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Enterobacterales clinical isolates are now being resistant to clinically achievable
concentrations of most commonly used antibiotics that makes treatment of hospitalized
patients very challenging. We hereby determine the molecular characteristics of
carbapenemase genes in carbapenem-resistant Enterobacterales (CRE) isolates in
Taiwan. A total of 455 CRE isolates were identified between August 2011 to July
2020. Minimum inhibitory concentrations for selected carbapenems were tested
using Vitek 2, and carbapenemase genes were determined using polymerase chain
reaction in combination with sequencing. Phenotypic detection of carbapenemase
was determined by modified carbapenem inactivation method (mCIM) and EDTA-
modified carbapenem inactivation method (eCIM) to validate our PCR screening
results. Pulsed-field gel electrophoresis (PFGE) was used to determine the clonality
of carbapenemase-producing Enterobacterales (CPE) isolates, and the transferability
of carbapenemase-carrying plasmids was determined by conjugation assays. A slight
increase in carbapenem-resistant E. coli (CREC) was observed, however, the prevalence
of carbapenem-resistant K. pneumoniae (CRKP) was steady, during 2011-2020. The
dominant species among our CRE was K. pneumoniae (270/455, 59.3%), followed by
E. coli (81/455, 17.8%), Morganella morganii (32/455, 7.0%), and Enterobacter cloacae
(25/455, 5.5%). From 2011 to 2020, the total percentage of CPE increased steadily,
accounting for 61.0% of CRE in 2020. Moreover, 122 of 455 CRE isolates (26.8%) were
CPE. Among the CPE isolates, the dominant carbapenemase gene was blaogya_ 48 _like
(54/122, 44.3%), and the second most common carbapenemase gene was blakpc_»o
(47/122, 38.5%). The sensitivity and specificity for mCIM to detect carbapenemase
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in the 455 isolates were both 100% in this study. The PFGE results showed that 39
carbapenemase-producing E. coli and 69 carbapenemase-producing K. pneumoniae
isolates carrying blakpc_» and/or blanpm—s could be classified into 5 and 12 clusters,
respectively. In conclusion, our results showed an increase in CPE isolates in Taiwan.
Moreover, the distribution of carbapenemase and antimicrobial susceptibility in CPE
were associated with PFGE typing.

Keywords: carbapenem-resistant Enterobacterales (CRE), KPC-2, OXA-48, NDM, pulsed-field gel electrophoresis

(PFGE), carbapenemase

INTRODUCTION

Enterobacterales are Gram-negative, facultatively anaerobic, non-
spore-forming rods, and one of the most common causes of
nosocomial infections. Successive studies have demonstrated
increasing antibiotic resistance among clinical Enterobacterales
isolates, and high proportions of Enterobacterales isolates are
now non-susceptible to clinically achievable concentrations
of most commonly used antibiotics, such as broad-spectrum
cephalosporins (Iredell et al., 2016; De Oliveira et al., 2020).
Carbapenems are considered effective antimicrobial options for
the treatment of critically ill patients with a variety of bacterial
infections due to their broadest spectrum among PB-lactam
antibiotics and their relative resistance to hydrolysis by most -
lactamases (Barry et al., 1985). However, carbapenem resistance
rates in Enterobacterales isolates have increased worldwide over
the past decade (Logan and Weinstein, 2017; Lutgring, 2019).

The presence of innate resistance mechanisms and the
acquisition of clusters of foreign resistance genes (e.g.,
plasmid, transposon, or integron) that promote survival
of Enterobacterales under antibiotic treatment and host
selection pressures are associated with the rapid emergence
of multidrug-resistant (MDR) or extensively drug-resistant
(XDR) Enterobacterales worldwide (Iredell et al., 2016; Kopotsa
et al, 2019). Reduced expression or mutations in porins,
overexpression of efflux pumps, and the presence of f-
lactamases, play a critical role in resistance to carbapenems
(Poirel et al., 2004; Iredell et al., 2016; Sugawara et al., 2016;
De Oliveira et al., 2020). The first reported plasmid-mediated
carbapenemase gene, K. pneumoniae carbapenemase (blaxpc),
was identified in K. pneumoniae in 2001 (Yigit et al., 2001) and
became the predominant carbapenemase in K. pneumoniae
(Chen L. et al,, 2014; Chen et al., 2018). blanpm is the second
most common carbapenemase found among carbapenem-
resistant Enterobacterales (CRE) in China and is more prevalent
in E. coli (Zhang et al., 2018). Therefore, the study aimed to
investigate the molecular epidemiology of CRE in a regional
hospital in Taiwan during 2011-2020.

MATERIALS AND METHODS

Identification of Carbapenem-Resistant

Enterobacterales Isolates
Enterobacterales were isolated at En Chu Kong Hospital
(ECKH), from 2011 August to 2020 July. En Chu Kong hospital,

located at Sanxia district, New Taipei city, is an approximate
500-bed capacity regional teaching hospital (include three
buildings: Fuxing building, Zhongshan building, and outpatient
department building). The ECKH provides comprehensive
medical services from fetus to the elderly, from acute trauma
to hospice care, and from precision medicine to community
health. These isolates were identified in the clinical laboratory
by colony morphology, Gram stain, biochemical tests, and the
Vitek 2 system (bioMérieux, Marcy-I'Etoile, France) according
to the manufacturer’s recommendations. Non-duplicate
27,585 E. coli and 11,582 K. pneumoniae were collected in
this study. The susceptibility of Enterobacterales isolates to
third-generation cephalosporins (ceftazidime or ceftriaxone,
30 wg/disc, BD BBL™ Sensi-Disc™, Sparks, MD, United States)
was determined by the disk diffusion method on Mueller-Hinton
(MH) agar plates according to the Clinical and Laboratory
Standards Institute (CLSI) guidelines (M100-S30) (CLSI, 2020).
Third-generation cephalosporin-resistant isolates were also
tested for susceptibility to carbapenems, including imipenem,
ertapenem, meropenem, and doripenem (10 pg/disc, BD BBL,
United States). A total of 455 CRE isolates were identified and
stored at —80°C in tryptic soy broth (TSB) containing 20%
glycerol (v/v) until use.

Carbapenemase Gene Detection

Bacterial genomic DNA was isolated from bacteria grown
overnight at 37°C in 3°ml LB broth. The bacterial culture was
centrifuged at 12,000 rpm for 1 min, and the supernatant was
removed. Crude DNA extracts were obtained by suspending
the pellet in 300 pl distilled water and boiling at 95°C for
10min, followed by centrifugation at 12,000 rpm for 5 min.
The DNA-containing supernatant was transferred to a new
eppendorf tube, and DNA samples were stored at 4°C until
testing. PCR amplification for detection of B-lactamase genes
(blagpc, blanpm, blanvip, blayiv, blaoxa—ss, blages, blapvi,
blasme, blagpym, blasiv, blapiv, and blagry) was performed on
a GeneExplorer Thermal Cycler (BIOER, China) with the Fast-
Run™ 2x Taq Master Mix (Protech, Taipei, Taiwan). Primers
and PCR procedures used for the detection of B-lactamase
genes have been described in previous studies (Yigit et al,
2001; Ellington et al., 2007; Doyle et al., 2012; Mlynarcik et al.,
2016). PCR products were analyzed by electrophoresis using 1.2%
agarose gels in 0.5x Tris-borate-EDTA (TBE) buffer. Gels were
stained with ethidium bromide (EtBr), and PCR products were
visualized using UV transilluminator. Clinical K. pneumoniae
isolates carrying blaxpc, blanpm, blamvp, blayiy, and blaoxa—4s
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were used as PCR positive controls. The PCR products of blaggs,
blav, blasme, blaspum, blasiv, blapmv, or blagiv, with relevant
expected sizes were verified by sequencing due to the lack of
relative control strains.

Phenotypic Detection of
Carbapenemase-Producing
Enterobacterales

The modified carbapenem inactivation method (mCIM) and
EDTA-modified carbapenem inactivation method (eCIM) were
performed on CRE isolates according to the previous study to
detect the presence of carbapenemase (Sfeir et al., 2019; Tsai
et al., 2020). Briefly, a 1-pl loopful of bacteria was resuspended
in a 2-ml tube containing TSB. Another 1-pl loopful of bacteria
was resuspended in a 2-ml tube containing TSB supplemented
with EDTA at a final concentration of 5 mM. A meropenem
disk was placed in each tube, and the tubes were incubated
at 35°C for 4 h £ 15 min. The disks were then removed
and placed onto MH agar plates freshly plated with a 0.5
McFarland suspension of a carbapenem-susceptible E. coli strain
ATCC 25922. Plates were incubated at 35°C for 16 to 20 h,
and mCIM and eCIM results were interpreted as previously
described (Sfeir et al., 2019). In accordance with CLSI guidelines
(CLSI, 2020), K. pneumoniae ATCC BAA-1706 (carbapenemase
negative), K. pneumoniae ATCC BAA-1705 (blakpc positive), and
K. pneumoniae ATCC BAA-2146 (blaxpm positive) were used as
internal controls for mCIM and eCIM testing. The mCIM and
eCIM tests were replicated by two independent investigators to
ensure reproducibility.

Determination of Minimum Inhibitory

Concentrations

Minimum inhibitory concentrations (MICs) for cefmetazole,
cefotaxime, ceftazidime, cefepime, imipenem, ertapenem,
meropenem, amikacin, gentamicin, ciprofloxacin, levofloxacin,
tigecycline, colistin, and trimethoprim for CPE isolates were
determined with Vitek 2 using the card AST-N322 according
to the manufacturer’s instructions. E. coli ATCC 25922 was
used as a quality control strain. Antibiotic susceptibility (except
tigecycline) was interpreted according to CLSI guidelines
(M100-S30) (Zhang et al., 2018). The results of tigecycline
susceptibility were interpreted according to the breakpoints of
the U.S. Food and Drug Administration (FDA) (> 8.0 pg/ml,
resistant; 4.0 jug/ml, intermediate; < 2.0 pug/ml, susceptible).

Pulsed-Field Gel Electrophoresis (PFGE)

Pulsed-field gel electrophoresis was performed to determine
the clonality of CPE isolates according to a previous study
(Li et al., 2018). Briefly, PFGE of Xbal-digested genomic DNA
was performed using a CHEF Mapper XA instrument (Bio-
Rad Laboratories, Inc., Hercules, CA, United States) with the
following parameters: separation on a 1% agarose gel (Seakem
Gold agarose; FMC Bio Products) in 0.5x TBE buffer for
19 h at 14°C with pulse times ranging from 5 to 35 s
at 6 V/cm. Gels were stained with EtBr and photographed
with UV transillumination. PFGE profiles were analyzed and

compared using the GelCompar II software, version 2.0 (Unimed
Healthcare, Inc., Houston, TX, United States). The PFGE
patterns were interpreted according to a previous study (Bando
etal., 2009) and the isolates having > 80% pattern similarity were
assigned to the same cluster.

Conjugation Experiments

The liquid mating-out assay was performed to transfer
carbapenemase genes from CPE isolates to the rifampicin- and
streptomycin-resistant E. coli C600 strain as previously described
(Kao et al., 2016). All isolates tested were sensitive to rifampicin
or streptomycin at the concentration of 256 pg/ml. Therefore,
transconjugants were selected on LB plates with 256 pg/ml
rifampicin  (Sigma-Aldrich, United States) or 256 pg/ml
streptomycin (Sigma-Aldrich, United States) in combination
with 1 pg/ml meropenem. The conjugation assay was performed
in triplicate to determine the transferability of the plasmid.

Statistical Analysis

A Cochran-Armitage test was used to evaluate trends in CREC,
CRKP, CPE, CPEC, and CPKP over time. Statistical analyses were
performed using the JMP software (SAS Institute Inc., Cary, NC,
United States). A p-value < 0.05 is statistically significant.

RESULTS

Identification of Carbapenem-Resistant

Enterobacterales

The dominant species among our CRE was K. pneumoniae
(270/455, 59.4%), followed by E. coli (80/455, 17.6%), Morganella
morganii (32/455, 7.0%), and Enterobacter cloacae (25/455,
5.5%) (Table 1). Thus, 0.003% (80/27,585) E. coli and 2.323%
(270/11,582) K. pneumoniae showed resistance to carbapenem.
A slight increase in carbapenem-resistant E. coli (CREC) was
observed during 2011-2020 (p > 0.05) (Figure 1A). In contrast,
the prevalence of carbapenem-resistant K. pneumoniae (CRKP)
was steady (p > 0.05) (Figure 1B). In addition, 205 (44.9%) and
169 (37.0%) CRE strains were isolated from urine and sputum,
respectively (Table 1). CRKP was most frequently isolated from
sputum (127/270, 47.0%), followed by urine (107/270, 39.6%). In
contrast, CREC was most frequently isolated from urine (54/80,
67.5%), followed by sputum (12/80, 15.0%) (Table 1).

Distribution of Carbapenemase Genes in

Carbapenem-Resistant Enterobacterales

PCR was used to detect the presence of carbapenemase genes,
and the results showed that 122 of 455 CRE isolates (26.8%)
were CPE (Table 2). No carbapenemase genes were detected in
carbapenem-resistant Providencia rettgeri, Providencia stuartii,
and Serratia marcescens. In addition, no GES-, IMI-, SME-,
SPM-, SIM-, DIM-, and GIM-producers were identified in
our CRE isolates. Overall, the dominant carbapenemase gene
was blaoxa—4s_like (54/122, 44.3%) among CPE isolates, and
the second most common carbapenemase gene was blagpc—2
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TABLE 1 | Source of clinical specimens and bacterial species of 455 non-duplicate CRE.

Clinical specimens’ source

No. of isolates

Urine Sputum Wound pus  Bronchial Abscess Blood Vaginal Ear Catheter Body fluid Nasal
washing discharge discharge tip
Citrobacter freundii 1 0 0 0 0 1 0 0 0 0 0 2
Citrobacter koseri 3 2 1 0 0 1 0 0 0 0 0 7
Citrobacter youngae 1 0 0 0 0 0 0 0 0 0 0 1
Enterobacter aerogenes 1 6 1 0 0 0 0 0 0 0 1 9
Enterobacter cloacae 10 9 0 1 1 3 0 0 1 0 0 25
Escherichia coli 54 12 3 3 2 5 1 0 0 0 0 80
Escherichia hermannii 0 1 0 0 0 0 0 0 0 0 0 1
Klebsiella oxytoca 1 1 0 0 0 0 0 0 0 0 0 2
Klebsiella pneumoniae 107 127 8 15 0 11 0 0 0 2 0 270
Morganella morganii 13 4 9 2 0 3 0 1 0 0 0 32
Providencia rettgeri 6 0 0 0 2 0 0 0 0 0 8
Providencia stuartii 6 1 0 0 0 0 0 0 0 0 12
Serratia marcescens 2 2 1 0 0 1 0 0 0 0 0 6
no. of isolates 205 169 24 21 3 27 1 1 1 2 1 455

(47/122, 38.5%) (Table 2). In addition, we found metallo-
carbapenemases NDM, IMP, and VIM in 23 (18 blaxnpm-—s,
3 blaNDMfl, and 2 blaNDM74), 9 (9 blaIMpfg), and 4
(blayiv—1) CPE isolates, respectively (Table 2). Importantly,
15 CPE isolates carrying more than one carbapenemase
gene were identified during 2017-2020. Seven E. coli isolates
and 3 K. pneumoniae isolates had both blagxa_as_jKe and
blaxpc—, (Table 2). Coexistence of blaxpc—_»/blanpy—s and
blaoxa—4s _1ike/blanpv—s was found in 2 and 2 carbapenem-
resistant E. coli, respectively. One Klebsiella oxytoca isolate had
both blayiyi—1 and blaypy—1 (Table 2).

Among the CRE isolates, 39 (39/80, 48.8%) E. coli and
69 (69/270, 25.6%) K. pneumoniae isolates were CPE. The
dominant carbapenemase gene was blaoxa—4s—like (20/39,
51.3%) among carbapenemase-producing E. coli (CPEC) isolates,
and the second most common carbapenemase gene was
blaxpm—s (17/39, 43.6%). In contrast, blagxpc_, was found
dominant among carbapenemase-producing K. pneumoniae
(CPKP) isolates (34/69, 49.3%), followed by blaoxa—4s—_like
(27/69, 39.1%) (Table 2).

Modified Carbapenem Inactivation
Method/EDTA-Modified Carbapenem
Inactivation Method Phenotypic

Detection of Carbapenemase Producer
It was previously reported that eCIM in combination with
the mCIM is efficient for identifying CPE (Sfeir et al., 2019).
Therefore, phenotypic detection mCIM/eCIM was performed on
our 455 CRE isolates to validate PCR results for carbapenemase
gene detection. In this study, the sensitivity and specificity
for the mCIM to detect carbapenemase in 455 CRE isolates
were both 100% which is consistent with our previous report
(Tsai et al., 2020).

Interestingly, we found that four isolates containing metallo-
carbapenemase NDM-5 and non-metallo-carbapenemases

(OXA-48 or KPC-2) showed inconsistent mCIM/eCIM results
(Table 3). E. coli isolate 488, an NDM-5 and OXA-48 producer,
showed a false-negative result in mCIM/eCIM (Table 3). In
contrast, E. coli isolate 514 with blanpm—s and blaoxa—ss
showed a positive mCIM/eCIM result (Table 3). In addition,
E. coli 571 and 572 with blaxpc—2/blanpm-—5 also showed positive
results by mCIM/eCIM (Table 3).

Increase in Carbapenemase-Producing
E. coli and K. pneumoniae During

2011-2020

From 2011 to 2020, the total percentage of CPE increased steadily,
accounting for 61.0% of CRE in 2020 (16.7% in August 2011-
July 2012) (p < 0.0001) (Figure 1C). E. coli and K. pneumoniae
isolates were dominant in our CPE collection (Table 2), so we
aimed to further characterize the molecular epidemiology of
CPEC and CPKP isolates. Among CPEC isolates, we found a
dramatic increase in blanpyv-—s and blagkpc—2/blaoxa—48_iike IN
2020 (p < 0.0001) (Figure 1D). In contrast to CPEC, blaxpc—2
and blaoxa—4s_like Were predominant in CPKP isolates in 2020
(p < 0.0001) (Figure 1E).

Pulsed-Field Gel Electrophoresis Typing
of Carbapenemase-Producing E. coli and

K. pneumoniae

The clonality of 39 CPEC and 69 CPKP isolates carrying
carbapenemase KPC-2, NDM, and OXA-48 was further
determined by PFGE (Figure 2). The PFGE patterns of 30 E. coli
CPE isolates were assigned to five clusters based on > 80% pattern
similarity (Figure 2A). All isolates in cluster 1 (n = 3) contained
blaxpc_», isolates in cluster 2 (n = 5) contained blagxa_ 48, and
isolates in cluster 5 (n = 7) contained both blagpc—_» and blagya—4s
(Figure 2A). In contrast, isolates from clusters 3 (n = 12) and 4
(n = 3) contained blanpm—_5 (two isolates contained blanpm—_s
and blagpc_7; one isolate contained blanpm—5 and blagya— 48)
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FIGURE 1 | Distribution of carbapenemase-producing Enterobacterales during 2011-2020. (A) Annual proportions and numbers of carbapenem-resistant E. coli
among all E. coli. (B) Annual proportions and numbers of carbapenem-resistant K. pneumoniae among all K. pneumoniae. (C) Annual proportions and numbers of
carbapenemase-producers among CRE. (D,E) Annual proportions and numbers of carbapenemase-producers among carbapenem-resistant E. coli (D) and
K. pneumoniae (E). The percentage of isolates is plotted as a line graph on the primary axis while the number of isolates is plotted as bars on the secondary axis.

(Figure 2A). Interestingly, isolates belonging to clusters 2 or 5
were resistant to gentamycin (Figure 2A). Although all 39 CPEC
were resistant to ciprofloxacin (MIC > 4 pg/ml) and levofloxacin
(MIC > 8 pg/ml), these isolates were sensitive to tigecycline
(MIC < 0.5 pg/ml) and colistin (MIC < 0.5 pg/ml) (Figure 2A).

The PFGE patterns of 69 CPKP isolates were assigned to
12 clusters based on > 80% pattern similarity (Figure 2B).
All isolates in clusters 2 (n = 3), 3 (n = 7), 4 (n = 3), 5
(n = 11), and 6 (n = 5) contained blaxpc_», whereas isolates
in clusters 8 (n = 2), 9 (n = 6), 10 (n = 2), and 11 (n = 4)
contained blagy,—4s (Figure 2B). Clusters 1 (n = 2) and 12
(n = 2) isolates contained blanpm—4 and blapvp—sg, respectively
(Figure 2B). Only isolates in cluster 12 were susceptible to
both ciprofloxacin and levofloxacin (Figure 2B). In addition,
6 and 11 CPKP were resistant to colistin (MIC > 4 pl/ml)

and tigecycline (MIC > 8 pl/ml), respectively (Figure 2B). The
PFGE results indicate that the distribution of carbapenemase and
antimicrobial susceptibility in CPE were associated with PFGE
typing (Figure 2).

Carbapenemase Transfer and Plasmid

Analysis

A total of 37 CPEC and 53 CPKP isolates carrying carbapenemase
were further analyzed with conjugation assays to determine
whether there were horizontally spread carbapenemase-carrying
plasmids in Taiwan (18 CPE isolates showed resistance
to rifampicin were excluded in this assay). Transfer of
carbapenemase gene by conjugation to E. coli C600 was successful
in 4 NDM-5-producing CPEC (isolates 257, 462, 500, and
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TABLE 2 | The distribution of carbapenemase genes among 455 non-duplicate CRE.

Carbapenemase genes No. of
isolates
blakpc-2 blanpm-1 blanpm-4 blanpm-s5 blawp—g blavim-— 1 blaoxa- 48 -iike blakpc—2 blanpm-5 blakpc-2  blanpm-5  blanpm-1
bla bla blayim-1
OXA-48—like OXA-48—like
Citrobacter 0 0 0 0 1 0 0 0 0 0 0 1
freundii
Citrobacter 0 0 0 0 0 0 4 0 0 0 0 4
koseri
Citrobacter 0 0 0 0 0 0 1 0 0 0 0 1
youngae
Enterobacter 0 1 0 0 0 1 0 0 0 0 0 2
aerogenes
Enterobacter 0 0 0 0 2 0 1 0 0 0 0 3
cloacae
Escherichia coli 4 0 0 13 0 0 11 2 7 2 0 39
Escherichia 0 0 0 0 1 0 0 0 0 0 1
hermannii
Klebsiella 0 0 0 0 0 0 0 0 0 0 1 1
oxytoca
Klebsiella 31 1 2 1 5 2 24 0 3 0 0 69
pneumoniae
Morganella 0 0 0 0 0 0 1 0 0 0 0 1
morganii
no. of isolates 35 2 2 14 9 3 42 2 10 2 1 122

TABLE 3 | Characteristics of three isolates that contained both metallo-carbapenemases and non-metallo-carbapenemases.

MIC (n g/ml) Disc zone (mm) Phenotypic detection
Isolate Carbapenemase IPM ETP MEM IPM ETP MEM DOP mCIM eCIlM mCIM eCIM
E. coli 4882 blaoxa_as/blanpm-—s >16 >8 8 6 6 6 6 6 6 + -
E. coli 514 blaoxa_ag/blanpm—s >16 >8 >16 16 12 15 16 6 23 +
E. coli 571 blakpc_o/blanpm—5 >16 >8 >16 13 9 12 14 6 20 +
E. coli 572 blakpc_o/blanpm-—s 8 >8 8 12 8 12 11 6 20 +

aThe characteristics of isolate E. coli 488 were reported in our previous study (Tsai et al., 2020). IPM, imipenem, ETF, ertapenem; MEM, meropenem, DOR, doripenem.

505) and 1 IMP-8-producing CPKP (isolate 21). However,
all blaxpc—»- and blapxa—4s-carrying plasmids did not show
transferability.

DISCUSSION

In this study, we isolated 455 CRE isolates from a regional
teaching hospital in Taiwan (2011 August to 2020 July) and
present their characteristics. Our results showed that 122 of 455
CRE isolates were CPE (Table 2). No carbapenemase genes were
detected in our carbapenem-resistant P. rettgeri, P. stuartii, and
S. marcescens. However, we could not rule out the presence of
other carbapenemases in these isolates.

The dominant carbapenemase gene among our CPE isolates
was blapxa—4s, and the second most common carbapenemase
gene was blagpc—» (Table 2). Chiu et al. (2018) showed a
sharp increase in the annual prevalence rate of OXA-48-like
producers among Taiwanese CPE isolates between 2012 and 2015.
In 2017, blapxa—4g was detected in 18.2% of CPE in Taiwan

(Jean et al., 2018). Moreover, Wu et al. (2021) reported that
the blagxpc—> was the most common carbapenemase gene in
CRKP isolated from patients with bacteremia at a hospital in
northern Taiwan from 2013 to 2018. A 22-year (1998-2019)
observation to determine the evolution of carbapenemase genes
in K. pneumoniae in Taiwan discovered that the endemicity
has changed from blajvp—g, blanpm—1, and blayiv—1 to the
most common blagkpc—, and rapidly emerging blaoxa—a4s
(Lai and Yu, 2021). These results are consistent with our
finding that the distribution of blagxs—48_1ike Was dramatically
increased after 2018. Therefore, whether there is a circulation
of OXA-48-producing plasmids/isolates in Taiwan is worth
continually monitoring. Surprisingly, a very low conjugation rate
of carbapenemase genes-carrying plasmids was observed in this
study. Therefore, taxonomic relatedness and recipient strain used
for conjugation tests may limit the conjugation in liquid matings
(Chen Y. T. et al., 2014; Alderliesten et al., 2020).

Interestingly, the data from Surveillance of Multicentre
Antimicrobial Resistance in Taiwan (SMART) with a multicenter
collection of bacteremic isolates of E. coli (n = 423) and
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A o MICs (mg/L)
2 2 Isolate Source Vear Carbapenemase CMZ CIX CAZ CEF ETP  IMP MEM AMK GEN TMP
; 439 Woundpus 2019 KPC2 22 8 16 8 8 26 216 264 <20
4‘:{ 1 49 blood 2019 KPC2 6 4 4 2 4 8 216 32 4 =0
i 46 sputum 2008 KPC2 32 16 16 8 28 216 216 264 20
. ‘ 100 spuum 2013 KPC:2 8 =4 16 264 28 216 216 16 =16 2320
303 blood 2016  OXA-48 264 264 268 268 4 2 1 4 216 2320
329 urine 2007  OXA48 264 264 268 268 4 2 4 8 216 2320
2| 485  bw 2019 OXA48 s %6 16 264 2 2 1 4 216 2320
450 urine 2019 OXA-<48 264 264 16 8 4 1 05 16 216 2320
433 bw 2018 OXA48 1 4 16 4 2 1 1 4 216 2320
¥ 488 Woundpus 2019 NDM-5/0XA-48 264 264 264 264 28 216 8 264 216 2320
[ 479 blood 2013 NDM-5 264 264 264 264 28 216 216 4 1 2320
] 487 urine 2013 NDM-S 264 264 264 264 28 216 26 =2 =1 2320
| 493 spuwm 2019 NDM-5 264 264 264 264 28 216 216 =2 sl 2320
i 505 urine 2019 NDM-5 264 264 264 264 28 216 8 2 a1 30
4 500 sputum 2013 NDM-5 264 264 264 264 28 216 216 =2 =l 2320
il 469 urine 2013 NDM-S 264 264 264 264 28 216 206 =2 =l 2320
3 | 572 urine 2020 KPC-2/NDM-5 264 264 264 264 28 8 8 6 sl 2320
M ! 462 urine 2019 NDM-S 264 264 264 264 28 26 4 1 2320
| 514 urine 2019 NDM-5/0XA48 264 264 64 264 28 8 8 1 2320
" 465  urine 2013 NDM-5 264 264 264 264 28 26 4 1 2320
4 538  urine 2020  NDM-5 8 264 4 2.4 4 26 8 1 2320
B 406 urine 2018 NDM-5 264 264 264 264 28 26 @2 <1 230
= 571 urine 2020 KPC2/NDM-S 264 264 64 16 28 26 32 4 232
E, = 587 urine 2020  NDM-5 264 264 64 8 8 26 32 4 230
590 urine 2020 NDM-5 264 264 264 16 8 26 64 4 2320
476 urine 2019 OXA-<48 64 32 268 1 4 1 2 26 2320
392 sputum 2018 OXA-48 4 264 16 32 28 2 2 2 s =20
438 urine 2018 OXA48 32 32 =2 s 28 1 1 16 216 =20
257 sputum 2015 NDM-5 264 264 264 264 28 216 26 =2 =1 2320
356 urine 2017 OXA48 s %4 16 4 4 4 1 2 =1 =0
475 urine 2019 OXA-<48 264 264 264 8 28 216 2 6 =1 230
540 sputum 2020 KPC-2/OXA48 264 264 264 264 28 216 216 8 216 2320
541 urine 2020 KPC-2/OXA48 32 264 64 264 28 8 216  s2 216 2320
542 urine 2020 KPC-2/OXA-48 264 264 64 264 28 8 216 16 216 2320
543 urine 2020 KPC-2/OXA-48 264 264 =64 264 28 216 216 8 216 2320
537 urine 2020 KPC-2/OXA48 264 264 =64 264 28 216 216 8 216 2320
529 urine 2020 KPC2/OXA-48 264 264 264 264 2B 216 216 4 216 2320
563 urine 2020 KPC-2/OXA48 264 264 264 264 28 4 216 8 216 2320
276 woundpus 2016  OXA-48 2 1 16 s 8 2 4 2 216 2320

MICs (mg/L)

% lsolate Source Year Carbapenemase CMZ CTX CAZ CEF EIP IMP MEM AMK GEN CP WX TIG COL TMP
—— cREes 363 spuwm 2018  OXA48 4 264 264 S1 28 8 4 16 S1 2 28 1 <05 2320
I RT3 409 spuwm 2018 OXA48 4 16 264 <1 28 206 4 16 <1 24 B 2 05 2320
N cRE4s0 480 blood 2019  NDM-1 32 264 264 64 28 8 216 £ S1 24 B W5 D05 2320
I CRE! 391 spuwm 2018 OXA48 32 4 4 <1 4 26 4 © <1 24 28 25 05 2320
I cRE® 39 sputum 2017 VIML 4 6 %4 2 05 26 26 2 A 1 1 05 05 2
T CRESS1 531  urine 2020 KPC2/OXA48 264 264 16 32 28 26 216 8 216 28 28 4 <05 2320

N cRcszs 525 spurwm 2020 NDM4 264 364 264 364 38 216 6 © <1 24 3B 3B 05 2320

—L cREses 545 spuwm 2020  NDM4 254 64 264 264 2B 206 216 %4 8 24 2B 4 05 20

CRE3I7 337  sputum 2017 KPC-2 264 264 264 264 28 216 216 9 = = 28 1 <05 <20

Ez 3 CREs 349 woundpus2017 KPC2/OKA4S 264 264 264 364 28 206 26 2 S1 24 B 1 05 2320
Creare 474 spuwm 2015 KPC2 254 64 264 264 28 206 216 2 S1 24 28 2 D5

I CRE4s 440 urine 2019 KPC2/OXA4S 264 264 264 364 28 8 216 264 216 24 28 2 <05 2320

N cRE4zs 429 woundpis2018  NDMS 264 264 264 364 28 206 216 2 6 24 B 8B 1 2320

N cReses 565 urine 2020  KPC2 264 64 264 364 28 216 216 %4 216 24 B 2 <05 2320

cress7 S57 spuwm 2020 KPC2 264 64 264 364 38 216 25 © 8 4 38 38 05 320

CRests 579 spuwm 2020 KPC2 264 264 264 B4 28 216 216 £ S1 24 B 4 05 2320

cResi2 512 spuwm 2019 KPC2 264 364 264 364 38 216 26 £ 8 24 38 28 <05 2320

3 cresis 516 urine 2019 KPC2 264 64 264 364 28 26 26 £ 8 24 B B 05 2320

CResse 554 spuwm 2020  KPC2 264 64 264 64 38 216 216 £ 8 24 3B 38 <05 2320

CReses 549 urine 2020  KPC2 264 8 16 €1 28 2 2 © 8 24 3B B 05 2320

Cresro 570 urine 2020  KPC2 264 264 264 364 28 206 216 2 & 24 2B 4 05 2320

cReses 365 urine 2018 KPC2 264 264 264 264 28 216 216 S 26 24 B 2 26 0

|—_|:. Reser 37 ume 2018 KPC2 4 26 266 4 2B 26 26 2 26 26 % 2 05 220

| J cRer7 17 uine 2013 KPC2 264 64 264 364 28 216 216 264 216 24 8 2 <05 2320

© caea 23 Spuwm 2012 KPC2 264 264 364 64 28 26 206 2 € 24 % 2 05 €20

§ODED R I MR G e e o s oms e 2 & % o» 1 6t

cResr 91 spuwm 2013 KPC2 264 364 264 364 38 216 216 £ <1 24 38 2 <05 2320

| E cReao 20 spuwm 2012 KPC2 264 364 32 264 28 26 26 © <1 24 3B 2 05 20

I | creas 39 spuwm 2012 KPC2 8 264 264 B 28 26 26 2 S 24 % 2 05 20

| 5| CRE45 45 urine 2012 KPC-2 32 264 264 8 28 216 216 <« E- | ] 28 28 05 <0

l CcRE49 49 bw 2012 KPC-2 8 8 264 2 28 216 216 =2 =1 24 28 2 205 20

Y r CRES4 64 urine 2012 KPC-2 8 264 264 8 28 216 216 =2 B3 24 28 2 05 20

| caces 89 uine 2013 KPC2 264 64 264 364 28 206 216 2 <1 24 2B B D5 40

) cRar 31 wine 2012 KPC2 264 264 64 264 8 26 36 © 1 24 B 4 D5 20

| cmcan 271 blood 2015 KPC2 264 364 64 366 28 26 36 2 26 ¢ 38 2 05 80

cRearo 470 sputwm 2019 KPC2 264 264 264 264 2B 216 216 264 216 24 2B 05 26 20

cReart 471 urine 2019 KPC2 264 364 264 364 38 216 216 2 216 24 28 05 26 80

o Creast 451 bw 2019 KPC2 264 364 264 364 28 206 216 4 26 24 B D5 26 80

L] CReas2 452 spuwm 2019 KPC2 264 364 264 364 38 216 216 4 216 2 B 1 26 80

I Cre4st 491 urine 2019 KPC2 264 64 264 364 38 206 26 © <1 24 B 2 26 2320
— Creass 438 Sputwm 2015 KPC2 264 64 264 264 28 206 216 2 S 24 2B 05 05

fy S cRE4s8 458 sputum 2019 KPC-2 264 2 4 1 4 4 1 2 216 24 28 2 205 2320

) cReos 105 urine 2013 IMP8 264 64 264 16 4 8 1 2 26 24 B 2 05 232

CReass 483 urine 2019  OXA48 264 64 264 8 1 05 025 © 6 24 B 4 <05 2320

M 7| crea2r 327 bw 2017 Oxa-48 264 264 16 264 28 2 . 9 <« 3 28 2 <05 80

Crests 578 urine 2020  OKA48 264 64 16 64 28 2 1 264 26 24 B 2 05 80

cRests 316 urine 2017  OXA48 264 64 16 364 28 216 216 £ 6 24 8 2 2 2320

o L CRtiss 444 spuwm 2019 OXA4B 264 364 264 266 28 1 2 64 26 24 28 1 €05 3N

I CRees 468 urine 2019  OXA48 264 364 264 264 28 26 216 £ <1 4 3B 05 05 20

CRcass 448 urine 2019  OXA48 4 64 264 <1 4 26 4 16 1 24 4 @5 D05 2320

CRears 473 spuwm 2015 OXA48 264 B 264 S1 28 206 1 16 S1 24 28 1 05 2320

4 cRe4ts 416 spuwm 2018  OXA48 264 64 264 1 28 4 4 16 1 24 B 1 05 2320

CRe4t7 417 urine 2018  OXA48 264 64 264 <1 28 2 1 16 S1 24 3B D5 D05 2320

cResss 553 urine 2020 OXA48 24 B 264 S1 28 4 4 16 S1 2 2B 1 <05 2320

cResrs 573 urine 2020 OXA48 264 8 24 €1 28 2 4 16 <1 24 3B 2 05 320

crcass 456 spuwm 2019 IMPS 264 16 264 S1 2 05 025 s 24 28 2 05 2320

cRcso 460 blood 2019  OXA48 264 64 264 32 28 2 1 £ 6 24 38 1 <05 2320

CRese7 547 spuwm 2020  OXA48 €1 64 264 32 28 26 4 2 6 24 B 1 05 2320

cRear2 372 urine 2018 OXA48 %4 4 32 &1 4 2 1 16 6 24 3B 1 <05 2320

Crciss 483 urine 2019  OXA48 264 8 16 <1 38 4 26 %4 8 24 3B 1 05 232

cRees 63 urine 2012 IMP8 24 264 24 & 2 8 1 2 26 24 2B 4 05 2320

cRE49s 499 blood 2019 OXA-43 1 264 4 @ 4 2 26 2 216 24 28 2 205 2320

cres;z 502 spuwm 2019 OXA48 B 16 264 2 28 2 4 2 26 24 B 2B 05 232

cresoy 503 spuwm 2019 OXA48 4 32 264 2 4 2 4 © 6 24 28 28 <05 2320

cRear2 472 urine 2019 OXA48 €1 64 16 64 4 2 1 2 €1 4 3B 05 05 20

cRe21 21 spuwm 2012 IMP8 264 B 268 2 <05 206 1 2 216 025 1 05 05 2320

crc4r 47 bood 2012 IMP8 264 & 264 2 2 4 1 £ 316 05 1 5 <05 2320

crems 336 bw 2017 OXA48 264 364 264 B4 38 4 4 2 <1 24 3B D5 D05 2820

cresrz 412 sputum 2018 VIMAL <1 %4 16 2 05025902 2 9 24 4 1 05 2320

FIGURE 2 | PFGE, the origin of isolate, year, MICs of antibiotics, and carbapenemase genes in 39 E. coli (A) and 69 K. pneumoniae (B) isolates. (A) All CPEC had
the following MICs of antibiotics: ampicillin > 32 wg/ml, piperacillin > 128 wg/ml, cefazolin > 64 pwg/ml, ciprofloxacin > 4 ug/ml, levofloxacin > 8 png/ml,

tigecycline < 0.5 pg/ml, and colistin < 0.5 wg/ml. (B) All CPKP had MICs of the antibiotics as follows, ampicillin > 32 wg/ml and cefazolin > 64 pwg/ml. bw, bronchial
washing; CMZ, cefmetazole; CTX, cefotaxime; CAZ, ceftazidime; CEF, cefepime; IPM, imipenem; ETP, ertapenem; MEM, meropenem; AMK, amikacin; GEN,
gentamicin; CIP, ciprofloxacin; LVX, levofloxacin; TIG, tigecycline; COL, colistin; TMP, trimethoprim.
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K. pneumoniae (n = 372) showed the carbapenem resistance
rates were 1.2% (5/423) in E. coli and 7.5% (28/372) in
K. pneumoniae (Liu et al, 2020). Moreover, carbapenemase
genes were detected in 67.8% K. pneumoniae isolates (19/28).
Among the CRKP isolates, 57.1% (16/28) harbored blakpc
(Liu et al, 2020). However, in 2019, we found OXA-48-
like was the dominant carbapenemase in CRKP. These results
suggested the difference in the distribution of carbapenemase
genes in CRKP isolated from different specimens and regions.
Moreover, previous studies showed that most KPC-2 producers
in CRKP were ST11 (Liu et al., 2020; Wu et al, 2021).
Therefore, the ST type of OXA-48-like producing CRKP is worth
further investigating.

We also found a dramatic increase in blaxpm—s and
blaKPcfz/blaOXA—48—1ike from 2018 to 2020 in CREC when
compared to the years before 2018 (Figure 1). Huang et al. (2021)
reported an increase of NDM-producing E. coli in northern
Taiwan during 2016 to 2018. Importantly, in all five blanpm—s-
positive isolates, the blaypym-—5 gene was located in a ~46 kb
IncX3 plasmid that were nearly identical to each other (Huang
et al, 2021). These five blaypm—s-containing plasmids are
similar to pP785-NDM5 from China (Ho et al, 2018). These
results suggest the dissemination of a specific IncX3 blanpm-—s-
containing plasmid in Taiwan. Seven CPEC isolates having
blaxpc— 2 bla0x A—48—like Were collected from August 2019 to July
2020 in this study. The clonality of these seven strains remain
unclear and worth investigating to determine whether is a specific
CPEC clone outbreak in the hospital.

In addition, we found 15 CPE isolates carrying more
than one carbapenemase gene during 2017-2020 (Table 2).
Whether these carbapenemase genes were located on a single
plasmid is worth investigating. We also found that four isolates
containing metallo-carbapenemase NDM-5 and non-metallo-
carbapenemases (OXA-48 or KPC-2) showed inconsistent
mCIM/eCIM results (Table 3). These results raised the possibility
that different expression levels of carbapenemase genes were
present in these isolates, thus affecting the phenotypic detection
of mCIM/eCIM. In addition, it remains to be investigated
whether the genotypes of the carbapenemase genes in these
isolates affect their enzymatic activity.

The emergence of CRE strains that also exhibit resistance to
colistin and tigecycline has become a major clinical concern, as
these two antibiotics are used as first-line for the treatment of
CRE infections (Doi, 2019). Our results showed that all CPEC
were sensitive to colistin and tigecycline (Figure 2A), while
6 and 11 CPKP were resistant to colistin (MIC > 4 pl/ml)
and tigecycline (MIC > 8 pl/ml), respectively (Figure 2B). The
mechanisms responsible for colistin and tigecycline resistance of
these CPKP isolates remain to be studied. In addition, all CPKP
isolates (n = 5) in cluster 6 were resistant to colistin and 5 of
7 isolates in cluster 3 were resistant to tigecycline (Figure 2B).
The characteristics of the isolates in clusters 3 and 6 are worthy
of future study.

Hentschke et al. (2010) demonstrated the induction of AcrAB-
mediated multidrug resistance by prior treatment with multiple
antibiotics. Kanwar et al. (2018) also revealed the occurrence
of treatment-emergent colistin-resistant ~KPC-producing

K. pneumoniae after 8 days of colistin-based combination
therapy due to disruption of mgrB. Studies with clinical isolates
provided evidence of an association between the emergence
of colistin and tigecycline resistance in CRKP and frequent
antibiotic use (van Duin et al., 2014; Du et al., 2018; Kanwar
et al., 2018). Therefore, it is worth investigating whether the
patient received long-term antibiotics, including tigecycline
or colistin, after the diagnosis of CRKP infection, inducing
resistance in this study.

Salipante et al. (2015) reported that whole-genome sequencing
(WGS) has significantly improved resolving power for strain
typing compared to PFGE. However, the present barriers
to the universal adoption of WGS by clinical laboratories
include relatively high costs of instrumentation and a lack of
bioinformatic expertise (Salipante et al., 2015). Therefore, in
this study, we performed PFGE to determine the clonality of
39 CPEC and 69 CPKP isolates carrying carbapenemase KPC-2,
NDM, and OXA-48.

In conclusion, our longitudinal collection of isolates
showed the increase of CPE in CRE isolates in Taiwan
during 2011-2020, and the dominant carbapenemase gene
was blaoxa—4s_like> followed by blakpc—», among our CPE
isolates. Moreover, we found the carbapenemase distribution
and antimicrobial susceptibility in CPE were associated
with PFGE typing. Although the analysis of our study was
restricted to a single hospital as opposed to population-based,
the continued epidemiological surveillance and control of
antimicrobial prescribing and consumption would reduce
the prevalence of drug-resistant organisms and the spread of
antibiotic resistance.
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