC/ESBL E. coli on MacConkey agar with 2 and 4 �g/ml
cefotaxime, respectively. Presumptive E. coli organisms were considered lactose-
fermenting colonies with size and morphology consistent with those of E. coli. A total
of 170 presumptive E. coli (n � 85 each from MacConkey with 2 �g/ml and 4 �g/ml of
cefotaxime) isolates from direct plating were confirmed as E. coli after analysis by
MALDI-TOF mass spectrometry; only one isolate from MacConkey with 2 �g/ml cefo-
taxime was not E. coli.

One isolate from each positive ceca (n � 21 from US-1 with 2 �g/ml cefotaxime;
n � 20 from US-1 with 4 �g/ml cefotaxime) was tested for antimicrobial susceptibility
and for the phenotypic appearance of ESBL production. None of the E. coli (0/21) strains
isolated from US-1 with 2 �g/ml cefotaxime were considered positive for ESBL produc-
tion phenotypically (e.g., demonstrating resistance to cefpodoxime and defined as ESBL
phenotype by Vitek2), whereas 9 out of 20 (45%) potential ESBL E. coli strains isolated
from MacConkey agar with 4 �g/ml cefotaxime demonstrated an ESBL phenotype per
interpretation from Vitek2. Twenty-eight randomly selected, presumptive ESBL isolates
from the 20 presumptive positive samples were screened by PCR for ESBL-associated
genes; 71% of isolates were positive for CTX-M-9/14 (17 of 28; 60.7%) or CTX-M-1/3/15
(4 of 28; 14.2%). One isolate contained both CTX-M-9/14 and CTX-M-1/3/15. Addition-
ally, 2 of 28 isolates (7.1%) were positive for TEM. In water samples, the prevalence of
ESBL E. coli on US-1 MacConkey agar with 4 �g/ml cefotaxime was lower than that of
chicken ceca (5/30; 16.6%). All of the presumptive E. coli ESBL-producing isolates (5/5;
100%) were confirmed to be E. coli and had phenotypically expressed ESBL production.
Due to the results from chicken ceca, water was not evaluated using 2 �g/ml cefo-
taxime.

DISCUSSION

The global dissemination and ecology of beta-lactamase-producing E. coli, including
ESBLs, is understudied and complex, although the occurrence of these organisms has
been frequently reported from both clinical specimens and environmental sources,
including wastewater (4, 5). Our improved understanding of the transmission and fate
of these organisms within global health care, agricultural, and environmental settings
is critical for the management and implementation of interventions to control their

TABLE 2 Recovery of E. coli and K. pneumoniae strains inoculated after overnight
incubation onto TSA and MacConkey agar with cefotaxime

Strain tested

Growth (log CFU/ml) ona:

TSA Mac-no AB Mac-TOX1 Mac-TOX2 Mac-TOX4

E. coli 13457 8.99 8.89 8.94 8.98 7.73
E. coli 10455 8.96 8.91 8.92 8.97 8.99
E. coli NC11 9.02 8.99 8.97 8.99 9.01
K. pneumoniae 11073 8.94 8.87 8.83 8.86 8.82
E. coli 25922 8.96 8.95 0 0 0
aTOX1, 1 �g/ml cefotaxime; TOX2, 2 �g/ml cefotaxime; TOX4, 4 �g/ml cefotaxime; no AB, no cefotaxime in
agar.

TABLE 3 Recovery of Escherichia coli and Klebsiella pneumoniae in cocktail combinations
inoculated after overnight incubation onto TSA or MacConkey agar

Cocktail groupa

Growth (log10 CFU/ml) onb:

TSA Mac-TOX1 Mac-TOX2 Mac-TOX4

C1 (EC13457, EC10455) 9.03 9.03 8.91 8.93
C2 (EC13457, EC10455, KP700603) 9.06 9.06 8.83 8.69
C3 (EC10455, KP700603) 9.1 9.07 8.86 8.86
C4 (EC10455, NC11) 8.99 8.93 8.95 8.97
aEC, E. coli; KP, K. pneumoniae.
bTOX1, 1 �g/ml cefotaxime; TOX2, 2 �g/ml cefotaxime; TOX4, 4 �g/ml cefotaxime; no AB, no cefotaxime in
agar.

Jacob et al. Journal of Clinical Microbiology

September 2020 Volume 58 Issue 9 e01039-19 jcm.asm.org 6

https://jcm.asm.org


spread. The importance of ESBL-producing Enterobacteriaceae, including E. coli, have
been noted by the CDC and others as critical to public health (3, 17). The reported
prevalence of ESBL E. coli in human clinical infections has ranged from 7.8% to 18.3%
(18). Still, despite frequent reports of these organisms, their full burden on human or
animal health has not been realized.

The specific objective of our work was to identify a simple, cost-effective, and
reliable methodology to accurately screen for the detection of ESBL-producing E. coli
for use in a global monitoring program of different sample types, particularly for use in
LMIC. This study was not intended to estimate the prevalence of ESBL-producing E. coli
in any sample type or to characterize the specific beta-lactamase- or ESBL-associated
genetic mechanisms of recovered bacteria. There have been numerous studies evalu-
ating chromogenic media and molecular detection techniques for ESBL-producing E.
coli (9). This work is specialized for the detection of ESBL-producing E. coli from clinical
settings. We chose MacConkey agar from a variety of other media used in environ-
mental (water), agricultural, veterinary, and human laboratory testing to specifically
address the one-health approach outlined in the WHO GAP for combatting antimicro-
bial resistance. Especially in environmental sampling protocols, media such as tryptone
bile X-glucuronide and chromogenic agars are much more commonly reported (19).
Broad application of standard medium types is a newly recognized challenge as more
integrated one-health initiatives are undertaken in LMIC, and standardization should be
evaluated. For our study, the accessibility of MacConkey agar appeared to be broad,
and we were able to obtain at least one product from eight of ten requested manu-
facturers originating in seven different countries (two manufacturers in the United
States were selected, for a total of 8 agar formulations [Table 1]). Additionally, MacCo-
nkey agar is routinely used in both human and veterinary clinical sectors, and familiarity
with interpretation should be widespread. As expected, lactose-fermenting colonies
recovered on MacConkey agar was highly sensitive for E. coli in this study, where 169
of 170 selected colonies were correctly identified from chicken ceca and 5 of 5 from

FIG 4 Phenotypic appearance of Escherichia coli and Klebsiella pneumoniae strains plated in cocktail combinations (C1, C2, C3, and C4)
onto US-1 MacConkey agar supplemented with 1, 2, or 4 �g/ml cefotaxime.

FIG 5 ESBL confirmation using combination disk diffusion test of AmpC-positive E. coli 10455 and true
ESBL producer E. coli NC11.
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water samples. However, of critical importance is the fact that there was a wide
variation in phenotypic appearance of E. coli across medium manufacturers. Because of
this observation, we recommend the use of a common source of media for surveillance
programs. If standardized protocols are deployed with descriptive characteristics and
phenotypic differences are realized, an under- or overestimation of E. coli will occur.

In addition to examining medium type, the selection of E. coli isolates capable of
ESBL production was done in this study by evaluating two different third-generation
cephalosporins, cefotaxime and ceftriaxone. The chemical structures of these two
antibiotics are highly similar (20). Previous work has shown that environmental bacteria
have slightly greater resistance activity against cefotaxime than other third-generation
cephalosporins (19); additionally, resistance to this antibiotic is commonly present on
mobile genetic elements (7). In our study, clinically confirmed AmpC beta-lactamase-
producing E. coli (10455) recovery was slightly higher with cefotaxime than ceftriaxone;
however, 13457, which has blaCMY-2 and blaTEM-1B mechanisms, was slightly more
variable (Fig. 1a). The recovery difference was considered minimal, and we chose to
move forward with cefotaxime because of its prior use in European surveillance efforts
(21). More importantly, the number of confirmed phenotypical ESBL-resistant E. coli
isolates recovered from cecal samples was greatly improved (45% versus 0%) when we
used 4 �g/ml instead of 2 �g/ml cefotaxime, the selective agent. In a subset of 28
isolates recovered from chicken ceca, 71% had the presence of at least one CTX-M-
associated gene. It is important to note that there are different mechanisms of
resistance to third-generation cephalosporins, and not all bacteria capable of growing
in the presence of third-generation cephalosporins will be confirmed at the molecular
level as ESBL producers. The concentration of 4 �g/ml resulted in more true putative
ESBL-positive isolates from chicken ceca in this study, and previous work has shown
that AmpC-producing E. coli may be resistant to 2 �g/ml third-generation cephalospo-
rin but inhibited by 4 �g/ml. Although this was not demonstrated in our pure-culture
studies, it was evident in a mixed cecal content matrix. Additionally, a simplistic
screening methodology is unlikely to have both high sensitivity and specificity for
ESBL-producing E. coli detection in all sample types; recovered isolates should be stored
and evaluated with more sensitive methods, including whole-genome sequencing, to
fully elucidate the underlying resistance mechanism. Perhaps a more readily available
technique is evaluating the susceptibility of recovered isolates to third-generation
cephalosporins alone and in the presence of clavulanic acid, which would aid in
differentiating ESBL- and AmpC-producing E. coli, both of which are expected under the
proposed conditions.

Numerous calls have been issued for improvements in monitoring antimicrobial
resistance, including ESBL-producing E. coli, from different sample types (4). A one-
health approach accounting for human, veterinary, and environmental sectors is critical
to our improved understanding of risk factors and potential interventions of antimi-
crobial resistance; however, the challenges for harmonized and global engagement are
complex (11). Results from our study suggest MacConkey agar with a third-generation
cephalosporin used as selective pressure, particularly 4 �/ml cefotaxime, is a reliable
screening method for the recovery of ESBL-producing E. coli from fecal and water
sources and could be an inexpensive, reliable method for use in LMIC, particularly if the
product was standardized. Continued work to optimize methods acceptable to the
environmental sector are warranted, and diagnostic sensitivity and specificity should be
evaluated. Further characterization of isolates with more robust molecular methods
would aid in better epidemiological assessment of transmission and should be consid-
ered when available.
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