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Comparison of the Extended-Spectrum
Beta-Lactamase (ESBL) E. coli
Compartment Bag Test Method to the
World Health Organization Tricycle

Protocol in North Carolina Surface Waters

A b St raCt E. coli and total coliforms are the most widely
used indicator organisms for microbial monitoring of drinking water
and recreational freshwater. In many remote and low-resource settings,
however, conventional laboratory methods for quantifying these indicators
are challenging or infeasible to perform due to limited access to laboratory
facilities. The availability of rapid, low-cost methods for quantifying
indicator organisms in freshwater samples without the need for laboratory
facilities is crucial to facilitate the rapid and robust monitoring of microbial
water quality in these types of settings. The global misuse and abuse of
antimicrobials have contributed to the rise of antimicrobial resistance.
Thus, simple culture methods are needed to detect indicators of such
bacteria in freshwaters. In 2021, the World Health Organization released
the Tricycle protocol to address this issue by providing guidance for culture-
based detection of extended-spectrum beta-lactamase (ESBL)-producing E.
coli in environmental samples.

Our research goal was to compare the 100-ml sample volume ESBL E.
coli quantal and enumerative commercial tests against the more complex
Tricycle protocol to detect and quantify ESBL E. coli in surface waters. Both
commercial tests gave results comparable with the results obtained using
the Tricycle protocol, and the quantal and enumerative commercial tests
were easier and faster to perform than the Tricycle protocol.

Keywords: E. coli, antibiotic resistance, extended-spectrum beta-lactamase,
ESBL, field test methods, surface water

Introduction

E. coli and total coliforms are the most widely
used indicator organisms for microbial moni-
toring of drinking water and recreational
freshwater. In many remote and low-resource
settings, however, conventional laboratory
methods for quantifying these bacterial indi-
cators are challenging or infeasible to per-
form due to the absence of timely access to
laboratory facilities within allowed holding
times and temperatures (Organisation for
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Economic Co-operation and Development,
2019; Sargeant et al., 2019). The availabil-
ity of rapid, low-cost commercial methods
for quantifying these indicator organisms
in freshwater samples without the need for
laboratory facilities provides rapid and con-
venient monitoring of microbial water quality
in such settings.

The compartment bag test (CBT) is one
such method that has been validated in the
field in a variety of settings as a simple, por-
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table, low-cost, semiquantitative procedure
for quantifying E. coli in drinking water and
surface water samples using ambient tem-
perature incubation (Gronewold et al., 2017,
Stauber et al., 2014; Wang et al., 2017). A
newer version of this simple culture test for
E. coli in a plastic bag uses a gel medium to
detect and quantify E. coli and total coliforms
as colonies. Once mixed with a water sample,
the gel medium hardens in a short time and
E. coli colonies then develop and are counted
after an overnight incubation.

The increasing global misuse and abuse
of antimicrobials in clinical, veterinary, and
agricultural settings have contributed to the
rise of antimicrobial resistance, which is a
stated One Health global concern (World
Health Organization [WHO], 2016). This
rise created an urgent need to develop and
use harmonized culture methods to detect
and quantify an E. coli indicator of antimi-
crobial resistance for all settings. In 2021,
the World Health Organization (WHO, 2021)
released the Tricycle protocol to address this
issue by providing guidance on the culture-
based detection of extended-spectrum beta-
lactamase (ESBL) E. coli in environmental,
clinical, and animal agriculture samples. To
better address the need to detect and quantify
ESBL E. coli in environmental waters, new
versions of these simple commercial tests
included the same beta-lactam antibiotic that
is used in the Tricycle protocol.

The goal of our research was to compare
the two commercial tests—the 100-mL sam-
ple volume ESBL E. coli MPN (most prob-
able number) CBT test and the GEL ESBL
CFU test—to gauge the results against the
WHO Tricycle protocol. To our knowledge,
this study is the first to compare these meth-
ods using field samples of environmental
surface waters.



Methods

Sample Collection

A total of 100 samples were collected from
May-September 2023 from a variety of sur-
face water sources in central North Carolina.
Sample sites included two reservoirs, two
lakes (Sunset and Jordan), and three rivers
(Cape Fear, Neuse, and Eno). Grab samples
of surface waters were collected using sterile
polypropylene bottles. Samples were trans-
ported and stored on ice at 4 °C and analyzed
within 24-48 hr after collection.

Sample Processing and Data Analysis
To address anticipated low concentrations
of ESBL E. coli, surface water samples were
mixed well and analyzed as 100-ml volumes
without dilution by all three test methods.
Membrane filtration was performed by fil-
tering samples through 0.45-pm cellulose
nitrate filters followed by incubation at 44
°C for 24 hr on 100-mm diameter Tryptone
Bile X-glucuronide (TBX) agar plates with
or without 4 mg/L added cefotaxime (CTX)
per the Tricycle protocol (WHO, 2021). We
tested duplicate plates for each water sample
(n=200).

Parallel 100-ml samples were analyzed
using the ESBL CBT for MPN concentra-
tions/100 ml and the GEL ESBL E. coli colony
test for CFU concentrations/100 ml. All CBT
and GEL samples were incubated at 35 °C
for 24 hr. If a CBT compartment exhibited a
blue-green color after incubation or if a GEL
bag had a blue-green colony, that compart-
ment or colony was counted as positive.

Positive and negative control plates (for
membrane filtration method) and bags (for
CBT and GEL methods) were tested one time
per week. A positive control ESBL E. coli, a
non-ESBL-negative control bacteria, and a
negative dilution control (phosphate buffered
saline [PBS]) were used for each set of experi-
ments. Additionally, at the beginning of our
experiment, all positive control bacteria were
compared in a clean matrix (PBS) using each
of the methods (Appling et al., 2023) to deter-
mine if the methods were comparable to no
outside water interactions. The limit of detec-
tion for each method is described in the manu-
facturer’ instructions (www.aquagenx.com/).

For the ESBL CBT method, the limit is
estimated to be 0.0 MPN, with an upper 95%
confidence limit of 2.87 MPN/100 ml. For the

GEL bag test, the limit is estimated to be 1.0
CFU/100 ml

For each method, a subset of presumptive
ESBL-positive E. coli samples was isolated
for further characterization. Overall, one to
five presumptive ESBL E. coli colonies were
selected from each membrane filtration plate,
ESBL CBT, or GEL ESBL E. coli bag. The col-
onies were re-streaked for isolation on TBX
medium with 4 mg/L CTX as an initial ESBL
E. coli confirmation step.

Colonies were picked at random from
these plates using a sterile loop. The exte-
rior of positive compartments of CBTs were
swabbed with 70% ethanol. Next, the com-
partments were pierced with a sterile syringe
and needle, and a drop of medium was spot-
ted onto TBX plates with CTX and streaked as
described to obtain individual colonies after
incubation. For GEL ESBL E. coli positives,
the exterior of the GEL bag was swabbed with
70% ethanol, and a large-gauge sterile syringe
was used to pierce the GEL medium of the
bag. In some instances, it was necessary to
use the sterile syringe in combination with a
sterile isolation needle to spread the positive
colony from the GEL bag.

Colonies isolated from re-streaked TBX
plates were picked with a sterile loop, cul-
tured initially on tryptic soy agar (TSA),
cultured again overnight in tryptic soy broth
(TSB), diluted 1:1 with sterile glycerol, and
stored at -80 °C in sterile 2-ml cryovials.
Stored isolates were thawed and further char-
acterized by biochemical testing, specifically
the indole test, according to the manufac-
turer’s instructions. Isolates were further con-
firmed as ESBL by Kirby—Bauer susceptibility
testing using the criteria defined in the Tri-
cycle protocol (WHO, 2021) for CTX, ceftazi-
dime (CAZ), CTX + clavulanic acid (CLA),
and CAZ + CLA as paper discs.

The distributions of presumptive and con-
firmed ESBL E. coli CFU and MPN concen-
trations were characterized for each method
(membrane filtration, ESBL CBT, and GEL
ESBL). E. coli concentrations were subjected
to Shapiro—Wilk normality tests, and the geo-
metric mean, arithmetic standard deviation,
and range (minimum and maximum) were
calculated. A 0.5 minimum limit of detec-
tion was used to reduce bias for nondetects,
such that a nondetect for a 100-ml undiluted
surface water sample would be calculated as
0.5/100 ml—rather than 0/100 ml—to mini-

mize bias and enable log -transformation of
count data where needed.

The confirmed proportion of ESBL E. coli
was calculated as the ratio of confirmed ESBL
E. coli isolates to total isolates tested, adjusted
for the number of total isolates collected from
each sample type. Differences in log -trans-
formed concentrations between each test
method were evaluated using nonparamet-
ric methods. All analyses were conducted in
GraphPad Prism version 10.

Results

Concentrations of ESBL E. coli in surface
water samples were relatively low (<100 CFU
or MPN per 100 ml) throughout the study
period and the total percentage of presump-
tively resistant E. coli to nonresistant E. coli
varied between 1.5% and 15.2%. Table 1 pres-
ents the occurrence of presumptively positive
ESBL E. coli by assay method, and Figure 1
displays a box and whisker plot of the pre-
sumptively positive concentrations.

To further evaluate the three methods used
to detect ESBL E. coli, a Friedman test was
used because a normal distribution did not
adequately represent this data set. Atan o level
of .03, there was no statistically significant dif-
ference between the median detected concen-
tration of the Tricycle protocol membrane fil-
tration method compared with the ESBL CBT
(p = .57), the membrane filtration method
compared with the GEL ESBL method (p >
.99), and the ESBL CBT method compared
with the GEL ESBL method (p > .99).

Isolate Analysis for ESBL E. coli
Analysis was performed on 306 presump-
tively positive ESBL E. coli isolates detected
in the 100 surface water samples (Table 2).
There were 117 ESBL E. coli isolates ana-
lyzed from the membrane filtration method,
as well as 91 and 98 isolates analyzed from
the ESBL CBT and GEL ESBL methods,
respectively. The isolates were initially
confirmed by streak plating on TBX agar
medium containing CTX. Of the samples
first identified as presumptive ESBL E. coli,
92.8% were confirmed on the CTX agar
plates. By method, 94.0%, 96.7%, and 87.8%
of isolates were confirmed using this tech-
nique from the membrane filtration, ESBL
CBT, and GEL ESBL methods, respectively.
Next, isolates were confirmed as E. coli
using an indole test. Overall, 85.6% of the
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| TABLE 1

(ESBL) E. coli by Assay Method

Occurrence of Presumptive Extended-Spectrum Beta-Lactamase

Metric Measurement Membrane ESBL CBT GEL ESBL
Filtration (CFU) (MPN) (Hal)]
Geometric mean CFU or MPN/100 ml 1.12 1.00 1.05
SD Log,, CFU or 0.69 0.64 0.69
MPN/100 ml
Nondetect % 62% 71% 70%
Minimum Log,, CFU or -0.30 -0.40 -0.30
MPN/100 ml
Maximum Log,, CFU or 2.03 1.87 1.69
MPN/100 ml

Note. CBT = compartment bag test; CFU = colony forming unit; MPN = most probable number.

isolates were confirmed using this method.
Lastly, isolates were evaluated for ESBL posi-
tivity using the Tricycle protocol confirma-
tion criteria. Using this technique, 64.4% of
the isolates were found to be ESBL-resistant
(scored as ESBL-positive). By method, 55.6%
of the membrane filtration isolates were resis-
tant, 76.9% of the ESBL CBT isolates were
resistant, and 60.2% of the GEL ESBL isolates
were resistant.

Discussion

The results of this study indicate that the
three methods detect similar concentrations
of ESBL E. coli in surface water. Based on a
Freidman test analysis, there was no statisti-
cally significant difference between any of the
methods in detecting median concentrations.
This result is similar to other evaluations of
the E. coli CBTs (Stauber et al., 2014; Wang et
al., 2017) and initial evaluations of the ESBL
CBT method (Appling et al., 2023).

In the surface water samples collected for
our study, there were low concentrations
of ESBL E. coli, ranging from nondetect-
able amounts to approximately 100 CFU or
MPN per 100 ml. The rate of nondetects was
between 62% and 71% of each sample set
depending on the assay type (Table 1). Other
studies conducted on surface waters also
showed high numbers of nondetects for ESBL
E. coli (Blaak et al., 2014), indicating that
input into these waters—including wastewa-
ter, surface runoff, and animal waste—might
not be consistent throughout the year and
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could be dependent on temperature, weather,
and other factors.

In our confirmation analysis of the ESBL
E. coli isolates, each of the three methods
resulted in a similar number of positive iso-
lates, specifically the membrane filtration
method (n = 117), ESBL CBT (n = 91), and
GEL ESBL (n = 98). Each isolate was then
subjected to a series of confirmation tests
including a secondary streak plating on ESBL
antibiotic-impregnated TBX agar, an indole
test, and then antibiotic resistance testing
according to the Tricycle protocol. Each
method was able to detect a similar percent-
age of positive ESBL-resistant E. coli, adjusted
for the number of isolates analyzed.

Of the 117 isolates detected from the mem-
brane filtration method, 65 (55.6%) were con-
firmed by the methods previously described
and identified as ESBL-positive E. coli. For
the ESBL CBT method, 70 of the 91 initial
isolates identified (76.9%) were confirmed as
ESBL E. coli. For the GEL ESBL method, 59
of the 98 isolates (60.2%) were confirmed as
ESBL E. coli. These resistance percentages are
higher than the percentages reported in the
initial evaluation of the ESBL CBT (Appling et
al., 2023); however, our results are similar to
other evaluations of isolates in surface waters
in North America (Haberecht et al., 2019).

Although not directly considered in the
methods comparison presented in our evalu-
ation, previous published work has compared
CBT to standard laboratory methods, includ-
ing the membrane filtration method consid-
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Note. Lines denote median log, -transformed
concentrations. Boxes denote first and third
quartile log,, concentrations. Whiskers denote 95%
confidence limits for log,, concentration values.
Mean values are designated by the dashed line.
CBT = ESBL compartment bag test; CFU = colony
forming unit; GEL = GEL ESBL; MF = membrane
filtration; MPN = most probable number.

ered here (Bain et al., 2012). When factor-
ing in the cost of agar and petri dishes, the
estimated cost of the standard CBT method
is approximately the same amount per sam-
ple. The ease of use for the CBT, however,
which allows a user to process the sample
without the need for an incubator, special-
ized pipette, or other laboratory equipment,
greatly reduces the cost of this test itself. For
limited-resource settings, field tests such as
the CBT or GEL method offer an opportunity
to test for pathogens that might not be con-
sidered within standard monitoring practice
due to a lack of available facilities or labora-
tory equipment.

The three methods we evaluated are com-
parable in terms of the detection of ESBL E.
coli concentrations and the overall confir-
mation of ESBL E. coli isolates. There were
several limitations. Specifically, while the
ESBL CBT detects MPN concentrations and
membrane filtration and GEL ESBL methods
detect CFU concentrations, we compared



| TABLE 2

Results of Isolate Confirmation Testing by Assay Method

CTX Streak Indole Positive ESBL Positive
Plating # (%) # (%) # (%)

Membrane filtration (n = 117) 110 (94.0) 97 (82.9) 65 (55.6)

ESBL CBT (n=91) 88 (96.7) 83(91.2) 70 (76.9)
GEL ESBL (n = 98) 86 (87.8) 82 (83.7) 59 (60.2)
Total (N = 306) 287 (92.8) 262 (85.6) 197 (64.4)

Note. CBT = compartment bag test; CTX = cefotaxime; ESBL = extended-spectrum beta-lactamase.

the three methods directly for our evalua-
tion. This method of direct comparison has
been previously evaluated and although con-
centrations differ when microorganisms are
detected by each method for a variety of rea-
sons, when these methods are used on field
samples or in field settings, the results appear
to be equivalent (Eckner, 1998; Gronewold &
Wolpert, 2008). As such, in our evaluation,
microbial concentrations based on CFU and
MPN units are treated as equivalent, as previ-
ously documented by Bailey et al. (2017).

The ESBL CBT and GEL ESBL methods are
portable and easy to use and would be par-
ticularly applicable when used in field condi-
tions. For the GEL ESBL method, however,
there is a learning curve and the manufac-
turer’s instructions are cumbersome to a new
user. Therefore, for more consistent results, it
could be helpful to provide additional visual
aids for the use of this method.

These methodological limitations, in addi-
tion to the limited number of samples (n =

100), are important considerations when
comparing the various experimental meth-
ods. Despite these limitations, the results
from our evaluation of 306 presumptive
ESBL E. coli isolates examined across the
three methods would be comparable with
results one would expect with testing using
the Tricycle protocol. Additionally, although
it was not a direct focus of our evaluation, the
quality of the surface water included in our
comparison of the three methods is a relevant
variable that would be interesting to consider
in future comparisons.

Conclusion

Our evaluation provides quantitative evidence
that the three different culture methods we
compared can detect statistically similar lev-
els of ESBL E. coli in surface water samples.
We found no statistically significant differ-
ence in the three methods for detecting ESBL
E. coli. For the membrane filtration method,
55.6% of the presumptively positive isolates

were confirmed as ESBL E. coli. For the ESBL
CBT method, 76.9% of the presumptively
positive isolates were confirmed as ESBL E.
coli. Lastly, for the GEL ESBL method, 60.2%
of the presumptively positive isolates were
confirmed as ESBL E. coli. These field meth-
ods likely are suitable for field applications in
settings with limited resources or infrastruc-
ture, as they gave comparable results to the
standard method, which is not easily usable
in the field because it requires additional
materials and equipment.

Continued and widespread monitoring
of ESBL E. coli in environmental waters is a
useful monitoring and surveillance approach
for antimicrobial resistance, and as such is
recommended by WHO. Our research sug-
gests the need, however, to further adapt and
simplify the current Tricycle protocol to more
easily and broadly detect ESBL E. coli in envi-
ronmental waters by field testing. 32
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