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ABSTRACT The Enterobacter cloacae complex (ECC) comprises multiple species that 
require genomic analysis for precise identification. They produce inducible AmpC 
β-lactamase and may carry acquired β-lactamases, which are responsible for cefotax­
ime and cefepime resistance. To determine the molecular epidemiology, antimicrobial 
resistance, and β-lactam resistance mechanisms of the ECC, we conducted whole-
genome sequencing analysis, antimicrobial susceptibility testing, and mutation analysis 
on bloodstream ECC isolates from patients in Kyoto, Japan. In 194 ECC isolates, 13 species 
and six unnamed taxa were identified, with Enterobacter xiangfangensis (36%) being 
the most common. A total of 38% of the isolates were nonsusceptible to cefotax­
ime and presented relatively high nonsusceptibility rates to all antimicrobial agents 
tested. Among the different species, Enterobacter hoffmannii presented the highest 
nonsusceptibility rates to both β-lactams and non-β-lactams. Among the cefotaxime-
nonsusceptible isolates, 16% harbored genes encoding extended-spectrum β-lactama­
ses (ESBLs), carbapenemase, and/or plasmid-mediated AmpC, and ampC derepression 
was the predominant resistance mechanism in the remaining isolates. The prevalent 
sequence types (STs) in cefotaxime-susceptible and cefotaxime-nonsusceptible isolates 
were different, although some STs were shared by both groups. Cefepime nonsus­
ceptibility was detected in 7% of the isolates and was associated with E. hoffmannii
ST78 and E. xiangfangensis ST93, which carry ESBLs. Sixty-four mutants, experimentally 
obtained from eight cefotaxime-susceptible isolates, had various ampD mutations, and 
42% and 99% of the mutants were nonsusceptible to cefepime and piperacillin/tazobac­
tam, respectively, indicating the risks associated with the use of these antimicrobials. 
Continuous surveillance via genomic and phenotypic analyses is needed to combat 
antimicrobial resistance in the ECC.

IMPORTANCE The Enterobacter cloacae complex (ECC) is a group of pathogenic bacteria 
that cause nosocomial infections. The ECC produces chromosomal inducible AmpC 
β-lactamases, which is associated with treatment failure despite initial susceptibility to 
third-generation cephalosporins in selected ampC-derepressed mutants. The complex 
antimicrobial resistance mechanisms of the ECC and challenges in species identifica­
tion have complicated our understanding of the ECC and the selection of appropri­
ate treatment. In this study, we performed phenotypic, whole-genome sequencing, 
and mutation analyses among ECC isolates from patients with bloodstream infections 
to determine the precise molecular-based epidemiology, resistance mechanisms to 
third-/fourth-generation cephalosporins, specific species and clones that contribute 
to antimicrobial resistance, and acquisition rates of fourth-generation cephalosporin 
resistance in ampC-derepressed mutants. These data will help elucidate the local 
epidemiology and complex β-lactam resistance mechanisms in the ECC and guide 
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appropriate antimicrobial therapy and infection control strategies for ECC-related 
infections.

KEYWORDS Enterobacter cloacae complex, inducible AmpC, derepressed mutants, 
cefotaxime, cefepime

T he Enterobacter cloacae complex (ECC) is a group of major pathogenic bacteria that 
cause nosocomial infections and is associated with respiratory tract, surgical wound, 

urinary tract, and bloodstream infections (1). They produce chromosomal inducible 
AmpC β-lactamases. The ECC is intrinsically resistant to the potent inducers ampicil­
lin, first­generation cephalosporins, and cephamycins because of their vulnerability to 
AmpC, even at basal expression levels (2, 3). Third-generation cephalosporins (3GCs, i.e., 
cefotaxime, ceftriaxone, and ceftazidime), piperacillin-tazobactam, and aztreonam are 
weak inducers. Wild-type ECC is susceptible to these antimicrobial agents, although they 
are affected by AmpC. The minimum inhibitory concentrations (MICs) of these antimi­
crobial agents for the ECC can be increased if sufficient levels of AmpC are produced 
through induction or by ampC-derepressed mutants. The ECC has a high rate of 
spontaneous mutations that cause ampC derepression (4). The use of 3GCs increases the 
selection of ampC-derepressed mutants by eliminating susceptible (wild-type) subpopu­
lations; this selection leads to acquired resistance to 3GCs during β-lactam therapy and 
a higher rate of treatment failure among ECC than that for other members of Enterobac­
terales that encode inducible AmpC (1, 2, 5–8). Isolates that are initially resistant to 
3GCs usually exhibit an AmpC-hyperproducing phenotype or produce carbapenemases 
or extended-spectrum β-lactamases (ESBLs) (9). Therefore, 3GC treatment for ECC is 
discouraged even if testing shows that an isolate is susceptible to these agents (10). 
In contrast, carbapenems and cefepime are stable against AmpC hydrolysis and are 
treatment options. Clinically, cefepime allows a carbapenem-sparing therapy, and the 
results of several observational clinical studies support its use for the treatment of ECC 
infections (3, 11). However, the MIC of cefepime for ampC-derepressed ECC mutants can 
often increase above its breakpoint (12), and cefepime may not be active against ESBL 
producers (3, 11, 13).

The ECC comprises multiple species, and its taxonomy has been updated over time. 
Genome-based identification using whole-genome sequencing (WGS) data provides 
accurate species classification; to date, at least 24 species and 14 potential taxa have 
been defined using WGS (14–16). Among the genomes registered in the GenBank 
database, the most common human-related species is Enterobacter xiangfangensis, 
followed by Enterobacter hoffmannii, Enterobacter asburiae, Enterobacter roggenkam­
pii, and Enterobacter kobei (15). The importance of accurate species identification is 
supported by the associations of specific species with severe disease or antimicrobial 
resistance. E. xiangfangensis and E. hoffmannii are associated with higher mortality, 
longer hospital stays, and higher rates of resistance to antimicrobials in patients with 
bacteremia (17). Fatal neonatal sepsis is associated with Enterobacter bugandensis (18). 
Furthermore, high-risk ECC clones with carbapenem or 3GC resistance have been 
identified: E. xiangfangensis sequence type (ST) 90, ST93, ST114, and ST171 and E. 
hoffmannii ST78 with carbapenemases (19, 20) and ST78 and ST114 with blaCTX-M-15 
ESBL (9, 20, 21).

In this study, we aimed to determine the species and clonal distribution, antimicrobial 
susceptibility testing (AST) profiles, and cefotaxime/cefepime resistance mechanisms, 
including inducible/derepressed chromosomal AmpC and acquired β-lactamases, in 
bloodstream ECC isolates at a university hospital in Japan through a combination of 
phenotypic, genomic, and mutation analyses.
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RESULTS

Species and clonal distribution

Among the 194 non-duplicate bloodstream ECC isolates included in the study, 120 (62%) 
were susceptible to cefotaxime. WGS analysis identified 13 species and six unnamed taxa 
in the study isolates (Fig. 1, Table 1, and Data set 1). E. xiangfangensis (36%), Enterobacter 
ludwigii (13%), E. kobei (12%), and E. asburiae (12%) were the most common species, 
with a prevalence >10%. E. hoffmannii was the only species with a different prevalence 
in cefotaxime-nonsusceptible (CTX-NS) and cefotaxime-susceptible (CTX-S) isolates (14% 
vs. 3%, P = 0.005). The study isolates included 114 STs, 46 of which were novel STs. 
The most common STs in the CTX-S and CTX-NS isolates were different: E. ludwigii ST20 
(n = 4), E. xiangfangensis ST45 and ST116 (n = 4 each), and E. kobei ST32 (n = 3) were 
prevalent in the CTX-S isolates, whereas E. hoffmannii ST78 (n = 9), E. xiangfangensis ST93 

FIG 1 Phylogenetic tree of 194 clinical Enterobacter cloacae complex isolates collected in Kyoto, Japan, 2002–2018. This 

maximum-likelihood tree was built using 2,143 core SNPs and rooted using Enterobacter soli LMG 25861T. The tree includes 24 

Enterobacter type strains (blue), and 14 reference strains for unnamed species (Taxon 1–14; green). Branches with bootstrap 

support of >90% from 100 replicates are highlighted in blue. In the ST column, “UT” indicates untypeable due to a lack 

of one or more genes, and “-” indicates unregistered. STs 2899 to 2928 and 3216 to 3231 were novel STs identified in this 

study. The filled circles in the CTX and FEP columns indicate nonsusceptibility to cefotaxime or cefepime, whereas the circle 

outlines indicate susceptibility. In the species column, the characters and species correspond as follows: A, E. xiangfangensis; 

D, E. hoffmannii; E, E. hormaechei; F, E. mori; G, E. cloacae; H, E. dissolvens; I, E. ludwigii; J, E. asburiae; L, E. chengduensis; M, E. 

roggenkampii; N, E. sichuanensis; Q, E. kobei; R, E. bugandensis; S, E. quasihormaechei; T, E. chuandaensis; U, E. cancerogenus; V, E. 

soli; W, E. huaxiensis; X, E. oligotrophicus; Y, E. quasimori; Z, E. quasiroggenkampii; AA, E. wuhouensis; AB, E. dykesii; AC, E. vonholyi; 

and TX1–14, unnamed taxon 1–14.
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TABLE 1 Species distribution, antimicrobial nonsusceptibility, and β-lactamase genes of clinical Enterobacter cloacae complex isolates obtained from blood 
cultures at Kyoto University Hospital in Kyoto, Japan, 2002–2018

N (%)

Variables Total (n = 194) Cefotaxime-susceptible (n = 120) Cefotaxime-nonsusceptible (n = 74)
Species
E. xiangfangensis 69 (36%) 42 (35%) 27 (36%)
E. ludwigii 25 (13%) 19 (16%) 6 (8%)
E. kobei 24 (12%) 15 (13%) 9 (12%)
E. asburiae 23 (12%) 15 (13%) 8 (11%)
E. hoffmanniia 13 (7%) 3 (3%) 10 (14%)
E. cloacae 9 (5%) 8 (7%) 1 (1%)
E. roggenkampii 8 (4%) 5 (4%) 3 (4%)
E. bugandensis 7 (4%) 4 (3%) 3 (4%)
Taxon 14 3 (2%) 0 3 (4%)
E. mori 2 (1%) 2 (2%) 0
Taxon 4 2 (1%) 1 (1%) 1 (1%)
Taxon 10 2 (1%) 1 (1%) 1 (1%)
E. dissolvens 1 (1%) 1 (1%) 0
E. huaxiensis 1 (1%) 0 (0%) 1 (1%)
E. quasihormaechei 1 (1%) 1 (1%) 0
E. wuhouensis 1 (1%) 1 (1%) 0
Taxon 1 1 (1%) 0 1 (1%)
Taxon 3 1 (1%) 1 (1%) 0
Taxon 5 1 (1%) 1 (1%) 0
Antimicrobial nonsusceptibility
Cefoxitin 193 (99%) 119 (99%) 74 (100%)
Cefotaximea 74 (38%) 0 74 (100%)
Ceftazidimea 55 (28%) 0 55 (74%)
Cefepimea 14 (7%) 0 14 (19%)
Piperacillina 71 (37%) 13 (11%) 58 (78%)
Piperacillin-tazobactama 43 (22%) 0 43 (58%)
Aztreonama 48 (25%) 0 48 (65%)
Imipenem 0 0 0
Meropenem 1 (1%) 0 1 (1%)
Ciprofloxacina 31 (16%) 9 (8%) 22 (30%)
Levofloxacina 27 (14%) 6 (5%) 21 (28%)
Gentamicina 4 (2%) 0 4 (5%)
Tobramycina 8 (4%) 1 (1%) 7 (9%)
Amikacin 3 (2%) 0 3 (4%)
Minocyclinea 19 (10%) 7 (6%) 12 (16%)
Sulfamethoxazole-trimethoprima 31 (16%) 14 (12%) 17 (23%)
Colistin 67 (35%) 39 (33%) 28 (38%)
β-Lactamase gene
Chromosomal ampC
blaACT 175 (90%) 105 (88%) 70 (95%)
blaCMH 10 (5%) 9 (8%) 1 (1%)
blaMIR 8 (4%) 5 (4%) 3 (4%)
Carbapenemases
blaGES-24 1 (1%) 0 1 (1%)
blaIMP-1 1 (1%) 0 1 (1%)
Extended-spectrum β-lactamase gene
blaCTX-M-3

a 9 (5%) 0 9 (12%)
blaSHV-12 3 (2%) 0 3 (4%)
Plasmid-mediated ampC

(Continued on next page)
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and ST50 (n = 6 and n = 3, respectively), and E. asburiae ST252 (n = 4) were prevalent in 
the CTX-NS isolates. The CTX-S and CTX-NS isolates shared 16 STs, namely, E. hoffmannii
ST78, E. xiangfangensis ST116, E. asburiae ST252, E. xiangfangensis ST45, E. kobei ST32, E. 
xiangfangensis ST50, E. xiangfangensis ST113, E. kobei ST125, E. asburiae ST24, E. kobei 
ST56, E. xiangfangensis ST133, E. cloacae ST432, E. xiangfangensis ST51, E. ludwigii ST253, 
E. asburiae ST484, and E. asburiae ST684 (in decreasing order by number of isolates), 
which corresponded to 26% and 45% of the CTX-S and CTX-NS isolates, respectively. 
Among these 16 STs, the phylogenetic analysis (Fig. 1) indicated that isolates belonging 
to the same ST were monophyletic or CTX-NS isolates clustered within the same branch 
as CTX-S isolates, except one isolate, CTX-NS ST113, which was placed in a different 
branch. CTX-NS isolates from ST78, ST252, and ST133 carried ESBLs.

AST and antimicrobial resistance genes

The CTX-NS isolates had higher nonsusceptibility rates than the CTX-S isolates for 
all antimicrobial agents tested, although the differences in the rates varied (Table 1). 
All CTX-S isolates were susceptible to ceftazidime, cefepime, piperacillin/tazobactam, 
aztreonam, imipenem, meropenem, gentamicin, and amikacin. Significant differences 
in the nonsusceptibility rates were observed for ceftazidime, cefepime, piperacillin, 
piperacillin/tazobactam, aztreonam, ciprofloxacin, levofloxacin, gentamicin, tobramycin, 
minocycline, and sulfamethoxazole-trimethoprim. All the isolates carried chromosomal 
AmpC genes that were characteristic of their respective species (Table 1): blaCMH in 
E. cloacae and Enterobacter dissolvens, blaMIR in E. roggenkampii, and blaACT in all the 
other species. ESBL, carbapenemase, and plasmid-mediated AmpC genes were found 
in 15%, 3%, and 1% of the CTX-NS isolates, respectively (16% overall, with overlap). 
The most common ESBL gene was blaCTX-M-3, followed by blaSHV-12. Among the 14 
cefepime-nonsusceptible isolates, 11 were resistant (MICs > 8 µg/mL), and three were 
susceptible-dose dependent (MICs 4–8 µg/mL). Nine cefepime-resistant isolates carried 
ESBL genes. The remaining resistant isolate and the three susceptible dose-dependent 
isolates were negative for any β-lactamase genes except broad-spectrum β-lactamase 
genes. ST78 and ST93 were predominant in these cefepime-nonsusceptible isolates 
(frequently with ESBLs; Fig. 1). The distribution of antimicrobial resistance genes other 
than those included in Table 1 is shown in Table S1. Among 44 genes, seven genes, 

TABLE 1 Species distribution, antimicrobial nonsusceptibility, and β-lactamase genes of clinical Enterobacter cloacae complex isolates obtained from blood 
cultures at Kyoto University Hospital in Kyoto, Japan, 2002–2018 (Continued)

N (%)

blaDHA-1 1 (1%) 0 1 (1%)
Broad-spectrum β-lactamase gene
blaLAP-2 4 (2%) 1 (1%) 3 (4%)
blaTEM-1 17 (9%) 11 (9%) 6 (8%)
aP value <0.05 for cefotaxime-susceptible vs. cefotaxime-nonsusceptible isolates.

FIG 2 Prevalence of antimicrobial nonsusceptibility and β-lactamase genes among major Enterobacter cloacae complex species. Five species found in >10 

isolates are shown. This heatmap displays rates along a gradient from green (0%) to red (100%). Among the nonmajor species, E. cloacae (89%), E. roggenkampii 

(88%), E. bugandensis (86%), Taxon 14 (100%), Taxon 4 (100%), E. dissolvens (100%), and Taxon 1 (100%) presented high colistin nonsusceptibility rates. FOX, 

cefoxitin; CTX, cefotaxime; CAZ, ceftazidime; FEP, cefepime; PIP, piperacillin; TZP, piperacillin-tazobactam; ATM, aztreonam; IPM, imipenem; MEM, meropenem; CIP, 

ciprofloxacin; LVX, levofloxacin; GEN, gentamicin; TOB, tobramycin; AMK, amikacin; MIN, minocycline; SXT, sulfamethoxazole-trimethoprim; CST, colistin.
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aac(6')-Iaj, aadA1, dfrA15, dfrA19, fosA, qacEΔ1, and sul1, were more frequently carried by 
CTX-NS isolates than by CTX-S isolates.

Fig. 2 compares the AST and β-lactamase genes of the major ECC species (n > 
10). E. hoffmannii had the highest nonsusceptibility rate for cefotaxime, ceftazidime, 
cefepime, piperacillin, piperacillin/tazobactam, aztreonam, ciprofloxacin, levofloxacin, 
gentamicin, minocycline, and sulfamethoxazole-trimethoprim. The ESBL genes blaCTX-

M-3 and blaSHV-12 were most prevalent in E. hoffmannii. E. asburiae had the highest 
nonsusceptibility rate for colistin, followed by E. kobei and species other than the major 
species.

Among the 120 CTX-S isolates, except one isolate that was susceptible to cefoxitin, 
the addition of 8 µg/mL cefoxitin antagonized cefotaxime (100%), ceftazidime (100%), 
piperacillin/tazobactam (24%), and cefepime (6%) but did not antagonize ciprofloxacin, 
levofloxacin, imipenem, and meropenem (Fig. S1).

FIG 3 Frequencies of ampC derepressed mutants among 50 cefotaxime-susceptible Enterobacter cloacae complex isolates. 

The blue bars indicate the geometric means. The black circles indicate the presence of the mutants, whereas the gray circles 

indicate their absence. The limit of detection, which was calculated based on the assumption that only one mutant was 

present, was recorded when the mutant was absent. Data are not shown for the two isolates that did not grow in cultures with 

cefoxitin and cefotaxime. Statistical comparison was performed for the isolates that produced mutants.
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To determine the changes in the above microbiological characteristics over time, 
we compared the isolates from 2002–2010 to those from 2011–2018 (Table S2). The 
species distribution did not differ significantly; however, the prevalence of ST32, the 
tobramycin nonsusceptibility rate, and the carriage of blaCTX-M-3 significantly decreased 
after 2010. Three ST93 isolates and one ST133 isolate, both of which were nonsuscepti­
ble to tobramycin and carried blaCTX-M-3, were detected only in 2002–2010. A greater 
than 25% decrease in nonsusceptibility rates was observed for cefepime, fluoroqui­
nolones, aminoglycosides, minocycline, and sulfamethoxazole-trimethoprim, although 
these differences did not reach statistical significance.

Optimal cefoxitin concentration for AmpC induction and detection of 
inducible AmpC

We determined the optimal cefoxitin concentration to be 8 µg/mL and inducible AmpC 
β-lactamase activity (please refer to Supplementary Results and Discussion for details).

Mutation analysis

The identification of ampC-derepressed mutants was performed in the 50 randomly 
selected CTX-S (subset 1) isolates (Table S6). These mutants were frequently identified 
in cultures with no antimicrobial agent (88%), and those with cefoxitin (90%), and the 
mean mutation frequencies were similar (4.5 × 10−6 vs. 6.1 × 10−6; P = 0.17; Fig. 3). The 
mutants occurred less frequently in cultures with cefoxitin and cefotaxime (66%, P = 0.03 
compared with cultures with no antimicrobial agent); however, the mutation frequencies 
were significantly higher than those of cultures with no antimicrobial agent or with 
cefoxitin (3.2 × 10−3; P < 0.001 each). Figs. S5 and S6 show the distributions of mutation 
frequencies and ratios according to species.

A total of 64 mutants were obtained from eight arbitrarily selected isolates (a 
maximum of four mutants per culture condition) for identification of the genetic 
mutations (Data set 1). Four, three, and one mutants were obtained from 15, 1, and 1 
isolate-culture conditions, respectively (Data set 1). All the mutants had ampD mutations 
(Table 2), including missense mutations (n = 22), frameshift mutations (n = 20), deletion 
or truncation mutations (n = 14), and nonsense mutations (n = 8). Two or more mutation 
types were identified in mutants from the same isolate in cultures without antimicrobial 
agents (5/5, 100%), cultures with cefoxitin (3/7, 43% excluding the isolate with only one 

TABLE 2 Nucleotide changes in the ampD gene of cefotaxime-resistant mutant strains in comparison with their wild-type strainsa

Antimicrobials used in mutation experiments (number of mutants with mutations)

Strain None Cefoxitin Cefoxitin and cefotaxime

KUEN003 A109C (S37R, n = 2), G65A (R22H, n = 1), C493T 

(P165S, n = 1)

Δ280–281 (frameshift, n = 4) Δ364–564 by IS2-like insertion (truncation, n 

= 4)

KUEN021 ND T233A (I78N, n = 4) ND

KUEN022 ND G478T (F160Stop, n = 1) ND

KUEN028 T233G (I78S, n = 3), G496 (G166R, n = 1) T233A (I78N, n = 2), 345delT (frameshift, n = 2) T233G (I78S, n = 2), G340T (G114Stop, n = 1)

KUEN042 G352T (E118Stop, n = 3), C223T (H75Y, n = 1) A491C (D164A, n = 2), 164insA (frameshift, n = 1), 

G278C (R93P, n = 1)

511delT (frameshift, n = 4)

KUEN048 163delA (frameshift, n = 1), 169delA (frameshift, n = 

1), 370insC (frameshift, n = 1), Δ1–564b (deletion, n = 

1)

Δ97–564c (truncation, n = 1), T233A (I78N, n = 1), 

C261A (Y87Stop, n = 1), T419G (L140R, n = 1)

ND

KUEN049 G21A (W7Stop, n = 1), 135delT (frameshift, n = 1), 

G285A (W95Stop, n = 1), Δ394–402 (frameshift, n = 

1)

Δ249–564d (truncation, n = 4) 314delG (frameshift, n = 1)

KUEN076 ND Δ186–552e (truncation, n = 4) ND

aND, not detected.
bThe orf-ampE-ampD-nadC region (3,440 bp) was deleted.
cNucleotide (nt) 97 was fused to nt 28 of the adjacent ampE gene. The parent strain had 9 common nucleotides (CTGCTGGTT) at ampD nt 88–96 and ampE nt 19–27.
dNucleotide 249 was fused to nt 332 of the adjacent ampE gene. The parent strain had 8 common nucleotides (GATGGCGA) at ampD nt 241–248 and ampE nt 324–331.
eNucleotide 186 was fused to an intergenic region.
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mutant), and cultures with cefoxitin and cefotaxime (1/4, 25%). Different ampD mutants 
were found in the same isolate under different culture conditions (4/5, 80%), except for 
one isolate that had the same T233G mutation in cultures without antimicrobial agents 
and with cefoxitin and cefotaxime. Non-silent mutations in genes other than ampD 
were found in seven mutants (11%), and silent mutations or mutations in noncoding 
regions were found in nine mutants (14%), six of which (9%) had both types of mutations 
(Data set 2). The non-silent mutations included deletions in the ampD-ampE region (n 
= 2), nuoM (NADH-quinone oxidoreductase subunit M; n = 1), and paaZ (bifunctional 
protein, n = 1) and missense mutations in mpaA (murein peptide amidase A; n = 1) and 
intS (prophage integrase; n = 1). All the mutants were nonsusceptible to cefotaxime, 
ceftazidime, aztreonam, and piperacillin. The MICs of cefepime increased by a median 
of 64-fold (range: 4–128), and 27 mutants (42%) were nonsusceptible (categorized as 
susceptible, dose-dependent; Fig. 4; Data set 2 ), accounting for 40%, 38%, and 53% 
of the mutants obtained from the cultures with no antimicrobial agents, cefoxitin, and 
cefoxitin and cefotaxime, respectively. One or more cefepime-nonsusceptible mutants 
were obtained from 60% (3/5), 38% (3/8), and 75% (3/4) of the isolates. The MICs for 
piperacillin/tazobactam increased by a median of 16-fold (range: 4 to ≥64), and 63 
mutants (99%) were nonsusceptible. Susceptibilities to other antimicrobial agents were 
unchanged.

DISCUSSION

Species identification

Accurate species identification is important for determining the clinical and microbiolog­
ical characteristics of the ECC, a group comprising multiple bacterial species. In this 
context, WGS-based analysis is required instead of conventional identification methods 
based on biochemical properties, mass spectrometry, or hsp65 (22). Species distribution 
data from clinical isolates are currently limited because WGS-based testing methods are 
difficult to implement in clinical laboratory practices. The results of previous WGS-based 
studies agree with our determination that E. xiangfangensis is the most common species 
(17, 23–27), taking into account the recent nomenclature changes (15). The second and 
third most common species varied among the studies: E. hoffmannii and E. bugandensis 

FIG 4 Comparison of the MICs of cefepime between the wild-type isolates and their ampC derepressed mutants. Mutants obtained from the cultures without 

antimicrobials, those with cefoxitin, and those with cefoxitin and cefotaxime, were shown in panels A, B, and C, respectively. The number of wild-type isolates 

or mutants with each MIC value is shown next to the connecting lines. The susceptible, susceptible dose-dependent, and resistant categories are indicated by 

white, yellow, and orange backgrounds.
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(China, bloodstream infections, 2016–2018) (17), E. kobei and E. roggenkampii (China, 
clinical isolates, 2019–2020) (23), E. bugandensis and E. asburiae (Guadeloupe, clinical 
isolates, 2018) (24), E. asburiae and E. kobei (Japan, IMP-1-producing clinical isolates, 
2007–2011) (25), E. kobei and E. roggenkampii (Japan, bloodstream infections, 2017–2019) 
(26), and E. asburiae and E. kobei/E. ludwigii (Japan, clinical isolates, 2017–2018) (27). 
E. ludwigii was common in our study (13%) and in two previous Japanese studies 
(10%–16%, except the study for carbapenemase-producing isolates) (26, 27), but its 
identification was rare (≤2%) in the other three studies from countries other than Japan, 
suggesting regional differences in species distribution.

In this study, E. hoffmannii was found to be nonsusceptible to multiple antimicro­
bial agents, including β-lactams, fluoroquinolone, and sulfamethoxazole-trimethoprim, 
which is consistent with a previous study reporting that E. xiangfangensis and E. 
hoffmannii exhibited similar resistance characteristics (17). Several species, such as E. 
asburiae and E. kobei, were associated with colistin nonsusceptibility in this study. A 
Japanese single-center study of clinical ECC isolates reported high rates of colistin 
resistance in E. roggenkampii, E. kobei, Enterobacter chuandaensis, E. cloacae, and E. 
dissolvens (27).

CTX-NS rates and resistance mechanisms

Previously reported CTX-NS (or 3GC-resistant) rates in clinical ECC isolates ranged from 
29% to 58% (17, 23, 24, 28), which is consistent with the CTX-NS rate (38%) reported 
in this study. ESBLs (15% prevalence) were the most common acquired β-lactamases 
responsible for cefotaxime-nonsusceptibility, and cefoxitin-resistant isolates without 
these β-lactamases (84%) are considered to have an ampC-derepressed phenotype 
(29). Several surveillance studies have reported the 3GC resistance mechanisms of 
the ECC. Among 652 ECC isolates with ceftazidime resistance and increased MICs of 
cefepime from 77 U.S. medical centers from 2017 to 2019, the acquired β-lactamases 
ESBLs, carbapenemases, and plasmid-mediated AmpC accounted for 15%, 6%, and 1%, 
respectively, of all isolates, and the remaining 78% of isolates were classified as ampC-
derepressed mutants without these β-lactamases (28). Izdebski et al. investigated 195 
3GC-resistant ECC isolates from 12 hospitals across Europe and Israel from 2008 to 2011 
and reported that both the ampC-derepressed phenotype and ESBL or carbapenemase 
genes were present in 52% of isolates, with 3% of the isolates having both character­
istics (9). ESBL genes were found in 49% of the isolates. In this multilocus sequence 
typing (MLST)-based analysis, the ampC-derepressed isolates were highly polyclonal; 
in contrast, isolates carrying blaCTX-M-15 were associated with sporadic clonal spread. 
None of the prevalent, widespread clones of ST78, ST66, ST114, and ST108 had unique 
ESBL or carbapenemase profiles, and all of these STs also included ampC-derepressed 
isolates without these β-lactamases (9). Similarly, in our study, ST78 and ST93 were 
mainly associated with blaCTX-M-3, but they also included ampC-derepressed isolates 
without ESBLs or carbapenemases (Fig. 1 and Data set 1). These observations suggest 
that the sporadic spread of CTX-NS ECC clones that independently acquired ESBLs has 
contributed to increased CTX-NS ECC isolates in Japan and other countries. The prevalent 
STs differed between the CTX-S and CTX-NS isolates; however, some prevalent (e.g., ST78, 
ST116, ST252, ST45, ST32, and ST50) and non-prevalent STs without ESBLs were common 
to both groups, suggesting sporadic development of ampC-derepressed mutants and 
limited subsequent spread.

The prevalence of ESBL genes in ECC isolates has been reported to be 10%–58%, 
and blaSHV and blaCTX-M (particularly blaSHV-12 and blaCTX-M-15) are the most prevalent 
genes worldwide (30). For example, blaSHV-12 was the most common gene in a U.S. 
study (28), and blaCTX-M-15 was the most common gene in a European study (9). ST78 
and ST114 have been associated with blaCTX-M-15 (9, 20, 21). In addition to blaCTX-M-15, 
blaCTX-M-3 has been reported in China, Spain, Italy, Poland, Romania, and Taiwan (30). In 
studies from Japan and China, the most prevalent ESBL gene was blaCTX-M-3, followed by 
blaSHV-12 (23, 31), which is consistent with our results. These ESBL genes were associated 
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with ST78 (both genes) and ST93 (blaCTX-M-3). These STs have been identified as high-risk 
clones associated with carbapenemase and/or ESBLs (9, 19, 20). Carbapenemases were 
rarely found in the study isolates, reflecting the local epidemiology of Japan (32).

Temporal changes

An increase in multidrug-resistant ECC has been observed (33); however, there have been 
no reports indicating an increase in derepressed mutants. Our data indicated that the 
species/clonal distribution did not dramatically change over time and that antimicrobial 
nonsusceptibility rates, including cefepime nonsusceptibility and carriage of the ESBL 
gene blaCTX-M-3, exhibited decreasing trends, suggesting the absence of an ongoing 
spread of antimicrobial resistance in the study isolates. There are no clear explanations 
for these trends; we did not change the treatment strategies for ECC bacteremia or 
detect any outbreaks during the study period.

Mutation experiments

In bacterial culture, ampC-derepressed mutants have a mean mutation rate of 2.7 × 10−8, 
as determined with a Luria–Delbrück fluctuation assay employing 16 parallel cultures 
of 40 clinical ECC isolates (4). The mutant and wild-type populations change due to 
the development and subsequent growth of mutants with a specific mutation rate. 
This change can be assessed with mutation frequencies, which are calculated from 
the proportion of mutants in bacterial cultures. Mutation frequencies are considered 
inaccurate and nonreproducible measures of mutation rates (4), but they may reflect 
the fitness costs of mutations and the selection of mutants under specific conditions. 
The frequency of spontaneous ampC derepression mutations has been reported as 
10−6 to 10−7 (34). Our results revealed that the mean mutation frequencies in cultures 
without any antimicrobial agent and those with an inducer (cefoxitin) were similar to 
the reported frequencies. Increased mutation frequencies and reduced genetic variation 
diversity in cultures with levels of cefotaxime and cefoxitin above the MICs (where 
antagonism occurred) confirmed the selection of ampC-derepressed mutants under 
these culture conditions.

In our study, 42% of mutants became nonsusceptible to cefepime (all were suscepti­
ble, dose-dependent mutants with an MIC of 4–8 μg/mL), and 38%–75% produced at 
least one mutant that was not susceptible to cefepime. When the EUCAST breakpoints 
(MIC ≥2 µg/mL for nonsusceptibility) were applied, 61% of the mutants were classified 
as nonsusceptible, which is consistent with the recently reported value of 66% (12). 
Derepressed mutants have been believed to retain susceptibility to cefepime, but the 
data supporting this conclusion are based on the previous breakpoint (MIC 16 µg/mL 
for nonsusceptibility) (12, 35). Other mechanisms of cefepime resistance include specific 
AmpC variants that increase cefepime hydrolysis or porin deficiency, but these altera­
tions were not found in our mutants, indicating that ampC derepression alone can 
result in cefepime nonsusceptibility. Experimental studies indicate that a high dose of 
cefepime is needed to suppress the development of ampC-derepressed mutants (36). 
Furthermore, an inoculum effect was detected with cefepime, which compromised the 
effectiveness against severe or high-inoculum infections (37). Clinical data are conflict­
ing, but one study suggests that cefepime treatment for ECC bloodstream infections 
caused by cefepime-susceptible-dose dependent isolates is associated with increased 
mortality (38). Considering these data, cefepime may not be the treatment of choice 
for CTX-S ECC, especially for severe infections and when co-administered with potent 
AmpC inducers. Similarly, piperacillin/tazobactam may not be the optimal choice, as 
recommended by the guidelines (39), considering that most mutants identified in this 
study were nonsusceptible to piperacillin/tazobactam, that the ability of tazobactam to 
inhibit AmpC is limited, and that observational studies have suggested poorer outcomes.

Mutations responsible for ampC derepression are most frequently found in ampD, 
followed by ampR and ampG (3, 24, 40, 41). Genome-wide comparisons between 
our CTX-S isolates and the corresponding mutants revealed multiple different ampD 
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mutations in all the mutants, with other mutations (neither ampR nor ampG) with 
unknown effects found in 11% of mutants. No mutants had porin or efflux mutations.

This study has several limitations. First, the number of study isolates was relatively 
small to fully capture ECC diversity, resistance patterns, the characteristics of each 
species, or their trends. The included isolates were not collected from all clinical 
specimen types, and those selected for the subsets were potentially biased. Second, the 
study only covered one institution in Japan, potentially limiting the generalizability of 
the results. Third, we could not assess the 3GC resistance mechanisms of CTX-NS isolates 
(and mutants), including AmpC activity and mutations contributing to the derepressed 
status. Fourth, mutations in porin and efflux pumps were not investigated. However, 
these mutations may not be very important for β-lactam resistance in the presence 
of chromosomal AmpC. The associations of carbapenem resistance with porin and/or 
efflux mutations combined with AmpC are well known (42); in contrast, in the presence 
of AmpC, resistance to 3GCs can occur regardless of outer membrane permeability 
(43). CTX-NS mechanisms of all ampC derepressed mutants can be explained by ampD 
mutations, and none of the mutants developed porin or efflux mutations. Fifth, mutation 
experiments were limited to specific concentrations and antimicrobial agents. Mutant 
analysis of sub-MIC levels of exposure to β-lactams, especially cefepime, is needed to 
clarify the risk of development or selection of ampC-derepressed mutants. Mutants 
might be missed because of restrictions on culture conditions (high limit of detection for 
mutation frequencies in several isolate-culture conditions; Fig. 3) and the lack of replicate 
experiments.

In conclusion, the current molecular epidemiology and β-lactam resistance mech­
anisms were investigated in bloodstream ECC isolates in Kyoto, Japan. The major 
findings include the species distribution, AST profiles, distribution of antimicrobial 
resistance genes, specific species associated with antimicrobial resistance and spe­
cific clones carrying ESBL genes that contribute to cefepime nonsusceptibility, and 
the frequent development of cefepime and piperacillin/tazobactam-nonsusceptible 
ampC-derepressed mutants from CTX-S isolates. Our data will help elucidate the local 
epidemiology and complex β-lactam resistance mechanisms in the ECC and guide 
appropriate antimicrobial therapy and infection control strategies for ECC infections. 
Continuous genomic and phenotypic studies using isolates collected from a wider range 
of institutions with clinical data are needed to combat antimicrobial resistance in the 
ECC.

MATERIALS AND METHODS

Bacterial strains

Non-duplicate CTX-S clinical ECC isolates obtained from blood cultures at Kyoto 
University Hospital in Kyoto, Japan, from February 2002 to December 2018 were 
included. The bacterial strains were identified by matrix-assisted laser desorption 
ionization-time of flight mass spectrometry using MBT compass software (version 4.1; 
Bruker Daltonics, Bremen, Germany).

AST

Antimicrobial susceptibility was evaluated by broth microdilution using customized 
frozen plates (Frozen Plate Eiken, Eiken Chemical, Tokyo, Japan) according to the 
2022 Clinical and Laboratory Standards Institute (CLSI) guidelines (44). Susceptible, 
dose-dependent isolates were classified as nonsusceptible. Three sets of 96-well plates 
were used to test cefotaxime, ceftazidime, piperacillin/tazobactam, cefepime, levofloxa­
cin, ciprofloxacin, imipenem, meropenem, cefoxitin, piperacillin, aztreonam, gentamicin, 
tobramycin, amikacin, minocycline, trimethoprim-sulfamethoxazole, and colistin. For the 
CTX-S isolates, the first eight antimicrobials were also tested with 8 µg/mL cefoxitin, and 
a more than 2-fold increase in the MIC with the addition of cefoxitin was considered 
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antagonistic. Escherichia coli ATCC 25922 was used as a quality control for susceptibility 
testing.

Optimal cefoxitin concentration for AmpC induction and detection of 
inducible AmpC

The methods used for these experiments are described in Supplementary Methods.

Detection of ampC-derepressed mutants

After the bacterial suspension was prepared and incubated at 35°C for 18 h according 
to the CLSI guidelines for AST (44), serial dilutions of the cultures obtained from the 
wells with no antimicrobials, 8 µg/mL cefoxitin, and 8 µg/mL cefoxitin and 4 µg/mL 
cefotaxime were inoculated on Mueller‒Hinton agar with or without 8 µg/mL cefotaxime 
and incubated for 18 h. Bacterial colony counts were performed, and the mutation 
frequency was calculated by dividing the number of colonies from cultures with 8 µg/mL 
cefotaxime by the number of colonies from cultures without antimicrobial agents. One 
90-mm culture plate was used for each isolate-culture condition.

WGS

We used the Illumina DNA Prep kit (Illumina, San Diego, CA, USA) to prepare libraries for 
sequencing. The samples were multiplexed and sequenced on an Illumina NovaSeq 6000 
or NextSeq 1000 for 300 cycles (159 bp paired-end).

Genomic analysis

Draft genomes were obtained using SPAdes version 3.15.4 and annotated using Prokka 
v1.14.5. Species were identified according to average nucleotide identity (ANI) with a 
cutoff of 95% against the 24 type strains and 14 reference strains for unnamed species 
(Data set 1) (15, 45). ANI values based on BLAST were calculated with JSpecies (16). To 
define the presence of genes and their alleles, we used the following databases or typing 
schemes: AMRFinderPlus (46) and MLST (http://pubmlst.org/ecloacae/). We created a 
core SNP-based phylogenetic tree using kSNP 3.0 (47). The tree was visualized using iTOL 
v6 (https://itol.embl.de/). To identify differences between the wild-type and mutant pairs, 
reads obtained from the mutants were mapped to a draft genome of a wild-type strain 
using bwa version 0.7.18. Variants were called using BCFtools version 1.20 if the depth 
of coverage was ≥10 and the quality score was ≥20. ampD mutations were identified by 
comparison of draft genomes using BLASTn version 2.12.0.

Statistical analysis

Continuous variables were analyzed with a 2-tailed paired Mann–Whitney U test. 
Categorical variables were compared using Fisher’s exact test. Statistical analyses were 
performed using R software version 4.1.2 (https://cran.r-project.org).
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