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ABSTRACT Rapid determination of susceptibility to piperacillin-tazobactam (TZP) is very
important since the development of antibiotic resistance and inadequate treatment could
increase the risk of clinical failure in infected patients, especially if such resistance is
unknown to the clinician. Therefore, based on color change from orange to yellow of
phenol red due to glucose metabolism (bacterial growth) in the presence of an adequate
concentration of TZP (10 mg/L piperacillin and 5 mg/L tazobactam), the RapidTZP test
has been developed to detect TZP resistance in Escherichia coli and Klebsiella pneumoniae
isolates in a maximum of 3 h. A total of 140 isolates, 43 of E. coli and 97 of K. pneumo-
niae, were used to evaluate the performance of the test, 60 being resistant to TZP. The
sensitivity and specificity of the test were 98.24% and 100%, respectively. Additionally,
the RapidTZP test was validated by a pellet obtained directly from blood culture bottles.
A total of 37 positive blood cultures for E. coli and 43 for K. pneumoniae were used for
validation, 8 of them resistant to TZP. The sensitivity and specificity shown in the evalua-
tion were 100% for both parameters. This new test is easy, fast, and accurate, providing
results in 3 h.

IMPORTANCE TZP is an antibiotic widely used for the empirical treatment of severe
infections such as bloodstream infections. However, resistance to TZP in K. pneumoniae
and E. coli has been increasing in the last few years. Thus, rapid detection of TZP resist-
ance is critical to optimize the empirical treatment of patients with severe infections. In
this study, we developed and evaluated a rapid test (RapidTZP) for the detection of TZP
resistance in K. pneumoniae and E. coli directly from positive hemocultures in just 3 h.
This rapid test has been validated on 138 K. pneumoniae and E. coli clinical isolates
directly from agar plates and 80 K. pneumoniae and E. coli isolates causing bloodstream
infections. The results demonstrate that the RapidTZP test has great clinical potential to
optimize the empirical treatment of patients with bloodstream infections.
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TABLE 1 Development of the RapidTZP test in the detection of K. pneumoniae and E. coli TZP-resistant isolates®

No. of

No. of isolates No. of isolates negative or positive for resistance mechanism St

with TZP MIC with rapid

(mg/L) of: Resistant isolates Susceptible isolates test result:

ESBL + ESBL + % sensitivity % specificity

Microorganism <8 >8 - ESBL AmpC AmpC — ESBL AmpC AmpC POS NEG (95% Cl) (95% CI) % PPV % NPV
K. pneumoniae 41 56 0 26 27 3 1 24 16 0 55 42 98.24 (90.6-99.7) 100 (91.4-100) 100 97.56
E. coli 39 4 0 4 0 0 36 3 0 0 4 39 100 (51-100) 100 (91-100) 100 100

a—, negative; POS, positive; NEG, negative; Cl, confidence interval.

coli is becoming increasingly prevalent. Data extracted from the Study for Monitoring
Antimicrobial Resistance Trends (SMART) from 2002 to 2010 and 2016 to 2017 revealed an
increase in the rate of TZP resistance in intra-abdominal E. coli isolates, from 7.7% to 10.0%
(8, 9). These data are more worrying in Klebsiella pneumoniae, where TZP resistance
increased from 11.7% in 2002 to 2010 to 33.4% in 2016 to 2017 (8, 9).

Inadequate antimicrobial treatment led to a longer hospital stay and a higher rate of
mortality (10-14). Currently, the standard reference technique for determining susceptibility
to TZP in many clinical laboratories is based on broth microdilution through semiauto-
mated methods, which require 18 to 20 h to obtain results (i.e., MicroScan WalkAway and
Vitek). Other methods, such as disk diffusion and MIC gradient strips, can also be used but
also require at least 18 h (15). In this sense, developing a rapid test for the detection of TZP
resistance is crucial to optimize the use of this antibiotic, with the consequent improvement
of the patient’s outcome. In this study, we have developed a rapid (3-h) and cost-effective
test, the RapidTZP test for K. pneumoniae and E. coli, which might be used worldwide,
regardless of the technical level of the laboratory.

RESULTS

For the development step, a total of 138 isolates were tested to evaluate the perform-
ance of the RapidTZP test. Among the 60 TZP-resistant isolates, 30 were ESBL producers
(29 blacry. and 1 blag,y,+blarey), 27 exhibited AmpC (4 blacyy, 5 blap,, and 18 blap )
as an acquired mechanism of resistance, and 3 were positive for both ESBL and AmpC (1
blacry.m+blacyy and 2 blacry y+blay,.c) through phenotypic and/or genotypic character-
ization (see Table S1 in the supplemental material). Samples presented above harboring
bla,.c were determined by phenotypic characterization but remained negative for all
ampC genes tested (blac,,y and blayy,). On the other hand, the 78 TZP-susceptible iso-
lates were grouped into 28 wild-type isolates, 27 ESBL-producing isolates (25 blacy., 1
blag,,, and 1 blag,,+blay), 9 TEM-producing E. coli isolates, and 16 AmpC-producing
isolates (11 blap, and 5 blap,,c). Other mechanisms of resistance were not further inves-
tigated. Among the TZP-susceptible isolates (MICs of TZP, 0.06 to 8 mg/L), 78 gave nega-
tive results with the RapidTZP test (Table S1). All the TZP-resistant isolates regardless of
their mechanism of resistance to TZP (n = 60; MICs of TZP, 12 to >128 mg/L) had a posi-
tive test result, except for a single isolate of K. pneumoniae (isolate C3.29 showing a MIC
of TZP of >128 mg/L) which gave a negative result. However, this isolate showed colo-
nies inside the TZP gradient strip inhibition zone, suggesting the presence of a minor
subpopulation resistant and one major subpopulation susceptible (major error) (Table 1
and Table S1). Thus, the development step showed a strong correlation between the
RapidTZP test and the standard method (MicroScan system WalkAway), for both suscep-
tible and resistant isolates (Table 1). The sensitivity, specificity, positive predictive value
(PPV), and negative predictive value (NPV) were found to be 99.12%, 100%, 100%, and
98.78%, respectively (Table 1).

The evaluation step was performed with 80 clinical samples recovered from blood
cultures of patients with bacteriemia, to confirm the effective performance of the
RapidTZP test in the routine clinical practice of the microbiology department. Eight out
of the 18 samples were resistant (MICs of TZP, 24 to >256 mg/L), giving positive results
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TABLE 2 Evaluation of the RapidTZP test from positive blood cultures in the detection of TZP-resistant isolates®

No. of isolates negative or
positive for resistance

mechanism

No. of isolates No. of isolates

with TZP MIC Resistant Susceptible with rapid test

(mg/L) of: isolates isolates result: . .

% sensitivity % specificity % %

Microorganism <8 >8 = ESBL = ESBL POS NEG (95% Cl) (95% Cl) PPV NPV
K. pneumoniae 36 7 5 2 19 17 7 36 100 (64.6-100) 100 (90.4-100) 100 100
E. coli 36 1 0 1 35 1 1 36 100 (20.7-100) 100 (90.4-100) 100 100

aSymbol and abbreviations: —, negative; POS, positive; NEG, negative; Cl, confidence interval.

with the RapidTZP test (Table 2). The group of 8 resistant isolates encompassed 7 of
K. pneumoniae (5 non-ESBL, 1 ESBL [1 blacry.], and 1 carbapenemase [blagy, 4sl) and 1 of
E. coli (1 ESBL [1 blacy.]) (Table S2). On the other hand, in the 72 TZP-susceptible iso-
lates (54 non-ESBL and 18 ESBL), the presence of the blay. gene was responsible for
all ESBL phenotypes (Table S2). Statistical analysis of the results showed an excellent ac-
curacy of the RapidTZP test, raising sensitivity, specificity, and predictive values to 100%
(Table 2).

DISCUSSION

In this study, we developed a rapid colorimetric assay, named the RapidTZP test, for
detecting TZP resistance in K. pneumoniae or E. coli regardless of the mechanism of re-
sistance. A collection of 138 clinical isolates of K. pneumoniae and E. coli were used to
evaluate the test. Moreover, a clinical evaluation was performed using 80 samples
recovered from blood cultures in routine clinical practice. Discordant results in TZP
MICs between MicroScan and standard MIC gradient strips were observed for five
(2.27%) of the isolates studied. Those discordant values were found to be surrounding
the breakpoint value, being corrected after a second replicate of the standard MIC gra-
dient strips. Probably those discordant results were obtained due to a higher inoculum
used for the MIC gradient strip performance (16).

This study showed that the detection of some resistance determinants through mo-
lecular techniques, such as quantitative PCR (qPCR) or hybridization, is not necessarily
leading to a resistance phenotype for certain antibiotics like TZP, which is widely used in
clinical practice as empirical treatment. Except the blacyy gene, which was strongly asso-
ciated with resistant isolates, the other resistance determinants were detected in both
sensitive and resistant isolates. Similar data were observed in another study, in which
TEM or ESBL production was not always associated with TZP resistance in E. coli or K.
pneumoniae, respectively (17, 18).

Of note, the RapidTZP test is very sensitive and specific and has high PPV and NPV,
being able to detect all the TZP-resistant K. pneumoniae and E. coli isolates analyzed in
this study. Only one resistant K. pneumoniae isolate was not detected by the RapidTZP
test. MIC gradient strip results showed inner colonies in the inhibition zone, which were
responsible for the high MIC value. Thus, one possible explanation is that there were
two populations in this sample, one susceptible (the major) and one resistant (the minor)
and the test was not able to detect this in 3 h, because the concentration of the resistant
population was too low. More studies are needed to confirm this hypothesis.

Other similar tests have been developed for the detection of TZP resistance, such as
the extended-spectrum resistance to beta-lactam/beta-lactamase inhibitors (ESRI) test
(19), which was developed for detecting TZP-resistant isolates but also TZP-susceptible
isolates able to develop TZP resistance (ESRI developers), which are primarily susceptible
to TZP (19). The main difference from these interesting tests is that the RapidTZP test can
detect resistance independently of the resistance mechanism used by the bacteria. In
contrast, the ESRI test is based on the detection of B-lactam hydrolysis through the pro-
duction of a certain B-lactamase enzyme; consequently, other resistance mechanisms
could not be detected by the ESRI test. Moreover, the ESRI test has more experimental
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FIG 1 (A) RapidTZP test, representative results. The first column shows noninoculated wells, containing the test solution with and without TZP and NaCl.
In column 2, the solution test with and without TZP was inoculated with the sample. After 3 h of incubation at 37°C, four possible results are represented
in the lower part of the figure. (1) Second column yellow, isolate grew in the presence and the absence of TZP. Thus, it was TZP resistant. (2) As negative
control, isolate grew (yellow color) in the absence of TZP and did not grow (orange color) in the presence of this antibiotic. Thus, it was TZP susceptible.
(3 and 4) An invalid test result could be found when the isolate grew in the first column (contamination of the medium) or the isolate grew (yellow color)
in the presence of TZP and did not grow (orange color) in the absence of this antibiotic (inoculation mistake or contamination). (B) Change of color
versus time every 30 min for a susceptible isolate (second column) and noninoculated wells (first column). (C) Flowchart of the RapidTZP methodology
and its possible application in clinical practice.

steps, requires higher concentrations of 3-lactam antibiotics (300x), and is exclusive to E.
coli. Thus, RapidTZP is simpler, less expensive, and more sensitive than the ESRI method.
In addition, manual and automatic methods like rapid antimicrobial susceptibility testing
(RAST) and the automated commercial laser-scattering-based in vitro system Alfred 60AST
have been developed to identify TZP-resistant E. coli from positive blood culture bottles
within 4 to 6 h (20, 21). Meanwhile, other tests with similar approaches have been devel-
oped, such as the Rapid Polymyxin NP, which was commercialized and was based on the res-
azurin color change in response to the bacterial growth in the presence of a polymyxin drug,
or the rapid fosfomycin/Escherichia coli NP test, which was developed to detect fosfomycin
resistance in E. coli isolates through an orange-to-yellow color change of red phenol (22, 23).
Unlike the latter methods, RapidTZP uses 10 uL from an inoculum with a 0.5 McFarland
standard, being lower than the 3 to 3.5 McFarland standard used by the Rapid Polymyxin NP
and the rapid fosfomycin/Escherichia coli NP test. This reduced inoculum could shorten the
time to obtain a result, because clinical samples with less bacterial inoculum can be tested.

The introduction of the RapidTZP test into clinical practice would have clinical implica-
tions, being essential to establish an adequate antibiotic treatment especially during the
first 24 h, when the use of TZP is especially relevant (Fig. 1C) (12-14). This might avoid a
possible therapeutic failure due to the development of resistant bacteria, as well as an
inappropriate use of antibiotics that in turn could contribute to increasing the rates of re-
sistance of BL-BLI. Hence, a further clinical prospective study will be performed through
the implementation of the RapidTZP test in routine clinical practice in order to assess the
impact of the RapidTZP test on the clinical outcomes of patients with bloodstream infec-
tion caused by K. pneumoniae or E. coli. To this end, we need to determine mainly the time
until the change of antibiotic treatment, and other factors such as the duration of symp-
tomes, clinical cure, complications of infection, length of hospital stay, and mortality.

The RapidTZP test was designed for K. pneumoniae and E. coli isolates growing in blood
culture bottles or from agar plates. Although those bacterial species are the main Gram-neg-
ative bacteria isolated from blood, further experiments are necessary to evaluate or adapt
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the test to other bacterial genera and different clinical samples. Besides, the RapidTZP test is
interpreted through the detection of a color change with the naked eye. Therefore, despite
the fact that resistant isolates clearly change from orange to yellow, low-level resistance iso-
lates may require a more precise reading and/or a second reader.

In conclusion, the RapidTZP test is a rapid and easy-to-perform test, combining excel-
lent sensitivity and specificity. The use of this system is particularly interesting in a con-
text of increased prevalence of ESBL producers, among which resistance to TZP seems to
be higher year by year, reaching resistance rates of 30%, as reported in a previous study
(8, 9). It could provide a novel contribution to microbiological diagnostics, enabling us to
determine TZP resistance in less time and provide improved clinical prognosis, in terms
of both survival and the lack of recurrence of resistant bacteria, as well as produce a pos-
itive economic impact on the health care system.

MATERIALS AND METHODS

Bacterial strains. A total of 140 isolates, encompassing K. pneumoniae and E. coli, collected from
clinical samples from the Microbiology Service at the University Hospital Virgen del Rocio (Seville, Spain)
were used in the development of the test. Identification of the isolates was performed using matrix-
assisted laser desorption ionization-time of flight (MALDI-TOF) (Bruker, Germany). This collection
included 60 TZP-resistant isolates and another 80 TZP-susceptible isolates (Table 1). Additionally, the
test was clinically validated on 80 blood cultures positive for K. pneumoniae (n = 43) and E. coli (n = 37)
clinical isolates recovered over a 3-month period. K. pneumoniae ATCC 10031 and E. coli ATCC 25922
were used as negative controls. Four TZP-resistant isolates from the evaluation step (2 of E. coli and 2 of
K. pneumoniae) were included as positive controls in the clinical validation.

Antimicrobial susceptibility testing. MIC values of TZP were determined by two methods: (i) the
semiautomatic system MicroScan WalkAway (Beckman Coulter, USA), which is the routine method used in
many hospitals for the determination of the susceptibility profile, and (ii) TZP gradient strips (Liofilchem,
Italy) following the manufacturer’s instructions. All experiments were repeated in three separate experiments,
using daily freshly prepared plates and inocula. Clinical breakpoints were established according to the
European Committee on Antimicrobial Susceptibility Testing (EUCAST) (24). Hence, isolates with TZP MICs of
=8 mg/L were categorized as susceptible, while those with MICs of >8 mg/L were categorized as resistant.

Detection of B-lactamase genes. The blacy., blagy,, blagy,.,, blag,, (E. coli), blay,,, and blac,,
genes were analyzed in the isolates used in the evaluation step of the RapidTZP test by singleplex qPCR
using the primers and cycling conditions listed in Table S3 in the supplemental material.

Reagents and solutions. The rapid test requires five reagents, namely, Mueller-Hinton broth (MHB),
p-(+)-glucose monohydrate, 0.5% phenol red solution, piperacillin sodium salt (powder), and tazobac-
tam sodium (powder) (Sigma-Aldrich, UK). The test solution was prepared by mixing 47 mL of MHB,
700 L of 0.5% phenol red solution, and 2.5 mL of p-(+)-glucose (10%). The pH was further adjusted to
7.5, and the solution was autoclaved to obtain a final concentration of 2.5% MHB-CA (cation-adjusted)
powder, 0.007% phenol red solution, and 0.5% b-(+)-glucose. This solution can be kept at 4°C for
1 week or at —80°C for 6 months and must be prewarmed at 37°C before use to prevent growth delay
and a delayed color change. Before performing the experiment, piperacillin and tazobactam were added
to the test solution and mixed to obtain a final piperacillin-tazobactam concentration of 10/5 mg/L.

Bacterial preparation. In the development step, bacterial colonies were resuspended into 2 mL of
sterile NaCl (0.85%) to obtain a 0.5 to 1 McFarland standard optical density (10 CFU/mL) using a turbi-
dimeter. In the evaluation step, bacterial pellets obtained from positive blood cultures were used as in
the development step to obtain a 0.5 to 1 McFarland standard optical density (102 CFU/mL). A bacterial
suspension was prepared for each isolate to be tested.

Test and reading. Inoculation and reading of the results were performed as previously described by
Nordmann et al. for colistin and fosfomycin with slight changes (22, 23). Briefly, bacterial suspension was ino-
culated into a round-base 96-well polystyrene micro-test plate (reference 82.1582.001; Sarstedt, Niimbrecht,
Germany) in the presence or absence of antibiotics, in separate wells. A total of 10 uL of bacterial suspension
was added to both wells, corresponding to a final bacterial concentration of 10° CFU/mL in each well. The
first well contained 150 wL of test solution without TZP, and the second contained 150 uL of test solution
supplemented with 10 mg/L piperacillin and 5 mg/L tazobactam. Another couple of wells were prepared
with the same combination and inoculated with 10 uL of NaCl to have a medium control (Fig. 1). The inocu-
lated plate was incubated at 37°C without shaking. The color change was checked every 30 min, and the
time to read the results was established at 3 h, based on the maximum time needed to obtain a stable result
for all tested isolates (Fig. 1A and B). The result was considered positive if the isolate grew in the presence of
TZP, and if a color change from red-orange to yellow was observed in the wells, confirming the metabolism
of glucose by the isolate (Fig. 1). Conversely, a test result was considered negative when the isolate did not
grow in the presence of TZP, meaning the color of the wells remained red-orange.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 0.3 MB.
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