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Abstract Objectives: To explore the in vitro antimicrobial susceptibility among clinically
important Gram-negative bacteria (GNB) in Taiwan.
Methods: From 2016 through 2018, a total of 5458 GNB isolates, including Escherichia coli
(n Z 1545), Klebsiella pneumoniae (n Z 1255), Enterobacter species (n Z 259), Pseudomonas
aeruginosa (n Z 1127), Acinetobacter baumannii complex (n Z 368), and Stenotrophomonas
maltophilia (n Z 179), were collected. The susceptibility results were summarized by the
breakpoints of minimum inhibitory concentration (MIC) of CLSI 2020, EUCAST 2020 (for
colistin), or published articles (for ceftolozane/tazobactam). The resistance genes among
multidrug-resistant (MDR) or extensively drug-resistant (XDR)-GNB were investigated by multi-
plex PCR.
Results: Significantly higher rates of non-susceptibility (NS) to ertapenem and carbapenemase
production, predominantly KPC and OXA-48-like beta-lactamase, were observed in Enterobac-
terales isolates causing respiratory tract infection than those causing complicated urinary
tract or intra-abdominal infection (12.7%/3.44% vs. 5.7%/0.76% or 7.7%/0.97%, respectively).
Isolates of Enterobacter species showed higher rates of phenotypic extended-spectrum b-lac-
tamase and NS to ertapenem than E. coli or K. pneumoniae isolates. Although moderate activ-
ity (54e83%) was observed against most potential AmpC-producing Enterobacterales isolates,
ceftolozane/tazobactam exhibited poor in vitro (44.7e47.4%) activity against phenotypic
AmpC Enterobacter cloacae isolates. Additionally, 251 (22.3%) P. aeruginosa isolates exhibited
the carbapenem-NS phenotype, and their MDR and XDR rate was 63.3% and 33.5%, respectively.
Fifteen (75%) of twenty Burkholderia cenocepacia complex isolates were inhibited by ceftolo-
zane/tazobactam at MICs of �4 mg/mL.
Conclusions: With the increase in antibiotic resistance in Taiwan, it is imperative to periodi-
cally monitor the susceptibility profiles of clinically important GNB.
Copyright ª 2021, Taiwan Society of Microbiology. Published by Elsevier Taiwan LLC. This is an
open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
Introduction

Septicemia is usually associated with considerable
morbidity and mortality, especially in debilitated patients
and those with healthcare-associated (HA, i.e.,
collected � 48 h after admission) infections due to Gram-
negative bacteria (GNB).1e7 Among them, the multidrug-
resistant (MDR)- or extensively-drug-resistant (XDR)-GNB,
including the producers of extended-spectrum b-lactamase
(ESBL) and/or carbapenemase among Enterobacterales
species, and isolates of non-susceptibility (NS) to carba-
penems, and/or MDR/XDR-Pseudomonas aeruginosa as well
as Acinetobacter baumannii complex, have become the
difficulteto-treat pathogens in clinical settings.8e10

Initial empirical treatment with at least one in vitro
active antibiotic against the causative pathogen(s) is
essential for early control of severe infections. However, to
prescribe optimal empirical antibiotic agents, primary care
physicians should have the updated information of the
distribution and antimicrobial susceptibility patterns of
etiological pathogens causing various infection diseases.

The Study for Monitoring Antimicrobial Resistance
Trends (SMART), conducted since 2002, has monitored the
in vitro activities of antimicrobial agents against aerobic
GNB causing respiratory tract infection (RTI), complicated
intra-abdominal infections (cIAI), or complicated urinary
tract infections (cUTI). Additionally, the in vitro suscepti-
bility data of ceftolozane/tazobactam (C/T) against Bur-
kholderia cenocepacia complex, a notoriously nosocomial
pathogen mostly exhibiting XDR phenotypes,11 are scarce.
As the resistance burden becomes increasingly worse, this
464
study aims to explore the evolutionary changes of in vitro
susceptibility data as well as molecular characteristics of
clinically important GNB collected from the above three
infection sites between 2016 and 2018 in Taiwan. In this
article, we also intensively compare the NS rates of avail-
able important antibiotics as well as molecular data rele-
vant to resistance in Taiwanese GNB with those of other
countries in recent years.
Material and methods

Bacterial isolates

Non-duplicate, clinically relevant Gram-negative aerobic
and facultative bacteria were isolated from various clinical
samples, including expectorated sputum or endotracheal
aspirate, bronchoalveolar lavage fluid, bronchial brushing,
and pleural fluid; peritoneal fluid, tissues of hepatic or
pancreatic parenchyma, stomach, gallbladder, small in-
testine, appendix, colon, and intra-abdominal abscess;
renal tissues, ureters, urinary bladder, urethra, and urine.
The isolates were acquired as a part of the 2016e2018
SMART surveillance from eight hospitals throughout Taiwan.
The species of all isolates were initially identified at each
participating hospital and were then sent to the central
laboratory (International Health Management Associates,
Inc., Schaumburg, IL, USA) for further species identification
using MALDI-TOF MS (Bruker Biotyper�, Bruker Daltonik
GmbH, Bremen, Germany), and molecular analyses by
multiplex PCR (see below). This study was approved by the
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Institutional Review Board of National Taiwan University
Hospital (Taipei, Taiwan) [NTUH 9561709108].

Antimicrobial susceptibility testing

MICs of the following antibiotics: colistin (CST), amikacin
(AMK), aztreonam, C/T, piperacillin/tazobactam (TZP), cef-
triaxone (CRO), ceftazidime (CAZ), cefepime (FEP), ertape-
nem (ETP), imipenem (IPM),meropenem (MEM), ciprofloxacin
(CIP), and levofloxacin (LVX)were determined using the broth
microdilution method. The custom-made dehydrated Trek
Diagnostic Systems panel was purchased from Thermo Fisher
Scientific (Independence, OH, USA). Tazobactam at a fixed
concentration of 4 mg/mL in combination with two-fold di-
lutions of ceftolozane was used for susceptibility testing.
Susceptibility was interpreted according to the MIC break-
points recommended by the Clinical and Laboratory Stan-
dards Institute (CLSI) 2020.12 Additionally, CST susceptibility
was interpreted in accordance with the MIC breakpoint rec-
ommended by the European Committee on Antimicrobial
Susceptibility Testing (EUCAST) 2021.13 The MDR and XDR
phenotypes were defined according to international recom-
mendations.14 Escherichia coli ATCC 25922, E. coli ATCC
35218, P. aeruginosa ATCC 27853, Klebsiella pneumoniae
ATCC 13883, and K. pneumoniae ATCC 700603 were used for
CLSI and EUCAST-related quality control.

Definition of subgroups

Susceptibility analyses were performed according to the
presence of carbapenem NS, phenotypic ESBL, culture
sources (RTI, cIAI, or cUTI), patient location (emergency
room, general ward, or intensive care unit), and recovery
time. The carbapenem-NS phenotype among Enter-
obacterales isolates was defined as MIC of IPM or MEM
>1 mg/mL, or ETP MIC of >0.5 mg/mL. In contrast, the
carbapenem-NS phenotype among the isolates of P. aeru-
ginosa or A. baumannii complex species was defined as MIC
of IPM or MEM >2 mg/mL. The MIC breakpoints of C/T for
non-fermenting GNB other than P. aeruginosa follow those
used in previous studies (�4/4, �2/4 and � 4/4 mg/mL for
Stenotrophomonas maltophilia, A. baumannii complex
spp., and B. cenocepacia complex species, respectively).15-
17 Additionally, as the ETP-NS phenotype is a sensitive in-
dicator for the initial screening for potential carbapenem-
ase production among the Enterobacterales isolates,18 we
adopted this phenotypic criterion for analysis in this survey.

Definition of phenotypic AmpC and phenotypic
ESBL testing for Enterobacterales isolates, and PCR
screening for various b-lactamase genes among
Enterobacterales and P. aeruginosa isolates

Susceptibility to cefoxitin was not tested in this study. Thus,
among the isolates ofEnterobacterales species,wedefined the
potentially phenotypic AmpC producers as CRO- or CAZ-NS but
FEP susceptibility were selected, as described elsewhere.19,20

Additionally, the phenotypic ESBL confirmatory testing (i.e.,
MIC difference between CRO alone and CRO plus clavulanate)
was performed against the enrolled Enterobacterales isolates
that exhibited NS to CRO or CAZ. At least one half of isolates of
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phenotypic ESBL Enterobacterales species collected in this
surveywere chosenevenly fromeight participating hospitals to
elucidate the existence of genes encoding b-lactamases by
PCR. Additionally, 230 IPM- or MEM-NS P. aeruginosa isolates
were also elected randomly for elucidation of the genes
encoding b-lactamases.Whole genomicDNAof the isolateswas
extracted using a QIAamp DNAminikit and QIAcube instrument
(Qiagen, Valencia, CA, USA) from the colonies grown overnight
on blood agar plate (Remel, Lenexa, KS, USA). Multiplex PCR
examined five groups of b-lactamase genes: (1) blaTEM, blaSHV,
blaVEB, blaPER, blaGES; (2) blaCTX-M-group-1, blaCTX-M-group-2,
blaCTX-M-group-9; (3) blaCTX-M-group-8, blaCTX-M-group-25; (4) blaACC,
blaCMY, blaMOX, blaACT, blaMIR, blaDHA, blaFOX, blaPDC; (5) blaKPC,
blaGIM, blaSPM, blaNDM, blaIMP, blaVIM, and blaOXA-48.

15,21 All
detected genes encoding b-lactamases were amplified and
sequenced as described previously.15 In this survey, only ESBLs,
rather than original spectrum b-lactamases, were subjected to
full gene sequencing to validate the tested Enterobacterales
isolates as ESBL producers.

Statistical analyses

Categorical variables were expressed as the percentages of
the total number of isolates and analyzed by Fisher’s exact
test or chi-square test as appropriate. In addition, linear
regression was used to analyze the trends in annual rates of
(1) carbapenemase-encoding genes, (2) KPC production
among all isolates of Enterobacterales species, and (3)
carbapenem-NS among all P. aeruginosa isolates sampled
between 2016 and 2018. Furthermore, the correlation be-
tween annual carbapenem (IPM or MEM)-NS rates and
annual proportions in different infection sources among
included P. aeruginosa isolates was calculated by the
bivariate correlation analysis. All statistical calculations
were two-tailed, and a P-value of <0.05 was considered
statistically significant. All statistical analyses were per-
formed using SPSS 17.0 (SPSS, Chicago, IL, USA).

Results

Rates of carbapenem resistance and phenotypic ESBL,
distributions of various b-lactamases among isolates of
important Enterobacterales species collected from
different infection sources.

Between 2016 and 2018, a total of 5458 isolates were
collected from hospitalized patients regardless of the hospi-
talization duration in Taiwan. Isolates of E. coli (nZ 1545), K.
pneumoniae (nZ 1255), and Enterobacter species (nZ 259)
accounted for the majority (82.1%) of Enterobacterales iso-
lates (nZ 3724) enrolled. The ETP- andMEM-NS ratewas 8.4%
and 2.7%, respectively among all Enterobacterales isolates,
while the IPM-NS rate was 5.8% among the Enterobacterales
isolates excluding the genera of Morganella, Proteus, and
Providencia. Concerning the Enterobacterales isolates from
different infection sources, the rates of ETP-NS and carba-
penemase production were highest in the RTI isolates (12.7%
and 3.44%; P < 0.001), followed by cIAI (7.7% and 0.97%;
P < 0.001) and cUTI (5.7% and 0.76%; P < 0.001) isolates. In
addition, of the 1059 (28.4%) phenotypic ESBL Enter-
obacterales isolates, 553 (14.8%) isolates were submitted to
PCR survey for detecting those harboring important b-
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lactamase-encoding genes. The ACT/MIR-encoding genes
were excluded in Enterobacter species due to intrinsic AmpC
b-lactamases. The RTI group had a significantly higher rate of
positive ESBL-encoding genes (12.7%) than the other two
groups (6.5%; P < 0.001), as shown in Fig. 1. In contrast, the
isolates of P. aeruginosa (n Z 1127), A. baumannii complex
species (nZ 368), and S.maltophilia (nZ 179) accounted for
the majority (96.5%) of non-fermenting GNB (n Z 1734)
implicated in various infections.

Fig. 2 illustrates that the RTI isolates of E. coli and
Enterobacter species had higher phenotypic ESBL rates than
those of K. pneumoniae (P values, 0.021 and 0.083, respec-
tively). Similar trends were also seen in the cIAI groups with
more statistically significant differences (both of P values,
0.001). The cUTI isolates of Enterobacter species had a
significantly higher phenotypic ESBL rate as compared to the
other two species of cUTI groups (P< 0.01). Additionally, the
isolates of Enterobacter species exhibited a significantly
higher ETP-NS rate as compared to the other two species
regardless of infection sources (P < 0.05).

Fig. 3 illustrates the rates of various b-lactamases (ESBL,
plasmidic AmpC, and carbapenemases) among 553 tested
phenotypic ESBL Enterobacterales isolates in different years.
Various CMY types (with predominance of CMY-2) and DHA-1
accounted for most of the plasmidic AmpC enzymes in
phenotypic ESBL Enterobacterales isolates. When calculated
by linear regression, the annual rates of positive
carbapenemase-encoding genes showed a rising trend
(r Z 0.967, P Z 0.164). A similar trend was also observed in
the positive blaKPC-encoding gene rates (r Z 0.922,
P Z 0.253). No New Delhi metallo-b-lactamase (NDM)-pro-
ducing isolate was noted and only a few blaIMP- or blaVIM-
harboring (Verona integron-mediated metallo-b-lactamase)
isolates were detected during the study period. Additionally,
among the 264 isolates of three major Enterobacteriaceae
species (comprisingE. coli [nZ 60],K.pneumoniae [nZ 140],
and Enterobacter species [n Z 64]) exhibiting the ETP-NS
phenotype, various types of ESBL and plasmidic AmpC domi-
nated in each species (as shown in Fig. 4). Moreover, 51
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species collected from respiratory tract infection, complicated int
ETP, ertapenem; NS, non-susceptibility; mESBL, molecular carriag
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(19.3%) isolates were detected to have carbapenemase-
encoding genes in above-mentioned ETP-NS isolates. K.
pneumoniae carbapenemase (KPC; KPC-2 and KPC-17) and
oxacillinase (OXA)-48-like enzymes accounted for the major-
ity of carbapenemases (78.4% and 11.8%, respectively). No
blaNDM- and only few blaIMP-8 (imipenemase) or blaVIM-1-
harboring isolates of ETP-NS-E. coli (1.7%) and ETP-NS-
Enterobacter species (4.7%) were detected. Furthermore,
Fig. 5 illustrates the positive rates of genes encoding ESBL,
plasmidic AmpC, and carbapenemases among the cIAI isolates
of Enterobacterales species in different years. The rates of
positive ESBL-, plasmidic AmpC (with CMY-2 and DHA-1 pre-
dominance)-, and carbapenemase-encoding genes ranged
from 2.78.8%, 4.6e10.5%, and 0.5e1.5%, respectively, during
the study period. Conversely, the proportions of non-
carbapenemase producers among the ETP-NS Enter-
obacterales isolates were 73.8% (104/141), 87.3% (96/110),
and 85.1% (57/67) in the RTI, cIAI, and cUTI, respectively.

Antibiotic susceptibility of isolates of phenotypic
AmpC Enterobacterales species

Table 1 illustrates the antibiotic susceptibility of pheno-
typic AmpC producers among the overall Enterobacterales
isolates. Of all antibiotics evaluated, MEM and AMK
exhibited best in vitro activities (susceptibility rates, 99.1%
and 98.6%, respectively), followed by IPM (93.1%), CST
(87%), ETP (85.2%), C/T (58.3%), and CIP (51.4%).

Antibiotic susceptibility data of cIAI-related
Enterobacterales isolates

Table 2 shows the susceptibility data of antibiotics against
GNB that resulted in cIAI. Against the cIAI-E. coli and K.
pneumoniae isolates, AMK, CST, and three carbapenem
agents showed >90% susceptibility rates, followed by C/T,
FEP, and TZP exhibiting >80% susceptibility rates. In stark
contrast, only MEM, IPM, and AMK were shown to have
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Figure 2. Rates of phenotypic extended-spectrum b-lactamase and ertapenem non-susceptibility among the isolates of three
common Enterobacteriaceae species (i.e., Escherichia coli, Klebsiella pneumoniae, and Enterobacter species) collected from
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>95% susceptibility rates (97.8%, 95.6% and 99.3%,
respectively) against the isolates of Enterobacter species
(of which Enterobacter cloacae complex accounted for
77.4%). Moreover, ETP and CIP were shown to have sus-
ceptibility rates of 98.6%/84.5% and 75.0%/75.0% against
cIAI isolates of Citrobacter species (n Z 71)/Klebsiella
aerogenes (n Z 40). Furthermore, C/T was shown to
exhibit susceptibility rates of 65.7%, 77.5%, and 72.5%
against the above-mentioned three species of potential
AmpC producers (E. cloacae complex, Citrobacter
species, and K. aerogenes, respectively). With exception
467
of CST, IPM and LVX, the remaining antibiotics under
evaluation were highly active against cIAI-Proteus
isolates.

MDR, XDR rates and susceptibility data among P.
aeruginosa isolates collected from different
infection sources, and isolates of A. baumannii, S.
maltophilia, and B. cenocepacia complex species

Against overall P. aeruginosa isolates, the MDR and XDR rate
was 26.0% and 8.0%, respectively; CST, AMK and C/Twere the
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most effective antibiotics (susceptibility rates > 97%), fol-
lowedbyCIP, FEP,MEM, and IPM (susceptibility rates> 75%). A
similar result was observed among IPM or MEM-NS P. aerugi-
nosa isolates. Moreover, the susceptibility rates of CST, AMK,
C/T, CAZ, FEP, and CIP against 90 XDR-P. aeruginosa isolates
(HA infection rate, 78.9%) were 98.9%, 90%, 76.7%, 22.2%,
8.9%, and10%, respectively. In contrast,A.baumannii isolates
(HA infection rate, 79.3%) showed high (ranging 55e85%)
in vitro NS rates to most antibiotics except CST (NS rate,
5.2%). The rate of NS (MIC> 2/4 mg/mL) to C/T for the isolates
of A. baumannii isolates was 66%.

The MDR/XDR rates for P. aeruginosa subsets of RTI, cIAI,
and cUTI were 29.4%/9.1%, 22.6%/7%, and 15.6%/4.5%,
468
respectively. Of 1127 P. aeruginosa isolates, 251 (22.3%)
exhibited NS to either IPM or MEM, 80.5% were judged as
hospital acquisition, and the MDR/XDR rate was 63.3%/
33.5% in IPM- or MEM-NS P. aeruginosa isolates. Further-
more, apart from CST, AMK and C/T were shown to have
significantly lower NS rates in carbapenem-NS P. aeruginosa
isolates (2.3e4.3% and 4.3e11.4%, respectively) than the
other evaluated antibiotics exhibiting 35%e69% NS rates
regardless of infection sources. During the study period,
two P. aeruginosa isolates (one from RTI, and the other
from cIAI) were shown to harbor carbapenemase-encoding
genes (blaVIM-2 and blaKPC-3, respectively). Nevertheless,
the annual carbapenem-NS rates among P. aeruginosa



Table 1 Susceptibility data of the isolates of overall Enterobacterales species with AmpC-producing phenotype,22,24,25 but
without genes encoding ESBL and carbapenemase (validated by multiplex PCR) from hospitalized patients in Taiwan from 2016
to 2018.

Pathogens (no. of
isolates)

Susceptibility rates, % (no. of isolates)

CST AMK C/T TZP ETP IPM MEM CIP LVX

Escherichia coli (67) 97.0 (65) 100 (67) 53.7 (36) 55.2 (37) 86.6 (58) 97.0 (65) 98.5 (66) 23.9 (16) 1.5 (1)
ETP-S (58) 96.6 (56) 100 (58) 48.3 (28) 51.7 (30) e 100 (58) 100 (58) 20.7 (12) 1.7 (1)

Enterobacter cloacae
(47)

83.0 (39) 100 (47) 44.7 (21) 38.3 (18) 80.9 (38) 97.9 (46) 100 (47) 68.1 (32) 17.0 (8)

ETP-S (38) 81.6 (31) 100 (38) 47.4 (18) 39.5 (15) e 100 (38) 100 (38) 71.1 (27) 10.5 (4)
Citrobacter spp. (41) 100 (41) 92.7 (38) 58.5 (24) 51.2 (21) 100 (41) 100 (41) 100 (41) 65.9 (27) 7.3 (3)
Klebsiella aerogenes

(37)
97.3 (36) 100 (37) 67.6 (25) 35.1 (13) 78.4 (29) 94.6 (35) 100 (37) 67.6 (25) 21.6 (8)

ETP-S (29) 96.6 (28) 100 (29) 75.9 (22) 41.4 (12) e 93.1 (27) 100 (29) 69 (20) 24.1 (7)
Aeromonas spp. (7) 71.4 (5) 100 (7) 100 (7) 28.6 (2) 57.1 (4) 71.4 (5) 85.7 (6) 71.4 (5) 28.6 (2)
ETP-S (4) 100 (4) 100 (4) 100 (4) 25 (1) e 100 (4) 100 (4) 50 (2) 50 (2)

Serratia marcescens
(11)

18.2 (2) 100 (11) 72.7 (8) 63.6 (7) 72.7 (8) 63.6 (7) 100 (11) 27.3 (3) 9.1 (1)

ETP-S (8) 12.5 (1) 100 (8) 75 (6) 75 (6) e 62.5 (5) 100 (8) 25 (2) 12.5 (1)
Morganella morganii

(6)
0 (0) 100 (6) 83.3 (5) 83.3 (5) 100 (6) 33.3 (2) 100 (6) 50 (3) 16.7 (1)

Overall (216) 87 (188) 98.6 (213) 58.3 (126) 47.7 (103) 85.2 (184) 93.1 (201) 99.1 (214) 51.4 (111) 11.1 (24)
ETP-S (184) 87.5 (161) 98.4 (181) 58.2 (107) 48.9 (90) e 95.1 (175) 100 (184) 50.5 (93) 10.3 (19)

CST, colistin; AMK, amikacin; C/T, ceftolozane/tazobactam; TZP, piperacillin/tazobactam; ETP, ertapenem; IPM, imipenem; MEM,
meropenem; CIP, ciprofloxacin; LVX, levofloxacin; S, susceptible; No., number. e, not applicable.
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isolates showed a trend towards prominent escalation (95%
confidence interval: 0.545e0.936; P Z 0.016), and tended
to correspond with the annual proportions of RTI-causing P.
aeruginosa isolates (r Z 0.980, P Z 0.127).

Among 179 S. maltophilia isolates, the NS rate to C/T
(defined as MIC > 4/4 mg/mL), CAZ, and LVX was 66.5%,
65.9%, and 41.9%, respectively. Moreover, among 20 isolates
of B. cenocepacia complex species (all from RTI), the sus-
ceptibility rate to C/T (defined as MIC � 4/4 mg/mL), TZP,
CAZ, MEM, and LVX was 75%, 5%, 75%, 95%, and 20%,
respectively.

Discussion

In the 2016e2018 SMART survey in Taiwan, we clearly
characterize the prevalence rates of Enterobacterales
isolates harboring a variety of carbapenemase- and ESBL-
encoding genes and those displaying the ETP-NS pheno-
type in different infection sources. Although we did not
accurately elucidate the resistance mechanisms of drug-
resistant GNB in detail, this in vitro susceptibility
investigation provides a clear scope in guiding the pre-
scription of antibiotics against clinically important GNB.
Moreover, the rates of carbapenem-NS and MDR (26% and
22.3%, respectively) among overall P. aeruginosa isolates
were lower than those of two reports in China (40% and
88%, respectively).21,22 Compared to our study, the
above-mentioned two studies in China disclosed that
8.5% of carbapenem-resistant P. aeruginosa isolates
harbored metallo-b-lactamase-encoding genes (predom-
inantly VIM-2/9).21,22 The MDR rate (63.3%) in the
Taiwanese IPM- or MEM-NS P. aeruginosa isolates was
close to that reported in the 2015 US study.23 However,
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the MDR rate (29.4%) among Taiwanese RTI-causing P.
aeruginosa isolates was higher than that (24.7%) reported
in the 2015e2016 US study.24 As shown in other sur-
veys,15,25 C/T was shown to have an excellent suscepti-
bility rate (90%) close to that of AMK against Taiwanese
IPM- or MEM-NS P. aeruginosa isolates, including those
likely having an efflux pump. The other pathogen worth
noting is MDR and XDR-A. baumannii complex because
they frequently cause high case-fatality rates and pose
difficulty in prescribing a single in vitro effective anti-
biotic for treatment.26,27 Spreads of clonal MDR-A. bau-
mannii complex strain have also been reported in many
countries.9,28,29

As shown in Fig. 1, similarities in rates of ETP-NS and
molecularly characterized ESBL production in Enter-
obacterales isolates regardless of infection sources reflect
that complex resistance mechanisms regarding NS to ETP
involve diverse b-lactamases (not only carbapenemase),
porin change and emergence of efflux pump among enteric
GNB.30 Besides, approximately 1.0% of the Taiwanese cIAI
Enterobacterales isolates harbored carbapenemase genes.
This proportion was higher than that (0.44%) of the previous
AsiaePacific cIAI 2008e2014 study.18 Additionally, notably
higher rates of carbapenem-NS Enterobacteriaceae among
the overall (12.7%) and HA-RTI Enterobacterales groups
(14.7% vs. 11.9% of HA-cIAI subset, and 12.1% of HA-cUTI
subset, respectively, not shown in Results) but a similar
ESBL rate (12.7%) were noted in our study, as compared to
those (3.8% and 6.1e11.4%, respectively) in the investiga-
tion at the US medical centers.31 Furthermore, the
phenotypic ESBL rates among isolates of three major
Enterobacteriaceae species of the RTI group in the present
study were high, ranging from 34% to 44% (Fig. 2), similar to



Table 2 Susceptibility data of important Gram-negative bacterial isolates ([A] overall [B] carbapenem non-susceptible, d [C] ertapenem-susceptible but positive ESBL-
encoding genes) causing complicated intra-abdominal infections among hospitalized patients in Taiwan from 2016 to 2018

Pathogens (number of
tested isolates)

Susceptibility rates, % (isolate number)

CST AMK ATM C/T TZP CRO CAZ FEP ETP IPM MEM CIP LVX

Escherichia coli (631) 97.6 (616) 99.5 (628) 67.7 (427) 92.6 (584) 89.5 (565) 67.2 (424) 67.2 (424) 80.3 (507) 95.4 2) 99.2 (626) 99.4 (627) 57.4 (362) 14.4 (91)
MIC50/MIC90, mg/mL 1/1 4/4 1/>16 0.25/2 2/32 1/>32 1/32 1/>16 0.06/ 5 0.5/0.5 0.12/0.12 0.25/>2 1/>4
ETP-NS (29) 96.6 (28) 93.1 (27) 13.8 (4) 27.6 (8) 24.1 (7) 13.8 (4) 6.9 (2) 27.6 (8) e 86.2 (25) 86.2 (25) 37.9 (11) 6.9 (2)
ETP-susceptible, (þ)

ESBL-encoding gene
(34)

91.2 (31) 97.1 (33) 8.8 (3) 79.4 (27) 79.4 (27) 0 (0) 23.5 (8) 8.8 (3) 100 ( 100 (34) 100 (34) 17.6 (6) 0 (0)

Klebsiella pneumoniae
(380)

98.2 (373) 96.8 (368) 82.6 (314) 87.9 (334) 84.5 (321) 84.2 (320) 75.0 (285) 86.3 (328) 91.6 8) 93.2 (354) 95.0 (361) 67.9 (258) 16.8 (64)

MIC50/MIC90, mg/mL 1/1 4/4 1/>16 0.25/>8 4/>64 1/>32 1/32 1/16 0.06/ 0.5/1 0.12/0.12 0.25/>2 1/>4
ETP-NS (32) 78.1 (25) 78.1 (25) 6.3 (2) 18.8 (6) 12.5 (4) 15.6 (5) 3.1 (1) 31.3 (10) e 37.5 (12) 46.9 (15) 3.1 (1) 0 (0)
ETP-susceptible, (þ)

ESBL-encoding gene
(16)

100 (16) 75.0 (12) 12.5 (2) 31.3 (5) 31.3 (5) 0 (0) 18.8 (3) 12.5 (2) 100 ( 93.8 (15) 100 (16) 6.3 (1) 0 (0)

Pseudomonas aeruginosa
(199)

100 (199) 99.5 (198) 71.9 (143) 97.0 (193) 73.9 (147) e 79.4 (158) 83.9 (167) e 79.4 (158) 82.4 (164) 84.9 (169) 76.9 (153)

MIC50/MIC90, mg/mL 1/1 4/4 4/>16 0.5/4 8/>64 e 4/>32 2/16 e 1/16 0.5/8 0.25/2 1/4
IPM- or MEM-NS (44) 100 (44) 97.7 (43) 38.6 (17) 93.2 (41) 43.2 (19) e 56.8 (25) 59.1 (26) e 6.8 (3) 22.7 (10) 50 (22) 63.6 (28)
Enterobacter spp. (137) 81.0 (111) 99.3 (136) 57.7 (79) 65.7 (90) 68.6 (94) 59.1 (81) 53.3 (73) 74.5 (102) 78.1 7) 95.6 (131) 97.8 (134) 77.4 (106) 13.1 (18)
MIC50/MIC90, mg/mL 1/>4 4/4 2/>16 0.5/>32 4/>64 2/>32 2/>32 1/16 0.12/ 0.5/1 0.12/0.25 0.25/>2 1/4
ETP-NS (30) 93.3 (28) 100 (30) 0 (0) 6.7 (2) 13.3 (4) 3.3 (1) 3.3 (1) 23.3 (7) e 90.0 (27) 90.0 (27) 53.3 (16) 6.7 (2)
ETP-susceptible, (þ)

ESBL-encoding gene
(1)

100 (1) 0 (0) 0 (0) 0 (0) 100 (1) 0 (0) 0 (0) 0 (0) 100 ( 100 (1) 100 (1) 0 (0) 0 (0)

Citrobacter spp. (71) 100 (71) 97.2 (69) 59.2 (42) 77.5 (55) 76.1 (54) 59.2 (42) 56.3 (40) 95.8 (68) 98.6 ) 95.8 (68) 98.6 (70) 84.5 (60) 8.5 (6)
MIC50/MIC90, mg/mL 1/1 4/4 1/>16 0.5/>8 4/64 1/>32 1/>32 1/2 0.06/ 5 0.5/1 0.12/0.12 0.25/1 1/1
ETP-NS (1) 100 (1) 100 (1) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) e 0 (0) 0 (0) 0 (0) 0 (0)
Acinetobacter spp. (53) 98.1 (52) 58.5 (31) e 34.0a (18) 30.2 (16) 13.2 (7) 41.5 (22) 39.6 (21) e 39.6 (21) 35.8 (19) 39.6 (21) 47.2 (25)
MIC50/MIC90, mg/mL 1/1 4/>32 >16/>16 16/>32 >64/>64 >32/>32 >32/>32 >32/>32 e 32/>32 32/>32 >2/>2 2/>4
IPM- or MEM-NS (32) 96.9 (31) 31.3 (10) e e 0 (0) 0 (0) 15.6 (5) 9.4 (3) e e e 9.4 (3) 15.6 (5)
Proteus spp. (48) 1 (2.1) 100 (48) 97.9 (47) 97.9 (47) 97.9 (47) 89.6 (43) 97.9 (47) 97.9 (47) 100 ( 41.7 (20) 100 (48) 85.4 (41) 20.8 (10)
MIC50/MIC90, mg/mL >4/>4 4/8 1/2 0.5/2 2/2 1/2 1/1 1/1 0.06/ 6 2/4 0.12/0.12 0.25/>2 1/2
Stenotrophomonas

maltophilia (43)
e e e 41.9b (18) e e 46.5 (20) e e e e e 58.1 (25)

MIC50/MIC90, mg/mL e e e 16/>32 e e 16/>32 e e e e e 1/>4
Klebsiella aerogenes (40) 97.5 (39) 100 (40) 47.5 (19) 72.5 (29) 62.5 (25) 60 (24) 42.5 (17) 82.5 (33) 75.0 ) 80.0 (32) 92.5 (37) 75.0 (30) 17.5 (7)
MIC50/MIC90, mg/mL 1/1 4/4 8/>16 1/8 16/64 8/32 16/>32 1/8 0.12/ 1/2 0.12/0.5 0.25/>2 1/>4
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some studies from other Asian and Arabic countries.27,32,33

Nevertheless, of the RTI-causing Enterobacterales isolates
in Taiwan, the isolates harboring blaESBL validated by
multiplex PCR accounted for 12.7% (Fig. 1), lower than that
(20.1%) of the 2015e2017 investigation at the US medical
centers (P < 0.001).31 Furthermore, the isolates of
Enterobacter species from the different infection groups
displayed a high rate of ETP-NS phenotype (22%e50%)
(Fig. 2), corresponding with those of a prior Taiwan
survey.34

In similarity to two prior AsiaePacific cIAI Enter-
obacterales studies addressing that CTX-M-15 (CTX-M-1
group) was the main ESBL,35,36 the predominant ESBL type
among our ETP-NS E. coli isolates was also the CTX-M-1
group (Fig. 4). The distribution of dominant CTX-M-type
ESBL in E. coli isolates enrolled in this Taiwanese survey,
however, was different from those of the other studies in
China where CTX-M-9 group accounted for the most abun-
dant (38.2e46.8%) ESBL type.37,38

Contrary to the 2013 Spanish survey demonstrating 87.2%
susceptibility of overall Enterobacter isolates to C/T,39 C/T
exhibited moderate in vitro activity (susceptibility rate,
65.7%) against our cIAI isolates of Enterobacter species. In
spite of being markedly different from one US survey,31 as
shown in the other study,40 C/Twas more active against the
ESBL alone producers of cIAI-related E. coli than K. pneu-
moniae (79.4% vs. 31.3%; P Z 0.002). Nevertheless, these
susceptibility rates of C/T against ESBL producers of this
study were significantly lower than those addressed by
Livermore et al. in the UK study.41

The survey conducted by Robin et al. observed that the
potential AmpC producers of E. cloacae complex isolates
exhibited a high NS rate of C/T (76.5%).42 Such a finding was
consistent with that (44.7%) of our and other
studies.40,41,43,44 Moreover, we observed that the suscep-
tibility rate of C/T was significantly lower than that of ETP
against the potentially phenotypic AmpC producers in
overall Enterobacterales species (58.3% vs. 85.2%; P < 0.01,
Table 1). The susceptibility rate of C/T did not vary
considerably for the ETP-susceptible phenotypic AmpC
isolates. Except for Morganella morganii and Aeromondales
species, C/T was shown to exhibit variable in vitro activity
(54e73%) against other phenotypic AmpC producers of
Enterobacterales species. Consequently, C/T could not be
recommended as an empiric treatment option against most
chromosomally-mediated AmpC-producing Enter-
obacterales species in Taiwan.

After extensive use of LVX in clinical treatment, the
susceptibility rate (58.1%) of LVX against S. maltophilia
isolates was similar to that (50.6%) in China45 but was
significantly lower than that (77%) of an earlier ICU survey
in Taiwan in 2016 (P Z 0.009).46 Despite a poor in vitro
activity of C/T against S. maltophilia isolates, the suscep-
tibility rate (MIC � 4/4 mg/mL) of C/T against B. cen-
ocepacia complex isolates (75.0%) in the present study was
close to that of the UK study (80.3%).41

There are some limitations in this study. First, the sus-
ceptibility of some antibiotics, including trimethoprim-
sulfamethoxazole, tetracyclines, macrolides, were not
tested against GNB isolates. Second, some MDR genes might
not be detected and the clonal spread of XDR-GNB isolates
(e.g., sequence type 131-E. coli) was not evaluated.
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In conclusion, the percentages of ETP-NS phenotype and
positive carbapenemase (KPC, OXA-48-like enzymes
mainly)-encoding gene were more common among the RTI
group of Enterobacterales isolates than those of the cIAI
and cUTI groups in Taiwan. The prevalence rates of CR- and
MDR-P. aeruginosa are on the rise and need close monitor.
In contrast to moderate activity (54e100%) against most
potential AmpC-producing enteric GNB, C/T exhibited poor
(45e47%) in vitro activity against AmpC-producing E.
cloacae complex isolates, regardless of ETP susceptibility.
Nevertheless, the in vitro activity of C/T against isolates of
carbapenem-NS, MDR/XDR-P. aeruginosa and B. cen-
ocepacia complex was high (>88%) and moderate (75%),
respectively. The in vitro susceptibility rate of LVX against
Taiwanese S. maltophilia isolates notably decreased. The
increasing burden of antimicrobial resistance has become a
serious worldwide health issue. Consequently, it is imper-
ative to perform periodical monitoring of the susceptibility
profile of clinically important GNB for effective treatment
of bacterial infections.
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