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Objectives: There is an urgent need for accurate and fast diagnostic tests to identify
carbapenemase-producing bacteria. Here we used Bacillus stearothermophilus as an
indicator strain in the format of the carbapenem inactivation method (CIM) procedure to
develop a rapid carbapenemase phenotype detection method: CIMB-S,

Methods: The CIMBS test was derived from the mCIM, where B. stearothermophilus
replaced Escherichia coli as the indicator strain. The test bacteria were incubated in the
presence of imipenem for 30 min, and then, aliquots were placed on colorimetric plates,
and incubation was continued for 3.5h at 60°C. We examined 134 clinical strains to
evaluate the CIMB-S performance.

Results: The CIMBS can be completed in 4h, and we successfully identified
38/39 (97.4%) carbapenemase-producing Enterobacteriaceae, including 17/18
(94.4%) carbapenemase-producing Pseudomonas aeruginosa and 18/19 (94.7%)
carbapenemase-producing  Acinetobacter baumannii.  All  non-carbapenemase
producers we tested were negative and included Enterobacteriaceae (n = 36), P
aeruginosa (n = 17), and A. baumannii (n = 5).

Conclusions: The CIMBS test is a rapid carbapenemase phenotype detection method
requiring only 4 h of total work time and displays high sensitivity and specificity.

Keywords: Bacillus stearothermophilus, carbapenem inactivation method, rapid, colorimetric, phenotype
detection

INTRODUCTION

The carbapenems are a highly efficacious group of antibiotics and are considered as the
last resort for treating multidrug-resistant Enterobacteriaceae (1). However, infections caused
by carbapenem-resistant Gram-negative bacteria (CRGB) have been increasing (2). The
global spread of CRGB is an urgent public health challenge due to limited therapeutic
options, such that these infections are often accompanied by high mortality rates (3).
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Carbapenem resistance is due to decreased porin expression,
increased expression of multidrug efflux pumps, and
overexpression of AmpC and carbapenemases. The latter is
the primary resistance mechanism for these infections (4).

Carbapenemase genes are frequently located on mobile
genetic elements, including plasmids, and this increases transfer
frequencies to other bacteria (5, 6). Thus, a crucial element
to prevent dissemination of carbapenemase resistance is early
detection of CRGB (7). Unfortunately, the classic methods of
antibiotic susceptibility testing are not completely effective for
CRGB because many are not resistant to meropenem, such as
the partial OXA-48-producing strains (8). In addition, molecular
techniques, such as PCR and whole genome sequencing, are
available but rely on expensive equipment and supplies (9).
Phenotype detection is an important adjunct to molecular
detection, such as the Carba NP test and matrix-assisted laser
desorption/ionization time-of-flight mass spectrometry, which
detects carbapenemase hydrolysis products (10), as well as
lateral flow immunoassays that rely on anti-carbapenemase
antibodies (11).

In contrast to these assays, the modified Hodge test (MHT)
and modified carbapenem inactivation (mCIM) methods are
growth-based assays that determine the extent of antibiotic
resistance based on the growth of an indicator organism
in the presence of the antibiotic (12, 13). The mCIM is
widely used in clinical laboratories because of its simplicity,
accuracy, and low cost, but the procedure is time-consuming
(13). However, these time constraints can be overcome by use
of carbapenemase-susceptible bacteria that can grow rapidly.
For example, Bacillus stearothermophilus is a Gram-positive
thermophile that grows at 45-75°C and is an acid producer
that can rapidly alter the pH of the growth medium (14). Here,
we used B. stearothermophilus as indicator strain to develop
the CIMPS, a rapid carbapenemase phenotype detection method
derived from mCIM that reduces the carbapenemase phenotype
detection time from more than 18-4 h.

MATERIALS AND METHODS

Strains and Reagents

We used 134 clinical isolates that were provided by Huizhou
First People’s Hospital and The Third Affiliated Hospital of
Sun Yat-sen University (TableS1). All tested strains were
identified to the species level by using MALDI-TOF MS
(Axima-Assurance, Shimadzu, Kyoto, Japan). These clinical
strains were used to evaluate CIMPS test performance and
included 76 isolates that possessed the carbapenemase genes
NDM, KPC, VIM, IMP, or OXA and 58 strains that did
not carry any carbapenemase gene. This strain collection was
composed of 39 carbapenemase-producing Enterobacteriaceae
(CPE) that included 14 E. coli (NDM-1, NDM-5, VIM-2, and
IMP-2), 16 Klebsiella pneumoniae (NDM-1, NDM-5, VIM-2,
IMP-2, and KPC-2), 2 Citrobacter freundii (NDM-1), and 7
Enterobacter cloacae (NDM-1, VIM-1, and IMP-2) as well as
18 carbapenemase-producing Pseudomonas aeruginosa (CPPA)
(NDM-5, VIM-2, and IMP-2) and 19 carbapenemase-producing
Acinetobacter baumannii (CPAB) isolates (NDM-1, OXA-23, and

KPC-2). The 58 non-carbapenemase-producing strains included
18 E. coli, 6 K. pneumoniae, 8 C. freundii, and 4 E. cloacae as well
as 17 P. aeruginosa and 5 A. baumannii.

Ertapenem, meropenem, imipenem, bromothymol blue,
bromocresol purple, and ZnSO4 were obtained from Sigma
(St. Louis, MO, USA). B. stearothermophilus ATCC 7453 and
E. coli strain ATCC 25922 were obtained from the American
Type Culture Collection (Manassas, VA, USA). Imipenem
disks and Mueller-Hinton agar were obtained from Oxoid
(Bassingstoke, UK).

Carbapenemase genes were identified using PCR, and the
following genes were included: blaxpc, blanpm, blapvp, or blaymv
(15). PCR amplicons were sequenced using Sanger sequencing.

Antibiotic Susceptibility Testing

Standard antimicrobial susceptibility assays were performed and
interpreted according to the CLSI guidelines (16) using the agar
dilution method with ertapenem, meropenem, and imipenem as
the test agents and ATCC 25922 as the quality control strain.

Carbapenemase Activity Assays

The Blue-Carba assay was performed as previously described
(17). Briefly, a loop of a pure bacterial culture was suspended in
100 L of both test and negative-control solution in a 96-well-
microtiter plate and incubated at 37°C with agitation (150 rpm)
for 2 h. The test solution consisted of 0.04% bromothymol blue at
pH 6.0 containing ZnSOy4 (0.1 mM) and imipenem (3 mg/mL)
at a final pH of 7. The negative-control solution consisted of
0.04% bromothymol blue pH 7. If the test isolates produced
carbapenemase, the color of the wells turned from blue to yellow;
otherwise, the test isolate was considered negative.

The mCIM was performed as previously described with slight
modifications (13). Briefly, a loopful (1 )L for Enterobacteriaceae
and 10 pL for P. aeruginosa and A. baumannii) was added into
400 L of sterile water containing a 10-pg imipenem disk and
incubated for 30 min. The disk was then placed on a Mueller-
Hinton agar plate containing the susceptible E. coli indicator
strain ATCC 29522 and incubated for 18h. Carbapenemase
production by the test strain was indicated by growth of the
indicator bacterium.

Colorimetric plates used for CIMPS assays were prepared
using a filter-sterilized solution of 18mg bromocresol
purple/10 mL dH,O water that was combined with 10mL
of exponential phase culture (1 x 10® cfu/mL) of B.
stearothermophilus 7453 that was added to 980mL freshly
prepared and cooled (45-50°C) MH agar (pH 7.0). The plates
were prepared using 20 mL in 90-mm bacteriological petri dishes
to obtain a 4-mm depth or an equivalent to 70 mL in 150 mm
dishes. The plates were stored at 4°C and were discarded after 7
days if not used for testing.

The CIMPBS testing procedure was derived from the mCIM.
One loopful (1 pnL for Enterobacteriaceae and 10 wL for P.
aeruginosa and A. baumannii) of overnight liquid cultures was
added to Eppendorf tubes containing 400 L sterile water. One
10-pg imipenem disk was added to the suspension that was
vortexed for 1 min and incubated for 30 min at 37°C. The disk
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FIGURE 1 | Identification of carbapenemase-producing bacteria using the CIMBS test. (A) Strategy of the test. The results are determined by the size of the

colorimetric inhibition zone as compared with negative control. (B) Comparison of re-incubation time between the CIMBS and mCIM. The re-incubation time of CIMBS
required only 3.5 h, which is shortened by 4.5 h from mCIM.
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TABLE 1 | Carbapenemase and non-carbapenemase-producing Enterobacteriaceae tested.

MIC (mg/L) No. of isolates with a positive test/no. of isolates tested

Species n Carbapenemase Ertapenem Imipenem Meropenem Blue-Carba mCIM CIMBS

Test strains 75

carbapenemase- 39

producers
E. coli 3 NDM-1 4- >64 2->64 16->64 3/3 3/3 3/3
E. coli 8 NDM-5 8->64 2->64 2->64 6/8 7/8 7/8
E. coli 2 VIM-2 >64 >64 >64 2/2 2/2 2/2
E. coli 1 IMP-2 >64 32 32 11 11 11
K. pneumoniae 3 NDM-1 16-64 4-32 4-32 3/3 3/3 3/3
K. pneumoniae 3 NDM-5 >64 16-64 16-64 3/3 3/3 3/3
K. pneumoniae 1 VIM-2 64 32 32 11 M M
K. pneumoniae 1 IMP-2 >64 64 16 11 M il
K. pneumoniae 8 KPC-2 16->64 16-64 4->64 8/8 8/8 8/8
C. freundii 2 NDM-1 64 8-16 8-16 2/2 2/2 2/2
E. cloacae 3 NDM-1 32-64 4-16 4-16 3/3 3/3 3/3
E. cloacae 1 VIM-1 4 4 2 11 11 11
E. cloacae 3 IMP-2 8-64 2-8 2-16 3/3 3/3 3/3

Non-carbapenemase- 36

producers
E. coli 18 - 0.125-64 <0.125-32 <0.125-16 0/18 0/18 0/18
K. pneumoniae 6 - 0.125-16 <0.125-8 <0.125-8 0/6 0/6 0/6
C. freundii 8 - <0.125-0.5  <0.125-0.5 <0.125 0/8 0/8 0/8
E. cloacae 4 - 2-8 0.25-0.5 <0.125 0/4 0/4 0/4

n, number of isolates tested.

was then placed on a colorimetric plate and incubated for 3.5 h at
60°C (Figure 1A).

Acid production by the indicator strain results in a color
change from purple (pH 7) to yellow (pH < 5.8) resulting in
colored zones that were measured with a Vernier caliper. If the
tested strain produced carbapenemase, imipenem is degraded,
allowing the growth of the susceptible indicator strain and a
yellow colorimetric zone.

Statistical Analysis

The sensitivity was calculated by dividing the number of positive
strains by the number of strains harboring the carbapenenase
genes. The specificity was calculated by dividing the number of
strains with negative results by the number of strains without the
carbapenem gene. All experiments were performed in triplicate.
Statistical analyses were performed using GraphPad Prism 7
(GraphPad Software) and Excel 2010 (Microsoft, Redmond,
WA, USA).

RESULTS

Detection Time of the CIMB-S

The CIMPS was evaluated on 134 tested strains to detect a
carbapenemase activity, and it can finish the carbapenemase
phenotypic detection in 4h by use of B. stearothermophilus as
indicator strain with result same as mCIM (Figure S1).

After incubation with the test bacteria culture, the imipenem
disk was placed on a colorimetric plate at 60°C, and colorimetric
zones started to form and became clearly visible by 3.5h
(Figure 1B). This incubation time can be extended appropriately,
but prolonged incubation should be avoided because further
medium acidification blurred at 8 h, and the colorimetric zones
in the positive control disappeared at ~18 h. However, at 18h,
inhibition zones similarly to those produced in the mCIM assay
can be used for interpretation.

Sensitivity and Specificity of CIMB-S

We also examined the specificity of our CIM®S using known
carbapenemase producers. In our group of Enterobacteriaceae,
we successfully identified 38/39 that were CIMPS positive and
one E. coli strain carrying the NDM-5 gene that was negative. All
36 non-CPE were CIMP*S negative. Overall, the sensitivity and
specificity of the CIMBS for the Enterobacteriaceae were 97.4 and
100%, respectively (Table 1).

When we assayed the P. aeruginosa strains, 18/18 CPPA were
CIMPBS positive, and all 17 non-CPPA isolates tested CIM®S
negative. The corresponding sensitivity and specificity were 100%
(Table 2). In the A. baumannii group, we found that 18/19 of the
CPAB were positive, and one CPAB strain carrying the NDM-
5 gene that was negative; all 5 non-CPAB isolates were CIMPS
negative. The sensitivity and specificity of the CIMP* for the A.
baumannii were 94.7 and 100%, respectively (Table 2).
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TABLE 2 | Carbapenemase and non-carbapenemase-producing P aeruginosa A. baumannii and tested.

MIC (mg/L) No. of isolates with a positive test/no. of isolates tested
Species n Carbapenemase Ertapenem Imipenem Species Blue-Carba Mcim CIMBS
Test strains 35
carbapenemase- 18
producers
P, aeruginosa 9 NDM-5 >64 32 32 7/9 9/9 9/9
P, aeruginosa 4 VIM-2 >64 >64 >64 4/4 4/4 4/4
P aeruginosa 5 IMP-2 16->64 8->64 >64 5/5 5/5 5/5
A. baumannii 1 NDM-1 >64 32->64 32-64 11 11 11
A. baumannii 17 OXA-23 >64 32->64 32-64 3/17 16/17 16/17
A. baumannii 1 KPC-2 >64 >64 64 0/1 11 11
Non-carbapenemase-
producers
P aeruginosa 17 - 8-32 2-32 2-32 017 017 017
A. baumannii 5 - 1-8 0.125-1 2-8 0/5 0/5 0/5

n, number of isolates tested.

All test results of CIMPS are consistent with mCIM,
illustrating that the indicator strain changed from E. coli
to B. stearothermophilus without affecting the sensitivity and
specificity (Figure 2). However, compared with Blue-Carba, the
results of CIMBS are different. A total of 18 tested strains (1
E. coli, 2 P. aeruginosa, and 14 A. baumannii) were Blue-Carba
negative but CIMP® positive. In this study, when detecting
Enterobacteriaceae and P. aeruginosa, the CIM®® and Blue-
Carba are both highly sensitive; at the same time, CIM®*® is more
accurate. For detection of the A. baumannii, Blue-Carba is poorly
sensitive (21.1%); however, the sensitivity of the CIMPS (94.1%)
is much higher than Blue-Carba.

DISCUSSIONS AND CONCLUSION

In this study, we presented the CIM®®, which can rapidly
detect carbapenemase activity in Enterobacteriaceae and P.
aeruginosa. CIMBS is derived from mCIM, and there is no
difference with the results, requiring only 4h of total work
time, which is compatible with the daily practice of a clinical
microbiology laboratory.

Compared to the other carbapenemase activity detection
method, CIMPS considerably shortens the time needed to
identify the carbapenemase phenotype, such as the several
days needed for whole-genome sequencing (18). Additionally,
our assay does not require highly trained personnel or
special equipment. Nonetheless, tests based on Carba-NP,
such as the CIMPS, require subjective interpretation (19).
The mCIM is a carbapenemase activity detection method
recommended by the CLSI and is widely used in clinical
microbiology laboratories. The amount of time needed for this
test is still the largest shortcoming, and our use of the B.
stearothermophilus strain replacing E. coli provided a same-
day result. A previous study changing the indicator strain
from E. coli to P. aeruginosa PAO1 improved the accuracy of

MHT but was still time-consuming (20). B. stearothermophilus
is widely used in commercial enzyme production and as a
biological sterilization indicator to detect antibiotic residues. B.
stearothermophilus has also been used as an indicator strain for
antimicrobial detection in muscle tissue (Explorer test), requiring
a total work time of only 3h based on B. stearothermophilus
growth inhibition. To the best of our knowledge, our study
is the first to use B. stearothermophilus as an indicator
strain to detect carbapenemase activity. Furthermore, higher
growth temperatures reduce potential issues from interference
by mesophilic contaminants, making the application of B.
stearothermophilus more promising in the clinical microbiology
laboratory. The method uses a color change of the pH indicator
based on acid production by the growth of the indicator bacteria.
Other acid-producing carbapenemase-sensitive bacteria may also
be used as indicator strains.

At the same time, as described in the results of use of mCIM
detecting CR-non CPPA, even if the disk contains antibiotics,
the test strain can still grow around the disk, thus interfering
with the result of interpretation (Figure S2). However, using
B. stearothermophilus as indicator strain, the colorimetric plates
requiring the incubation of 60°C resulted in growth inhibition of
mesophilic contaminants, which makes the interpretation of the
results more clear.

A rapid carbapenem inactivation method (rCIM) was recently
developed that could detect CPE within 3h, but it required
automated turbidity measurements, which may be a restriction
for some clinical laboratories (21). Some researchers have
attempted shorter incubation periods of the disk on the indicator
strain (8 h), aiming to reduce incubation time of mCIM, but it is
still time-consuming (22).

In summary, the CIMBS is a rapid colorimetric CRGB
phenotypic detection method that has a sensitivity and specificity
comparable with that of mCIM and detection time comparable
with that of Blue-Carba. At the same time, CIMBS is a
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FIGURE 2 | A comparison of test results for 128 bacterial strains using the CIMBS and mCIM assays. This strain collection was composed of 70 CPGB (39 CPE, 18
CPPA, and 19 CPAB) and 58 non-CPGB. Compared with the results of CIMBS and mCIM, there is no difference in detecting Enterobacteriaceae, P, aeruginosa, and
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consistent and cost-effective assay, which can be adopted
as a tool to detect CRGB on a routine basis in resource-
limited regions. However, this test is qualitative, making it
difficult for laboratory personnel to quantify uncertainty. The
major limitation of this study is that the tested carbapenem-
resistant Gram-negative bacteria only possessed several prevalent
carbapenemases, in particular lacking the genotype like OXA-
48, which is necessary to further study. In addition, we did
not examine clinical samples of blood and urine, but these
samples could be applicable because a carbapenem hydrolysis
test for these sample types has been developed (22). Evaluation
of the CIMPS assay to detect clinical samples is worthy of
further study.
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