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Abstract: The classification of carbapenemases can help guide therapy. The present study evaluated
the performance of the CPO detection test, included in the BD Phoenix™ NMIC-501 panel for the
detection and classification of carbapenemases on the representative molecularly characterized strains
collection from Mexico. Carbapenem non-susceptible isolates collected in Mexico were included.

= The clinical isolates (n = 484) comprised Klebsiella pneumoniae (n = 154), Escherichia coli (n = 150),
Copyright: © 2023 by the authors.  and P, geruginosa (n = 180). BD Phoenix CPO NMIC-504 and NMIC-501 panels were used for the
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carbapenemase (blagpc in the molecular test). The Phoenix NMIC-501 panels are reliable for detecting
class B carbapenemases in E. coli. The carbapenemase classification in K. pneumoniae for class A
carbapenemases has a high specificity and PPV; thus, a positive result is of high value.

Keywords: carbapenemase producer organisms; NDM; KPC; CO panels

1. Introduction

Reports on the spread of carbapenem-resistant Gram-negative pathogens, includ-
ing carbapenem-resistant Enterobacterales (CRE) and some non-fermenters such as Pseu-
domonas aeruginosa [1], are increasing in many countries. Bacteria can develop carbapenem
resistance to antibiotics via some mechanisms, including the presence of porins and efflux
pumps, the modification of the target of the antibiotics, and the action of enzymes, espe-
cially 3-lactamases, which can inactivate carbapenems. The production of carbapenemases
is of significant concern because these enzymes are often encoded on mobile genetic ele-
ments, including plasmids, prophages, pathogenicity islands, transposons, and others, and,
in some cases, can spread rapidly via lateral gene transfer [1-3].

-lactamases are grouped into classes A, B, C, and D according to the Ambler clas-
sification. Class A, C, and D enzymes have serine as an enzyme active center, whereas
class B enzymes use the metal zinc [2]. Among class A (3-lactamases, Klebsiella pneumoniae
carbapenemase (KPC) hydrolyzes penicillins, cephalosporins, and carbapenems and is
inhibited by clavulanate or tazobactam [3]. Class B 3-lactamases (blaIMP, blaNDM, and
blaVIM are the most prevalent) have activity against all beta-lactams except aztreonam and
are not inhibited by clavulanate or tazobactam. Group C includes cephalosporinases, and
Group D is oxacillinases, including OXA-48, OXA-23, and OXA-24 [3].

The classification of carbapenemases has been helpful in guiding therapy since 2015.
There are new (-lactamase inhibitor combinations that include avibactam, relebactam,
and vaborbactam that have a spectrum limited to class A and, in some cases, class D
carbapenemases. Only monobactams, such as aztreonam, are stable to class B metallo-f3-
lactamases [4].

The worldwide distribution of carbapenemase-producing organisms (CPOs) has led
to the development of diagnostic tools to obtain results in a shorter period of time. In
bacteriology laboratories, based on the results of antibiotic susceptibility testing (AST),
suspicion of the presence of CPO may arise, and phenotypic or molecular-based methods
can be used to study the presence of carbapenemases. The most used phenotypic tests
include the Carba NP test [5], the carbapenem inactivation method [6], and lateral flow
immunoassay tests [7,8].

Phoenix AST panels® (Becton-Dickinson [BD], Sparks, NV, USA) have been widely
used for many years, with some panels available in different regions [9,10]. Recently,
the Phoenix CPO Detect Test panels for the identification and classification of class A, B,
and D carbapenemases, along with simultaneous AST for Gram-negative bacteria, were
developed [1,11], and some studies have investigated its performance [11-17]. The CPO
panels include several carbapenems and other antibiotics previously reported to have
activity on some Ambler classes, including temocillin and cloxacillin. Furthermore, these
panels include some (3-lactamase inhibitors to characterize the carbapenemases according to
the Ambler classification [18]. The present study evaluated the performance of the Phoenix
CPO detection test included in the BD Phoenix™ NMIC-501 panel for the detection and
classification of carbapenemases on a collection of previously characterized strains collected
from Mexico.
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2. Materials and Methods
2.1. Bacterial Strains

Clinical isolates with non-susceptibility to any of the carbapenems included in panels
were studied. The isolates were collected from clinical samples between January 2021 and
January 2023 from 12 centers in Mexico. The clinical isolates (1 = 484) comprised species
of Gram negatives including Klebsiella pneumoniae (n = 154), Escherichia coli (n = 150), and
P. aeruginosa (n = 180). Strains were stored at —80 °C until they were used. Bacteria were
cultured in MacConkey agar, blood agar, and CHROMagar (BD) at 35 £ 2 °C for 18-24 h.

2.2. Assay Using Phoenix CPO Panels

BD Phoenix CPO NMIC-504 panels were used for the genus and species identification
and NMIC-501 panels for AST and carbapenemase detection. The NMIC-501 panels provide
the Ambler classification for Enterobacterales and non-fermenting organisms. Assays using
the panels were performed according to the manufacturer’s instructions. Briefly, colonies
were suspended in a BD Phoenix ID broth, and the suspension was adjusted to a McFarland
standard turbidity index of approximately 0.25. Automated inoculum preparation and
standardization were performed using the BD Phoenix " AP instrument combined with
the BD Phoenix"" M50 instrument, following the manufacturer’s recommendations.

The resulting broth was then added to the AST panel, which was then loaded into
the Phoenix instrument. The results were analyzed using the EpiCenter data manage-
ment software package (v. 6.61A; BD Diagnostic Systems). The system automatically
performed assays, determined the minimum inhibitory concentrations, detected CPOs,
and provided Ambler classification results based on the specifications of each panel. Car-
bapenem Non-susceptibility was determined according to the Clinical and Laboratory
Standards Institute [19].

2.3. Molecular Characterization of Carbapenemases in Gram-Negatives

For the detection of carbapenemase-encoding genes, a DNA template was prepared,
resuspending two colonies in distilled water (50 puL). After, the suspension was heated at
95 °C for 10 min. Tubes were centrifuged, and the supernatant was diluted 1:10 in distilled
water and used for detection of genes. Isolates were evaluated using PCR assays in E. coli and
K. pneumoniae for blanpw-1, blaxpc, blaymv, blapvp, and blagx a-ag-ike and in P. aeruginosa for blayp,
blapvp, and blaggs, as described in previous studies [20,21] (Supplementary Table S1). All PCR
products were detected using agarose gel electrophoresis. For positive controls, we used
strains ATCC BAA2468 and ATCC BAA1905 and clinical isolates previously characterized
as P104, LMM-1873, LMM 1105, LMM 2935.

2.4. Diagnostic Utility

The sensitivity, specificity, positive likelihood ratio (PLR), negative likelihood ratio
(NLR), prevalence, positive predictive value (PPV), negative predictive value (NPV), and
accuracy were evaluated by comparing the CPO results with the presence of carbapenemase-
encoding genes. The methodology is described in Figure 1.
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Figure 1. Methodology for determination of diagnostic utility of CPO panels. Adapted from “The 1-
2-3 form of Health Care Associated Infections (HAI) research” from BioRender.com (2023). Retrieved

from https:/ /app.biorender.com/biorender-templates (accessed on 10 October 2023).

3. Results
3.1. Detected Carbapenemase-Encoding Genes

For all three bacterial species, the carbapenemases reported were class A, B, and
D carbapenemase producers. Some reports had no recommendations; thus, there was
no indication of the presence of carbapenemase in the report of the Phoenix instrument
(Tables 1-3).

Regarding E. coli, the most frequent carbapenemases reported in the CPO panel were
class B carbapenemases (1 = 89/150) (Table 1). Among them, 84 tested positive for blanpwm,
and 1 was blayyy. Furthermore, four strains were found to be positive for blanpy with
no recommendation or positive result for class A or D. Furthermore, 34 strains had no
recommendation in the CPO panels and were positive for blanpwm.

Regarding K. pneumoniae, 18/154 strains had a class A carbapenemase report (Table 2),
and blagpc was detected in all of them. Moreover, in 72/154 strains, class B was detected in
the CPO panels; among them, blanpy was detected in 65, while blayp was detected in 1.
There was no recommendation in 60/154 strains: 11 had no carbapenemase-encoding gene
detected, while 49 had at least one such gene detected.

Regarding P. aeruginosa, class A was reported in the CPO panels for 13/180 strains (15
were positive for blacggs, and 6 had no gene detected) (Table 3). Furthermore, class B was
detected in the CPO panels for 38/180 strains, while no class B carbapenemase-encoding
gene was detected for 6 strains. Furthermore, 18 strains were reported as carbapenemase
producers in the CPO panels, with 6 having no positive result in the PCR assays. Finally,
52 strains had no recommendation, with 39 being negative for the genes studied and 13
having at least one gene detected.

Table 1. Distribution of carbapenemase-encoding genes for E. coli detected according to the CPO
carbapenemase report.

N CPO Report blanpm blaxpc  blayim  blapmp  blaggs blagxaas
1 Class A + + — — —
49 Class B + — — — —
25 Class B + — — - +

4 Class B + — + — +

4 Class B + — + — —

4 Class B — — — - -

1 Class B + — - + +
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Table 1. Cont.

N CPO Report blanpm blaxpc  blayim  blagmp  blaggs blaoxaas
1 Class B - + — — +
1 Class B — — + — "
2 Class D — — _ _ _
1 Class D — — — _ i
1 Carbapenemase producer — — — — +
1 Carbapenemase producer + — — — +
17 No recommendation + — — — +
16 No recommendation + — — — _
16 No recommendation — — — — _
5 No recommendation — - — — +
1 No recommendation + — + — +

+: Positive, —: Negative.

Table 2. Distribution of carbapenemase-encoding genes for K. pneumoniae detected according to the

CPO carbapenemase report.

N CPO Report blanpm blaxpc blavim  blapmp  blaggs blagxaas
11 Class A — + — — _
Class A + + — _ "
3 Class A — + _ _ i
1 Class A — + — + "
33 Class B + — - — _
29 Class B + — — _ +
5 Class B — — _ _ _
2 Class B + - + _ "
1 Class B — + _ _ _
1 Class B + — + — _
1 Class B — - + _ _
1 Class D — - — _ i
1 Class D — — _ _ _
1 Carbapenemase producer — — — — —
1 Carbapenemase producer + - + — —
20 No recommendation + — — — +
18 No recommendation + — — — _
11 No recommendation — - — - _
3-1 No recommendation — — + — +
No recommendation + — + — +
2 No recommendation — + — — +
1 No recommendation — + — — —_
1 No recommendation - + + — +
1 No recommendation — + + — _
1 No recommendation - — - + _

+: Positive, —: Negative.
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Table 3. Distribution of carbapenemase-encoding genes for P. aeruginosa detected according to the
CPO carbapenemase report.

N CPO Report blaxpm blaxpc  blayim  blapmp  blaggs blaoxass
13 Class A — — +
6 Class A — — _
2 Class A - + +
1 Class A + _ _
27 Class B + _ _
Class B - — _
2 Class B — + +
1 Class B + + _
2 Class B — + _
20 Class D — — —
5 Class D - — +
1 Class D + — _
18 Carbapenemase producer — — +
6 Carbapenemase producer - — —
9 Carbapenemase producer — + _
3 Carbapenemase producer — + +
4 Carbapenemase producer + — _
2 Carbapenemase producer + — +
39 No recommendation — — _
4 No recommendation + _ _
6 No recommendation — — +
3 No recommendation — + _

+: Positive, —: Negative.

3.2. Performance of NMIC-501 CPO Panels

Regarding E. coli, the CPO panels had a sensitivity of 70% and specificity of 83.33%
for the detection of a class B carbapenemase (blanpys in the molecular test). The PPV value
was 94.38, and the NPV was 40.98. Regarding K. pneumoniae, the panels had a sensitivity
of 75% and specificity of 100% for the detection of a class A carbapenemase (blaxpc in
the molecular test). The PPV value was 100.00, and the NPV was 95.59. For E. coli and
K. pneumoniae combined, the panels had a sensitivity of 63.14%, and their specificity was
82.35% for detecting class B carbapenemases. Lastly, regarding P. aeruginosa, the panels had
a sensitivity of 23.35% and specificity of 74.51% for no carbapenemase recommendation
(Table 4).

According to our results, the highest positive likelihood ratio observed was for the
detection of carbapenemase class B in E. coli, which was 4.20 (95% CI, 1.87-9.43), and the
lowest was for no carbapenemase recommendation in P. aeruginosa (0.92, 95% CI 0.53-1.58).

Regarding the negative likelihood ratio, the lowest was for the detection of a class
A carbapenemase in K. pneumoniae (0.25, 95% CI 0.13-0.50), and the highest was for no
carbapenemase recommendation in P. aeruginosa (1.03, 95% CI 0.86-1.23)

In this evaluation, the best accuracy was observed for the detection of a class A car-
bapenemase in K. prneumoniae (96.10, 95% CI 91.71-98.56), and, as expected, the lowest value
was for no carbapenemase recommendation in P. aeruginosa (35.32, 95% CI, 8.99-42.06).
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Table 4.

Performance of CPO-501 panels in detecting carbapenemase producer organisms.

E. coli, Class B
Value (95% CI)

K. pneumoniae, Class A

Value (95% CI)

Value (95% CI)

E. coli and K. pneumoniae, Class B

P. aeruginosa,

No Recommendation

Value (95% CI)

Sensitivity 70.00 (60.96-78.02) 75.00 (53.29-90.23) 63.14 (56.63-69.30) 23.35 (17.16-30.51)
Specificity 83.33 (65.28-94.36) 100.00 (97.20-100.00) 82.35 (71.20-90.53) 74.51 (60.37-85.67)
PLR 4.20 (1.87-9.43) NA 3.58 (2.12-6.03) 0.92 (0.53-1.58)
NLR 0.36 (0.26-0.49) 0.25 (0.13-0.50) 0.45 (0.37-0.55) 1.03 (0.86-1.23)
Prevalence 80.00 (72.70-86.08) 15.58 (10.25-22.30) 77.63 (72.52-82.19) 76.61 (70.41-82.06)
PPV 94.38 (88.21-97.42) 100.00 (0.00-0.00) 92.55 (88.04-95.44) 75.00 (63.53-83.79)
NPV 40.98 (33.60-48.80) 95.59 (91.55-97.74) 39.16 (34.51-44.01) 22.89 (19.85-26.24)
Accuracy 72.67 (64.80-79.62) 96.10 (91.71-98.56) 67.43 (61.85-72.67) 35.32 (28.99-42.06)
PLR: positive likelihood ratio, NLR: negative likelihood ratio, PPV: positive predictive value, NPV: negative
predictive value, CI: confidence interval, NA: not apply.
3.3. Clinical Isolates with At Least One Carbapenem Intermediate Result
Isolates with non-susceptibility to any of the carbapenems evaluated were included.
Thus, intermediate results were also included. Regarding E. coli, four clinical isolates
had a value of 1 mg/mL for ertapenem (<0.25 mg/mL for imipenem and <0.5 mg/mL
for meropenem; Supplementary Table S1 and Table 5). No carbapenemase result was
detected in the Phoenix panels, and no carbapenemase-encoding gene was detected. All
K. pneumoniae clinical isolates we included were resistant to at least one carbapenem
(Supplementary Table S3).
Regarding P. aeruginosa, three strains were detected, with only one intermediate result
(two for imipenem and two for meropenem). No carbapenemase recommendation was
detected in two strains, and one strain had a recommendation of class D carbapenemase
(imipenem 2 mg/mL and meropenem 4 mg/mL; Supplementary Table S3 and Table 5).
Table 5. E. coli and P. aeruginosa isolates with at least one carbapenem intermediate result.
CroO
ID Report bluNDM blquC bluV[M bluIMp bluOXA_4s bluGEs ETP IPM MEM
E. coli
21-0100 NR - - - - - ND 1 <0.25 <0.5
22-1191 NR - - - - - ND 1 <0.25 <0.5
22-1782 NR - - - - - ND 1 <0.25 <0.5
22-2012 NR - - - - - ND 1 1 <0.5
P. aeruginosa
21-700 NR ND ND - - ND - ND 4 <0.5
21-0280 NR ND ND - - ND - ND 4 4
21-0788 Class D ND ND - - ND - ND 2 4

ND: Not determined—Negative result. ETP: ertapenem, IPM: imipenem, MEM: meropenem. CPO: carbapenem
producer organism.

4. Discussion

In this study, we used NMIC-501 CPO panels for the detection and classification of
carbapenemases on a representative molecularly characterized collection of carbapenem
non-susceptible E. coli, K. pneumoniae, and P. aeruginosa clinical isolates from Mexico. For
E. coli, we detected a sensitivity of 70%, specificity of 83.33%, PPV of 94.38, and NPV of
40.98, with a prevalence of 80.00 for the detection of class B carbapenemases (blanpn). This
class of carbapenemases is currently the most frequently reported in Mexico for E. coli in
several studies [22,23]. A study reported that high-prevalence countries may exhibit a low
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NPV, as was found in the present study (40.98%); thus, additional tests are required to
exclude the presence of a CPO with a high probability [14].

Commercially available tests should be evaluated in different populations, depend-
ing on the prevalence of carbapenemases. For example, the most frequently reported
carbapenemase-encoding gene in Mexico in recent years is blanpm [22,23]. In contrast,
some countries, including the USA, Brazil, Colombia, and Argentina, have a high propor-
tion of blaxpc in Enterobacterales [24,25]. Thus, a different diagnostic utility is expected in
these countries depending on the prevalence of circulating carbapenemases.

For K. pneumoniae, a sensitivity of 75%, specificity of 100%, PPV of 100.00%, and NPV
of 95.59 with a prevalence of 15.58% were detected for class A carbapenemases (blaxpc
according to the PCR assay results). The high specificity value of this assay makes it reliable
for detecting class A carbapenemases without the need to perform additional tests when a
positive class A result is detected using the CPO panel. In contrast, if a negative result is
detected, an additional confirmatory method must be performed because the presence of
any carbapenemase cannot be discarded. The use of CPO panels may be useful especially
if the test is positive.

P. aeruginosa may exhibit intrinsic or acquired resistance against nearly all available
antibiotics. Multiple mechanisms may contribute to its antimicrobial resistance, including
the production of carbapenemase enzymes, target mutations, the loss of outer membrane
proteins, and multidrug efflux systems [26]. According to our CPO panel results, we
calculated the performance of no detection of carbapenemase, for which a low sensitivity
was detected (23.35%), which was associated with rather a high prevalence (76.61%). Thus,
the CPO panels seem to have low utility for P. aeruginosa.

The use of this panel may reduce the time to obtain a result compared with the
conventional approach because the result of the presence of carbapenemase (or not) is
available as soon as the AST results are generated [14]. Overall, the detection of infection
via a microorganism producing KPC-type 3-lactamases is relevant because these enzymes
are inhibited by the newer (3-lactamase inhibitors, such as avibactam, relebactam, and
vaborbactam, and not inhibited by clavulanate or tazobactam [27-29]. Thus, adequate
treatment may be administered once the results are ready.

It is expected that the presence of more than one of the studied mechanisms and
another molecular mechanism of antibiotic resistance, such as the presence of extended-
spectrum f(-lactamases (ESBL) or the presence of AmpCs, may have an impact on The
specificity of Phoenix CPO panels [11]. In Mexico, the production of ESBL was reported
to be as high as 39.3 in K. pneumoniae and 44.9 in E. coli [22], and some clinical isolates
analyzed in this study were ESBL producers (Supplementary Tables S1 and S2). However,
the proportion was low, and we did not search for AmpCs with porin loss; thus, the impact
of the presence of this gene cannot be measured.

Notably, the results observed in the CPO panels do not remove the need for additional
laboratory tests to provide an informative antibiogram. For example, for E. coli, we found
that 55 clinical isolates had no recommendation in the CPO report, and no carbapenemase-
encoding gene was detected for 16 of them, (all these strains were non-susceptible to
carbapenems), while at least one carbapenemase-encoding gene was detected for all other
isolates. For K. pneumoniae, 60 isolates had no recommendation in the CPO report. No
carbapenemase-encoding gene was detected for 11 of them, while all others detected
at least one carbapenemase-encoding gene. Finally, for P. aeruginosa, 52 isolates had no
recommendation in the CPO report. No carbapenemase-encoding gene was detected for 39
of them, while in the other 13 strains, blayy, blapp, and blaggs were detected. The results
may differ according to the prevalence of the carbapenemase-encoding gene, particular
gene, and bacterial species [7,30,31].

In this study, the best positive likelihood ratio was 4.2 for E. coli for the detection of a
class B carbapenemase (negative likelihood ratio, 0.36). With this value, the possibility of
observing a positive result in clinical isolates with the presence of the enzyme versus the
possibility of that positive result in strains negative for the enzyme is regular. The use of
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LR is a helpful tool because they are values inherent to the test and are not dependent on
the prevalence of the disease. Thus, it may reflect the utility of the test in other populations.

In our study, we included clinical isolates collected from clinical samples between
January 2021 and January 2023 from 12 centers in Mexico. The species included E. coli,
K. pneumoniae, and P. aeruginosa with at least one result of intermediate to any of the
carbapenem evaluated. We detected four clinical isolates for E. coli and three strains for P.
aeruginosa (all K. pneumoniae clinical isolates were resistant to at least one of the carbapenems
evaluated). The inclusion of clinical isolates with only one intermediate result may have
decreased the diagnostic utility of the test; however, we decided to include it because some
enzymes, especially those included in OXA (OXA-48, OXA-23, and OXA-24), may have a
low carbapenemase activity and can go unnoticed [3].

The results of this study showed a limited utility for P. aeruginosa. In this bacterial
species, the results for no carbapenemase recommendation had a sensitivity of 35.32%.
It has been reported that in P. aeruginosa, carbapenem resistance may be associated in a
significant proportion of strains with increased expression of efflux systems, reduced porin
expression, and increased chromosomal cephalosporinase activity. Furthermore, other strains
may produce carbapenemases plasmid or integron-mediated resistance [32]. In this study, PCRs
were performed to determine if the carbapenemase-encoding gene was present or not; however,
the presence of the gene does not ensure the production of a functional enzyme.

A limitation of this study was that our results represent the utility value for a country
like Mexico, and the application of these panels depends on the bacterial species and the
carbapenemase detected. Thus, this test should be interpreted with a deep knowledge of
local epidemiology. Furthermore, the results observed in the CPO panels do not remove
the need for additional laboratory tests to obtain an informative antibiogram.

5. Conclusions

In conclusion, Phoenix NMIC-501 panels may provide the results of the Ambler
classification at the same time as the AST results. The CPO test is reliable for detecting
class B carbapenemases in E. coli, but the relatively low specificity requires additional
confirmatory methods. The carbapenemase classification in K. pneumoniae for class A
carbapenemases has a high specificity and PPV; thus, a positive result is of high value. The
CPO test has a limited utility for carbapenem resistant P. aeruginosa.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/diagnostics13223417/s1, Table S1: Sequence of primers used
for PCR reactions. Table S2: CPO report, carbapenemase encoding genes and minimal inhibitory
concentration (mg/mL) in E. coli clinical isolates. Table S3: CPO report, carbapenemase encoding
genes and minimal inhibitory concentration (ng/mL) in K. pneumoniae clinical isolates. Table 54:
CPO report, carbapenemase encoding genes and minimal inhibitory concentration (ng/mL) in P.
aeruginosa clinical isolates.
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