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ABSTRACT Cefiderocol is a siderophore cephalosporin that binds ferric iron and utilizes 
iron transporters to cross the cell membrane. Hypervirulent Klebsiella pneumoniae (hvKp) 
is known to produce more siderophores; in this case, the uptake of cefiderocol may 
be decreased. Therefore, the objective of this study was to evaluate the in vitro activ
ity of cefiderocol against hvKp isolates. A total of 320 carbapenem-resistant K. pneu
moniae (CRKp) isolates were collected in China between 2014 and 2022, including 
171 carbapenem-resistant hvKp (CR-hvKp) and 149 carbapenem-resistant classical K. 
pneumoniae (CR-cKp). Quantitative detection of siderophores showed that the average 
siderophore production of CR-hvKp (234.6 mg/L) was significantly higher than that of 
CR-cKp (68.9 mg/L, P < 0.001). The overall cefiderocol resistance rate of CR-hvKp and 
CR-cKp was 5.8% (10/171) and 2.7% (4/149), respectively. The non-susceptible rates 
of both cefiderocol and siderophore production of CR-hvKp isolates were higher than 
those of CR-cKp in either NDM-1- or KPC-2-producing groups. The MIC90 and MIC50 for 
CR-hvKp and CR-cKp were 8 mg/L and 2 mg/L and 4 mg/L and 1 mg/L, respectively. 
The cumulative cefiderocol MIC distribution for CR-hvKp was significantly lower than that 
of CR-cKp isolates (P = 0.003). KL64 and KL47 consisted of 53.9% (83/154) and 75.7% 
(53/70) of the ST11 CR-hvKp and CR-cKp, respectively, and the former had significantly 
higher siderophore production. In summary, cefiderocol might be less effective against 
CR-hvKp compared with CR-cKp isolates, highlighting the need for caution regarding the 
prevalence of cefiderocol-resistant K. pneumoniae strains, particularly in CR-hvKp isolates.

KEYWORDS Carbapenem-resistant Klebsiella pneumoniae, cefiderocol, siderophore, 
hypervirulent Klebsiella pneumoniae, KPC-2, NDM-1

C arbapenem-resistant Klebsiella pneumoniae (CRKp) is one of the most important 
pathogens threatening human health (1, 2), being resistant to almost all β-lactam 

antibiotics with limited treatment options (3). Studies have shown that the failure rate of 
clinical treatment of patients with carbapenem-resistant Enterobacterales (CRE) infections 
is two to three times that of non-CRE infections (4), and the overall mortality rates of 
CRKp infections worldwide are 33–42% (5, 6). KPC and NDM are the most prevalent 
carbapenemases of CRKp in China, accounting for more than 96% of the total carbapene
mases (7, 8).

Cefiderocol is a novel siderophore cephalosporin, recently approved in the United 
States and the European Union (9). The novel antibiotic agent has a chlorocatechol 
sidechain, which mimics catecholate-type siderophores (e.g., enterobactin) that chelate 
iron, allowing it to enter bacterial cells through iron transporter channels (9). To date, 
several international surveillance studies concerning the in vitro antimicrobial activity 
of cefiderocol demonstrated that it was a promising alternative against a wide range 
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of carbapenem-resistant bacteria (10–12), although there are some limitations requiring 
further investigation, including user-unfriendly antimicrobial susceptibility testing (AST), 
different-to-interpret results and reduced activity against VIM-producing Enterobacter 
spp. (13–15).

Iron is an essential growth factor for most bacteria, including hypervirulent K. 
pneumoniae (hvKp) and classical K. pneumoniae (cKp). The primary mechanism of iron 
acquisition in K. pneumoniae is through the production of siderophores, which secrete, 
bind iron, and reenter in the bacterial cell through siderophore receptors (16). Daoud et 
al. found that the susceptibility of cefiderocol is positively correlated with enterobactin 
receptor expression; if the bacteria harbor multiple iron acquisition systems, the uptake 
of cefiderocol will be reduced (17). The virulence determinants of hvKp include four 
siderophore systems for iron acquisition, that is, enterobactin, salmochelin, yersinia
bactin, and aerobactin. Among them, salmochelin and aerobactin are hvKp-specific 
virulence factors (18), and aerobactin accounts for up to 90% of total siderophore 
production (19). This study aimed at evaluating the in vitro activity of cefiderocol against 
CRKp showing, or not, a hypervirulent genotype.

MATERIALS AND METHODS

Source of CRKp isolates and AST

A total of 320 non-duplicate CRKp clinical isolates were collected from six hospitals 
in different cities in China between 2014 and 2022. The AST of piperacillin/tazobac
tam, ceftazidime, cefepime, aztreonam, imipenem, meropenem, amikacin, tobramycin, 
ciprofloxacin, levofloxacin, and trimethoprim/sulfamethoxazole was performed using 
the Vitek-2 system. The minimum inhibitory concentration (MIC) of cefiderocol was 
determined with the Clinical and Laboratory Standards Institute (CLSI) broth micro
dilution method (20). All the susceptibility tests were performed in triplicate. The 
results were interpreted according to the CLSI 2022 guidelines (20). The breakpoints 
for cefiderocol tested against Enterobacterales are as follows: susceptible (S), ≤4 mg/L; 
intermediate (I), 8 mg/L; and resistant (R), ≥16 mg/L.

Determination of resistant and virulent factors

Whole-genome sequencing (WGS) was carried out using Illumina HiSeq 2500 platform. 
Raw reads were filtered to remove low-quality sequences and adaptors using skewer 
(21). De novo assembly was conducted using SPAdes Genome Assembler v3.14.0 (22). 
Gene prediction was performed using Prokka 1.12 (23). Carbapenemase, sequence type, 
capsular serotype, and virulent factors were annotated with Kleborate v2.3.2 (24). The 
nucleotide sequences of fepA, iroN, fiu, and cirA receptor genes were retrieved from 
the database from Pasteur Institute (https://bigsdb.pasteur.fr/klebsiella/), translated into 
amino acid sequences and then made into a local database. Assembled genomes were 
annotated as the presence of the four genes using BLASTX at the cutoff value of 1e-7, 
a sequence identity of 90%, and a coverage of 99%. K. pneumoniae strains showing 
a hypervirulent genotype, with a virulence score ≥3 (harboring aerobactin and/or 
yersiniabactin and colibactin) according to Lam et al. (24) and carrying rmpA/rmpA2 
genes, were defined as hvKp.

Qualitative and quantitative siderophore detections

Qualitative detection of siderophore was performed according to a previous study with 
slight modification (18). In brief, an iron-free modified King B (MKB) plate was prepared 
with glycerol 15 mL, K2HPO4 2.5 g, hydrolyzed casein 5 g, MgSO4·7H2O 2.5 g, and agar 
20 g in 1 L deionized water. Chrome azurol S (CAS) plate was prepared as follows: 
18 g agar was dissolved in 1 L deionized water and steam-sterilized at 121°C. When 
the medium was cooled to about 60°C, 20% sucrose 10 mL, 1 mM MgSO4 20 mL, 10% 
hydrolyzed casein 30 mL, 0.1 M phosphate buffer 100 mL, and CAS solution (containing 
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1 mM CAS, 0.1 mM FeCl3, and 2 mM hexadecyl trimethyl ammonium bromide) 100 mL 
were added. K. pneumoniae strains were sub-cultured on MKB plate for 18–24 h at 
37°C and were adjusted to McFarland 4.0. Afterwards, 5 µL of bacterial suspensions was 
inoculated onto CAS plates and incubated at 37°C for 18–24 h. A color change of the 
colony from blue to orange indicates siderophore production. The width of the orange 
circle was then recorded.

The siderophore quantification assays were performed using a SideroTec Assay Kit 
(Accuplex Diagnostics Ltd., Co. Kildare, Ireland) in 11 sessions. Importantly, this kit is a 
universal assay that will react with all classes of siderophore regardless of chemistry or 
origin. K. pneumoniae strains NTUH-K2044 and ATCC 700603 were used as positive and 
negative controls for each session, respectively. Both qualitative and quantitative assays 
were performed in triplicate.

Arnow assay

The catechol production was quantified using Arnow assay as previously described (25). 
Briefly, the strains were cultured overnight in M9 medium, and the OD600 was measured. 
Bacterium-free supernatants were obtained by filtration using 0.2 µM filters. Catechol 
was quantified by combining the equal volume of the sample, 0.5 N HCl, nitrite-molyb
date reagent (consisting of 10% [wt/vol] sodium nitrate and sodium molybdate), and 1 N 
NaOH. Then, the mixture was incubated for 5 min to complete the reaction. Absorbance 
was measured at 510 nm with uninoculated media used as a blank [a known 2,3-dihy
droxybenzoic acid (2,3-DHBA) concentration was used as a standard], and the sample 
was adjusted for bacterial growth by normalizing to the OD600 value of each culture. The 
Arnow assay was conducted in eight sessions. K. pneumoniae strains NTUH-K2044 and 
ATCC 700603 were used as controls for each session.

Statistical analysis

Statistically significant differences in the cumulative percentage of MICs and siderophore 
concentrations were calculated using Student’s t-test or Wilcoxon rank-sum test in 
GraphPad Prism 9.5.1. The qualitative data were compared using the χ test or Fisher 
test when the expected value of any cell in the contingency table was less than 5. P < 
0.05 was considered statistically significant.

RESULTS

Overall genotypic characteristics

A total of 320 CRKp strains, isolated from different sources including sputum, bronchoal
veolar lavage fluid, urine, blood, and biopsy tissue, were collected and sequenced. The 
sequence type and capsular serotype were analyzed using the assembled genomes. A 
total of 44 different sequence types were found, including ST11 (224, 70%), ST340 (16, 
5%), ST35 (7, 2.2%), ST65 (7, 2.2%), ST37 (5, 5%), ST307 (5, 5%), ST8520 (5, 5%), and 
others (Fig. 1A; Table S1). A total of 37 different capsular serotypes were also identified, 
including KL47 (126, 39.4%) and KL64 (94, 29.4%), followed by KL55 (18, 5.6%), KL25 (9, 
2.8%), KL2 (9, 2.8%), and others (Table S1).

The type of carbapenemase was also determined in line with WGS data. The results 
showed that KPC-2 (230, 71.9%), KPC-3 (1, 0.3%), NDM-1 (57, 17.8%), NDM-5 (11, 3.4%), 
NDM-4 and OXA-181 (1, 0.3%), NDM-4 and OXA-48 (1, 0.3%), and IMP-4 (2, 0.6%) were 
found in 303 of the 320 CRKp isolates, and carbapenemase was not detected in the 
other 17 isolates. The NDM-1- and KPC-2-producing CRKp isolates accounted for 89.7% 
(287/320) of the total isolates and were further analyzed.

The virulent factors were analyzed. Summarily, 253 yersiniabactin (ybt), 9 colibactin 
(clb), 181 aerobactin (iucA), 27 salmochelin (iroB), and 176 hypermucoviscous regulators 
(rmpA/rmpA2) were annotated. In addition, the enterobactin (fepA) and salmochelin 
(iroN) receptors, as well as the other two known catecholate siderophore receptors (fiu 
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and cirA) were also annotated. The results showed that fepA, iroN, fiu, and cirA were found 
in 318, 25, 317, and 317 of the 320 collected isolates, respectively.

According to the definition described above, 171 isolates were CR-hvKp and the other 
149 were carbapenem-resistant classical K. pneumoniae (CR-cKp). In the CR-hvKp isolates, 
the dominant sequence type was ST11 (154, 90.1%), followed by ST65 (7, 4.1%), ST2237 
(3, 1.8%), ST23 (2, 1.2%), ST1640 (1, 0.6%), ST268 (1, 0.6%), ST25 (1, 0.6%), ST380 (1, 0.6%), 

FIG 1 The phenotypic and genotypic comparation between CR-hvKp and CR-cKp isolates in specific genetic background. (A) Distribution of sequence types 

among CR-hvKp and CR-cKp isolates. (B) Capsular serotypes in ST11 CR-hvKp and CR-cKp isolates. (C) Siderophore concentration of isolates in NDM-1- or 

KPC-2-producing groups. (D) MIC distribution of CR-hvKp and CR-cKp isolates. (E) Non-susceptible rate of cefiderocol in NDM-1- or KPC-2-producing groups. The 

significance level was as follows: *P < 0.05, ***P ≤ 0.001.
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and ST592 (1, 0.6%). The CR-cKp isolates had more diverse sequence types, and the 
dominant sequence type was also ST11 (70, 47%), followed by ST340 (16, 10.7%), ST35 (7, 
4.7%), ST307 (5, 3.4%), ST37 (5, 3.4%), ST852 (5, 3.4%), ST147 (3, 2%), and others (Table 
S1). The 224 ST11 CRKp isolates were further analyzed for the capsular serotype. Notably, 
KL15, KL25, and KL111 were only found in CR-cKp isolates; KL47 was mainly found in 
CR-cKp isolates (75.7% vs 46.1%, P < 0.001); and KL64 was mainly found in CR-hvKp 
isolates (53.9% vs 11.4%, P < 0.001), as shown in Fig. 1B.

In addition, the KL64 isolates had significantly higher average siderophore concentra
tion (226.5 mg/L vs 157 mg/L, P = 0.001) and non-susceptible rate against cefiderocol 
(14.3% vs 7.3%, P = 0.093).

Siderophore production

Siderophore qualitative detection was conducted to characterize these isolates. The 
average width of the orange circle representing siderophore production for CR-hvKp was 
2.6 cm, which was significantly larger than that of CR-cKp (1.3 cm, P < 0.001), as shown 
in Fig. 2A. We then performed the quantitative detection of siderophore using SideroTec 
Assay. The average concentration of siderophore produced by CR-hvKp was 234.6 mg/L, 
while that by CR-cKp was 68.9 mg/L (Fig. 2B). A significant difference was observed 
between them (P < 0.001). In addition, the siderophore concentrations of 320 CRKp were 
divided by those of reference cKp strain ATCC 700603 in each of the 11 sessions, and 
the result showed that 93.6% (160/171) and 65.8% (98/149) of the CR-hvKp and CR-cKp 
strains, respectively, showed higher siderophore production than that of strain ATCC 
700603.

In both NDM-1- and KPC-2-producing CRKp groups, CR-hvKp isolates had significantly 
higher siderophore concentrations than CR-cKp isolates, with 333.1 mg/L vs 75.5 mg/L 
(P = 0.017) and with 231.7 mg/L vs 61.9 mg/L (P < 0.001), as shown in Fig. 1C. However, 
in CR-hvKp and CR-cKp groups, the siderophore concentrations of NDM-1-producing 
isolates were numerically higher than those of KPC-2-producing isolates, though it did 
not reach a significant level (P = 0.144 and P = 0.183). In addition, siderophore recep
tors fepA, iroN, fiu, and cirA were detected in all the four NDM-1-producing CR-hvKp 
isolates, while in the 157 KPC-2-producing CR-hvKp isolates, the positive rates for the 
four receptors were 100% (157/157), 5.7% (9/157), 99.4% (156/157), and 99.4% (156/157), 
respectively. A further subgroup analysis of the yield of siderophore was carried out in 
CR-hvKp isolates. The results showed that the average siderophore production for strains 
with or without iroN was 212.2 mg/L and 237.8 mg/L (P = 0.43), respectively. In 157 
KPC-2-producing CR-hvKp isolates, the average siderophore production for strains with 
or without iroN was 184.8 mg/L and 234.5 mg/L (P = 0.495), respectively.

Arnow assay

Arnow assay showed that K. pneumoniae strain NTUH-K2044 had lower catechol 
production (an average of 44.6 mg/L) than K. pneumoniae strain ATCC 700603 (an 
average of 66.3 mg/L), though not to a significant level. However, the CR-hvKp isolates 
secrete more catechol than CR-cKp isolates (64.2 mg/L vs 55.8 mg/L, P = 0.004), as 
seen in Fig. S1. According to the genetic characteristics described above, the total CRKp 
isolates were composed of 224 ST11 and 96 non-ST11 isolates. The catechol production 
among the two subgroups was further analyzed. Specifically, of the 224 ST11 CRKp 
isolates, CR-hvKp had significantly lower catechol production than CR-cKp (65.9 mg/L 
vs 73.4 mg/L, P = 0.029). On the contrary, in the non-ST11 groups, the CR-cKp had 
significantly lower catechol production than CR-hvKp (39.8 mg/L vs 49.5 mg/L, P = 0.019). 
The catechol production in non-ST11 CR-cKp isolates was too low, which greatly reduced 
the overall catechol yield of the total CR-cKp. Besides, the catechol production of the 
four NDM-1-producing CR-hvKp was 51.2 mg/L, which was lower than that of the 157 
KPC-2-producing CR-hvKp (65.3 mg/L, P = 0.23), though not to a significant level.
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The antimicrobial susceptibility profiles

The antimicrobial activity of cefiderocol and comparator agents is shown in Table 1. 
Of these 320 CRKp isolates, 14 (4.4%) were resistant to cefiderocol, and the MIC90 and 
MIC50 were 4 mg/L and 2 mg/L, respectively. Besides, the non-susceptible rates of 
cefiderocol for CR-hvKp and CR-cKp were 12.9% (22/171) and 6% (9/149), respectively, 
with a P-value of 0.039. The MIC ranges, MIC90 and MIC50, for CR-hvKp and CR-cKp were 
summarized in Table 2 and Fig. 1D. Meanwhile, the cumulative percentage of CR-hvKp 
and CR-cKp isolates inhibited at various MICs of cefiderocol was shown in Fig. 2C, in 

FIG 2 Siderophore detection and antimicrobial susceptibility results of cefiderocol between CR-hvKp and CR-cKp isolates. (A) Qualitative and (B) quantitative 

detection of siderophores in 320 K. pneumoniae isolates. (C) Cumulative percentage MIC distribution of cefiderocol between CR-hvKp and CR-cKp isolates. 

(D) Cumulative percentage MIC distribution of cefiderocol between NDM-1- and KPC-2-producing K. pneumoniae isolates. The significance level was as follows: 

***P < 0.001.
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which the cumulative curve of CR-hvKp was significantly lower than that of CR-cKp 
isolates (P = 0.003).

The non-susceptible rates of NDM-1- and KPC-2-producing isolates in CR-hvKp and 
CR-cKp groups were 50% (2/4) vs 12.7% (20/157) and 11.3% (6/53) vs 4.1% (3/73), 
respectively, and no significant differences were found. The cumulative percentage of 
NDM-1- and KPC-2-producing K. pneumoniae inhibited at various MICs as shown in Fig. 
2D indicated also no significant differences. Of the 57 NDM-1-producing CRKp isolates, 
4 (7%) and 53 (93%) were CR-hvKp and CR-cKp, respectively. Notably, the MIC50 and 
MIC90 for CR-hvKp were 2 mg/L and 16 mg/L and those for CR-cKp were 2 mg/L and 
8 mg/L (Table 2). A similar result was found in KPC-2-producing isolates. Of them, 68.3% 
(157/230) and 31.7% (73/230) belonged to CR-hvKp and CR-cKp, respectively. The MIC50 
and MIC90 for KPC-2-producing CR-hvKp and CR-cKp were 2 mg/L and 8 mg/L and 
1 mg/L and 4 mg/L, respectively. The non-susceptible rates of CR-hvKp and CR-cKp 
isolates in both NDM-1- and KPC-2-producing isolates were calculated, and CR-hvKp 
isolates showed higher non-susceptible rates than CR-cKp in both groups, as shown in 
Table 2 and Fig. 1E.

Among the 224 ST11 CRKp isolates, the MIC50 and MIC90 for the 154 CR-hvKp were 
2 mg/L and 8 mg/L, and those for the 70 CR-cKp were 1 mg/L and 4 mg/L, respectively. 
In addition, the non-susceptible rates for CR-hvKp and CR-cKp were 13% and 2.9%, 
respectively.

DISCUSSION

Cefiderocol is a siderophore cephalosporin with antibacterial activity against a broad 
range of gram-negative pathogens, including carbapenem-resistant isolates (11). 
Siderophore antibiotics bind ferric iron and utilize iron transporters to cross the cell 
membrane. HvKp is known to produce more siderophore, facilitating its survival in 
iron-deficient environments (16). However, a recent study found that when bacteria 

TABLE 1 Antimicrobial activity of cefiderocol and comparator agents against 320 CRKp isolates

Antimicrobial agent MIC range (mg/L) Resistance (%)

Cefiderocol 0.06 to ≥128 4.4
Piperacillin/tazobactam 32 to ≥128 100
Ceftazidime 16 to ≥64 100
Cefepime 2 to ≥64 97.2
Aztreonam ≤1 to ≥64 94.7
Imipenem 2 to ≥16 98.8
Meropenem 2 to ≥16 99.7
Amikacin ≤2 to ≥64 55.6
Tobramycin ≤1 to ≥16 63.4
Ciprofloxacin ≤0.25 to ≥4 93.8
Levofloxacin ≤0.25 to ≥8 90.9
Trimethoprim/sulfamethoxazole ≤20 to ≥320 46.3

TABLE 2 MIC50, MIC90, MIC ranges, and resistance percentages of cefiderocol against 320 CRKp isolates

Isolates (n) MIC (mg/L) CLSI (%)

MIC50 MIC90 MIC range S I R

CR-hvKp (171) 2 8 0.06 to 128 149 (87.1) 12 (7) 10 (5.8)
CR-cKP (149) 1 4 0.06 to 32 140 (94) 5 (3.4) 4 (2.7)
NDM-1 (57) 2 8 0.06 to 32 49 (86) 5 (8.8) 3 (5.3)
  CR-hvKp (4) 2 16 0.5 to 16 2 (50) 1 (25) 1 (25)
  CR-cKp (53) 2 8 ≤ 0.06 to 32 47 (88.7) 4 (7.5) 2 (3.8)
KPC-2 (230) 2 8 0.06 to 128 207 (90) 12 (5.2) 11 (4.8)
  CR-hvKp (157) 2 8 0.125 to 128 137 (87.3) 11 (7) 9 (5.7)
  CR-cKp (73) 1 4 ≤ 0.06 to 16 70 (95.9) 1 (1.4) 2 (2.7)
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harbor multiple iron acquisition systems, the uptake of cefiderocol would be reduced 
(17). Therefore, we hypothesized that less cefiderocol will be transported into hvKp than 
cKp isolates, causing less effectiveness of cefiderocol against the hvKp isolates (Fig. 3). 
Herein, we evaluated the in vitro activity of cefiderocol for hvKp and cKp.

Several phenotypic and genotypic markers have been used to identify the hyperviru
lent strains. Generally, the total siderophore production, or iucA and/or either rmpA or 
rmpA2, would be the most accurate and durable markers for hvKp (16, 26, 27). In this 
study, strains showing hypervirulent genotype, virulence score ≥3 according to reference 
(24), and the presence of rmpA/rmpA2 genes were defined as hvKp. Nevertheless, the 
genetic biomarker is not a perfect surrogate for the hypervirulent phenotype.

We hypothesized that cefiderocol was less effective against CR-hvKp. In this study, 
CR-hvKp had a larger MIC range, MIC50, and MIC90 than CR-cKp. The overall resistance 
rate of cefiderocol of CR-hvKp (5.8%, 10/171) was higher than that of CR-cKp (2.7%, 
4/149). In addition, in both NDM-1- and KPC-2-producing CRKp groups, the non-suscepti
ble rates of cefiderocol and siderophore concentrations of CR-hvKp isolates were both 
higher than those of CR-cKp isolates. In ST11 CRKp group, the catechol production of 
CR-hvKp was significantly lower than that of CR-cKp. The findings above proved our 
hypothesis.

The in vitro activity of cefiderocol to CRKp isolates has been reported in several 
studies (28). Generally, cefiderocol has a high activity against K. pneumoniae strains, with 
most of the MIC90 values are ≤8 mg/L (29–31). Two studies from North America have 
reported resistance rates of 3% and 4.3% for 166 and 23 CRKp isolates, respectively (32, 
33). A recent study from China found a resistance rate of 4.7% for 86 CRKp isolates (34). 

FIG 3 The probable transplantation mechanism of cefiderocol in K. pneumoniae strains. HvKp could produce four different siderophores, including enterobactin, 

salmochelin, yersiniabactin, and aerobactin. Whereas cKp produces only enterobactin and yersiniabactin. When bacteria harbor multiple iron acquisition 

systems, the uptake of cefiderocol was decreased, causing less effectiveness of cefiderocol against the hvKp isolates.
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In our study, the overall resistance rate for 320 CRKp isolates was 4.4%, which was similar 
to the abovementioned reports. However, obvious differences in cefiderocol resistance 
rate were observed among isolates producing different phenotypes of β-lactamases. A 
study from the United Kingdom in 2020 reported that the resistance rates of cefidero-
col for NDM- and KPC-producing isolates are 59% and 8.9%, respectively (the EUCAST 
breakpoints) (35). Another study from China showed that 569 KPC-producing isolates 
had a resistance rate of 0.4%, while 351 NDM-producing isolates had a resistance rate 
of 8% (the CLSI breakpoints) (36). In our study, the non-susceptible rates for NDM-1-pro
ducing isolates were also higher than those of KPC-2-producing isolates in both CR-hvKp 
and CR-cKp groups, which is consistent with the abovementioned reports. The numerical 
difference may be explained by the differences in siderophore production, geographical 
locations, and sample sizes (31).

In our study, the sequence types of the 320 CRKp isolates were diverse. Whereas 
the non-ST11 existed in either CR-hvKp or CR-cKp groups, ST11 could be found in both 
groups, accounting for the greatest number of isolates. In China, ST11 is the dominant 
sequence type of CRKp isolates (37), which is a single locus variant of ST258 (38). A 
variety of capsular serotypes have been identified in ST11 K. pneumoniae strains, with 
KL47 and KL64 being the dominant types in China (39–41). According to previous 
studies, KL64 is replacing KL47 as the most prevalent K. pneumoniae isolate in infected 
patients (42, 43). Notably, KL64 isolates contained more resistant and virulent factors 
(43). In this study, similar results were found that KL64 isolates were predominantly 
distributed in CR-hvKp isolates and had significantly higher siderophore yields than KL47 
isolates.

The current study is limited by several factors. First, the CRKp isolates were collected 
from six centers in China, and more extensive multicenter studies are needed to get 
the representative conclusions. Second, ST11 consisted of the majority of CRKp isolates, 
which are mainly found in Asian countries, especially in China; therefore, the interpreta
tion and extension of these results require great caution. Third, the definition of hvKp 
used in this study only takes into account the genotype, while the virulence profile of 
the phenotype is not included. As a result, there is a possibility of bias in the conclusions 
drawn from the definition. Fourth, the reason for the lower catechol production in these 
non-ST11 CR-cKp isolates needs further studied.

In summary, this study evaluated the in vitro activity of cefiderocol, a siderophore 
cephalosporin, against CRKp isolates. The results showed that cefiderocol is less effective 
against CR-hvKp than CR-cKp isolates and provided a reference for its clinical application 
in China.

ACKNOWLEDGMENTS

We would like to thank all our colleagues in the Laboratory of Clinical Microbiology and 
Infectious Diseases for their assistance.

This work was supported by the National Natural Science Foundation of China 
(grant number 82102456), National High Level Hospital Clinical Research Funding 
(2022-NHLHCRF-LX-01), and Chinese Academy of Medical Sciences (CAMS) Innovation 
Fund for Medical Sciences (grant numbers CIFMS 2021-I2M-1–048 and CIFMS 2021-
I2M-1–030).

AUTHOR AFFILIATIONS

1National Center for Respiratory Medicine, Beijing, China
2Department of Pulmonary and Critical Care Medicine, Center of Respiratory Medicine, 
China-Japan Friendship Hospital, Beijing, China
3State Key Laboratory of Respiratory Health and Multimorbidity, Beijing, China
4National Clinical Research Center for Respiratory Diseases, Beijing, China
5Institute of Respiratory Medicine, Chinese Academy of Medical Sciences, Beijing, China
6Graduate School of Peking Union Medical College, Chinese Academy of Medical 
Sciences, Peking Union Medical College, Beijing, China

Full-Length Text Antimicrobial Agents and Chemotherapy

December 2023  Volume 67  Issue 12 10.1128/aac.00735-23 9

https://doi.org/10.1128/aac.00735-23


7Peking University China-Japan Friendship School of Clinical Medicine, Beijing, China
8Liuyang Traditional Chinese Medicine Hospital, Changsha, Hunan, China
9Tsinghua University-Peking University Joint Center for Life Sciences, Beijing, China
10Department of Respiratory Medicine, Capital Medical University, Beijing, China

AUTHOR ORCIDs

Jiankang Zhao  http://orcid.org/0000-0002-2758-2034
Ziyao Li  http://orcid.org/0000-0001-7346-2976
Binghuai Lu  http://orcid.org/0000-0003-3510-2747
Bin Cao  http://orcid.org/0000-0001-6991-0350

FUNDING

Funder Grant(s) Author(s)

MOST | National Natural Science Foundation of 
China (NSFC)

82102456 Jiankang Zhao

National High Level Hospital Clinical Research 
Funding

2022-NHLHCRF-LX-01 Jiankang Zhao

Chinese Academy of Medical Sciences (CAMS) 
Innovation Fund for Medical Sciences

CIFMS 2021-
I2M-1-048

Bin Cao

Chinese Academy of Medical Sciences (CAMS) 
Innovation Fund for Medical Sciences

CIFMS 2021-
I2M-1-030

Binghuai lu

DATA AVAILABILITY

The sequenced data of the 320 collected isolates were deposited in the GenBank 
SRA database (bioproject: PRJNA996149; accession numbers of isolates: SAMN36519331-
SAMN36519354, SAMN36519356-SAMN36519397, SAMN36663098-SAMN36663148, 
SAMN36687919-SAMN36688012, SAMN36585648-SAMN36585687, SAMN36664871-
SAMN36664893, SAMN36607469-SAMN36607491, SAMN36679596-SAMN36679604, 
SAMN36679606-SAMN36679608, SAMN36770181-SAMN36770190).

ETHICAL APPROVAL

Permission for using the information in the medical records of the patient and the K. 
pneumoniae isolates for research purposes was approved by the Ethics Committee of the 
China-Japan Friendship Hospital (2022-KY-054).

ADDITIONAL FILES

The following material is available online.

Supplemental Material

Figure S1 (AAC00735-23-s0001.docx). The catechol concentrations of these 320 CRKp 
isolates
Table S1 (AAC00735-23-s0002.xlsx). Siderophore concentration and genetic characteris
tics of 320 CRKp isolates

REFERENCES

1. van Duin D, Arias CA, Komarow L, Chen L, Hanson BM, Weston G, Cober 
E, Garner OB, Jacob JT, Satlin MJ, et al. 2020. Molecular and clinical 
epidemiology of carbapenem-resistant Enterobacterales in the USA 
(CRACKLE-2): a prospective cohort study. Lancet Infect Dis 20:731–741. 
https://doi.org/10.1016/S1473-3099(19)30755-8

2. Zhang Y, Wang Q, Yin Y, Chen H, Jin L, Gu B, Xie L, Yang C, Ma X, Li H, 
et al. 2018. Epidemiology of carbapenem-resistant Enterobacteriaceae 
infections: report from the China CRE network. Antimicrob Agents 
Chemother 62:e01882-17. https://doi.org/10.1128/AAC.01882-17

3. Lasko MJ, Nicolau DP. 2020. Carbapenem-resistant Enterobacterales: 
considerations for treatment in the era of new antimicrobials and 

Full-Length Text Antimicrobial Agents and Chemotherapy

December 2023  Volume 67  Issue 12 10.1128/aac.00735-23 10

https://www.ncbi.nlm.nih.gov/bioproject/PRJNA996149/
https://www.ncbi.nlm.nih.gov/biosample/SAMN36519331/
https://www.ncbi.nlm.nih.gov/biosample/?term=SAMN36519354
https://www.ncbi.nlm.nih.gov/biosample/?term=SAMN36519356
https://www.ncbi.nlm.nih.gov/biosample/?term=SAMN36519397
https://www.ncbi.nlm.nih.gov/biosample/?term=SAMN36663098
https://www.ncbi.nlm.nih.gov/biosample/?term=SAMN36663148
https://www.ncbi.nlm.nih.gov/biosample/?term=SAMN36687919
https://www.ncbi.nlm.nih.gov/biosample/?term=SAMN36688012
https://www.ncbi.nlm.nih.gov/biosample/?term=SAMN36585648
https://www.ncbi.nlm.nih.gov/biosample/?term=SAMN36585687
https://www.ncbi.nlm.nih.gov/biosample/?term=SAMN36664871
https://www.ncbi.nlm.nih.gov/biosample/?term=SAMN36664893
https://www.ncbi.nlm.nih.gov/biosample/?term=SAMN36607469
https://www.ncbi.nlm.nih.gov/biosample/?term=SAMN36607491
https://www.ncbi.nlm.nih.gov/biosample/?term=SAMN36679596
https://www.ncbi.nlm.nih.gov/biosample/?term=SAMN36679604
https://www.ncbi.nlm.nih.gov/biosample/?term=SAMN36679606
https://www.ncbi.nlm.nih.gov/biosample/?term=SAMN36679608
https://www.ncbi.nlm.nih.gov/biosample/?term=SAMN36770181
https://www.ncbi.nlm.nih.gov/biosample/?term=SAMN36770190
https://doi.org/10.1128/aac.00735-23
https://doi.org/10.1016/S1473-3099(19)30755-8
https://doi.org/10.1128/AAC.01882-17
https://doi.org/10.1128/aac.00735-23


evolving enzymology. Curr Infect Dis Rep 22:6. https://doi.org/10.1007/
s11908-020-0716-3

4. Ding L, Shi Q, Han R, Yin D, Wu S, Yang Y, Guo Y, Zhu D, Hu F. 2021. 
Comparison of four carbapenemase detection methods for blaKPC-2 
variants. Microbiol Spectr 9. https://doi.org/10.1128/Spectrum.00954-21

5. Agyeman AA, Bergen PJ, Rao GG, Nation RL, Landersdorfer CB. 2020. A 
systematic review and meta-analysis of treatment outcomes following 
antibiotic therapy among patients with carbapenem-resistant Klebsiella 
pneumoniae infections. Int J Antimicrob Agents 55:105833. https://doi.
org/10.1016/j.ijantimicag.2019.10.014

6. Xu L, Sun X, Ma X. 2017. Systematic review and meta-analysis of 
mortality of patients infected with carbapenem-resistant Klebsiella 
pneumoniae. Ann Clin Microbiol Antimicrob 16:18. https://doi.org/10.
1186/s12941-017-0191-3

7. Wang M, Earley M, Chen L, Hanson BM, Yu Y, Liu Z, Salcedo S, Cober E, Li 
L, Kanj SS, et al. 2022. Clinical outcomes and bacterial characteristics of 
carbapenem-resistant Klebsiella pneumoniae complex among patients 
from different global regions (CRACKLE-2): a prospective, multicentre, 
cohort study. Lancet Infect Dis 22:401–412. https://doi.org/10.1016/
S1473-3099(21)00399-6

8. Zhou H, Zhang K, Chen W, Chen J, Zheng J, Liu C, Cheng L, Zhou W, Shen 
H, Cao X. 2020. Epidemiological characteristics of carbapenem-resistant 
Enterobacteriaceae collected from 17 hospitals in Nanjing district of 
China. Antimicrob Resist Infect Control 9:15. https://doi.org/10.1186/
s13756-019-0674-4

9. Candel FJ, Santerre Henriksen A, Longshaw C, Yamano Y, Oliver A. 2022. 
In vitro activity of the novel siderophore cephalosporin, cefiderocol, in 
gram-negative pathogens in Europe by site of infection. Clin Microbiol 
Infect 28:447. https://doi.org/10.1016/j.cmi.2021.07.018

10. Sato T, Yamawaki K. 2019. Cefiderocol: discovery, chemistry, and in vivo 
profiles of a novel siderophore cephalosporin. Clin Infect Dis 69:S538–
S543. https://doi.org/10.1093/cid/ciz826

11. Bassetti M, Echols R, Matsunaga Y, Ariyasu M, Doi Y, Ferrer R, Lodise TP, 
Naas T, Niki Y, Paterson DL, Portsmouth S, Torre-Cisneros J, Toyoizumi K, 
Wunderink RG, Nagata TD. 2021. Efficacy and safety of cefiderocol or 
best available therapy for the treatment of serious infections caused by 
carbapenem-resistant gram-negative bacteria (CREDIBLE-CR): a 
randomised, open-label, multicentre, pathogen-focused, descriptive, 
phase 3 trial. Lancet Infect Dis 21:226–240. https://doi.org/10.1016/
S1473-3099(20)30796-9

12. Bonnin RA, Emeraud C, Jousset AB, Naas T, Dortet L. 2022. Comparison 
of disk diffusion, MIC test strip and broth microdilution methods for 
cefiderocol susceptibility testing on carbapenem-resistant Enterobacter
ales. Clin Microbiol Infect 28:1156. https://doi.org/10.1016/j.cmi.2022.04.
013

13. Simner PJ, Patel R. 2020. Cefiderocol antimicrobial susceptibility testing 
considerations: the Achilles' heel of the trojan horse? J Clin Microbiol 
59:e00951-20. https://doi.org/10.1128/JCM.00951-20

14. Stracquadanio S, Bonomo C, Marino A, Bongiorno D, Privitera GF, Bivona 
DA, Mirabile A, Bonacci PG, Stefani S. 2022. Acinetobacter baumannii 
and cefiderocol, between cidality and adaptability. Microbiol Spectr 
10:e0234722. https://doi.org/10.1128/spectrum.02347-22

15. Lasarte-Monterrubio C, Guijarro-Sánchez P, Vázquez-Ucha JC, Alonso-
Garcia I, Alvarez-Fraga L, Outeda M, Martinez-Guitian M, Peña-Escolano 
A, Maceiras R, Lence E, González-Bello C, Arca-Suárez J, Bou G, Beceiro A. 
2023. Antimicrobial activity of cefiderocol against the carbapenemase-
producing enterobacter cloacae complex and characterization of 
reduced susceptibility associated with metallo-β-lactamase VIM-1. 
Antimicrob Agents Chemother 67:e0150522. https://doi.org/10.1128/
aac.01505-22

16. Russo TA, Marr CM. 2019. Hypervirulent Klebsiella pneumoniae. Clin 
Microbiol Rev 32:e00001-19. https://doi.org/10.1128/CMR.00001-19

17. Daoud L, Al-Marzooq F, Moubareck CA, Ghazawi A, Collyns T. 2022. 
Elucidating the effect of iron acquisition systems in Klebsiella pneumo
niae on susceptibility to the novel siderophore-cephalosporin 
cefiderocol. PLoS One 17:e0277946. https://doi.org/10.1371/journal.
pone.0277946

18. Russo TA, Olson R, Fang C-T, Stoesser N, Miller M, MacDonald U, Hutson 
A, Barker JH, La Hoz RM, Johnson JR. 2018. Identification of biomarkers 
for differentiation of hypervirulent Klebsiella pneumoniae from classical 

K. pneumoniae. J Clin Microbiol 56:e00776-18. https://doi.org/10.1128/
JCM.00776-18

19. Russo TA, Olson R, Macdonald U, Metzger D, Maltese LM, Drake EJ, Gulick 
AM. 2014. Aerobactin mediates virulence and accounts for increased 
siderophore production under iron-limiting conditions by hypervirulent 
(hypermucoviscous) Klebsiella pneumoniae. Infect Immun 82:2356–2367. 
https://doi.org/10.1128/IAI.01667-13

20. Institute CaLS. 2022. CLSI supplement M100. Performance standards for 
antimicrobial susceptibility testing. 32nd ed. Clin Lab Stand Inst, Wayne, 
PA.

21. Jiang H, Lei R, Ding S-W, Zhu S. 2014. Skewer: a fast and accurate adapter 
trimmer for next-generation sequencing paired-end reads. BMC 
Bioinformatics 15:182. https://doi.org/10.1186/1471-2105-15-182

22. Prjibelski A, Antipov D, Meleshko D, Lapidus A, Korobeynikov A. 2020. 
Using SPAdes de novo assembler. Curr Protoc Bioinformatics 70:e102. 
https://doi.org/10.1002/cpbi.102

23. Seemann T. 2014. Prokka: rapid prokaryotic genome annotation. 
Bioinformatics 30:2068–2069. https://doi.org/10.1093/bioinformatics/
btu153

24. Lam MMC, Wick RR, Watts SC, Cerdeira LT, Wyres KL, Holt KE. 2021. A 
genomic surveillance framework and genotyping tool for Klebsiella 
pneumoniae and its related species complex. Nat Commun 12:4188. 
https://doi.org/10.1038/s41467-021-24448-3

25. Arnow LE. 1937. Colorimetric determination of the components of 3,4-
dihydroxyphenylalanine tyrosine mixtures. J Biol Chem 118:531–537. 
https://doi.org/10.1016/S0021-9258(18)74509-2

26. Tian D, Liu X, Chen W, Zhou Y, Hu D, Wang W, Wu J, Mu Q, Jiang X. 2022. 
Prevalence of hypervirulent and carbapenem-resistant Klebsiella 
pneumoniae under divergent evolutionary patterns. Emerg Microbes 
Infect 11:1936–1949. https://doi.org/10.1080/22221751.2022.2103454

27. Russo TA, MacDonald U, Hassan S, Camanzo E, LeBreton F, Corey B, 
McGann P. 2021. An assessment of siderophore production, mucoviscos
ity, and mouse infection models for defining the virulence spectrum of 
hypervirulent Klebsiella pneumoniae. mSphere 6:e00045-21. https://doi.
org/10.1128/mSphere.00045-21

28. Yao J, Wang J, Chen M, Cai Y. 2021. Cefiderocol: an overview of its in-vitro 
and in-vivo activity and underlying resistant mechanisms. Front Med 8. 
https://doi.org/10.3389/fmed.2021.741940

29. Kresken M, Korte-Berwanger M, Gatermann SG, Pfeifer Y, Pfennigwerth 
N, Seifert H, Werner G. 2020. In vitro activity of cefiderocol against 
aerobic gram-negative bacterial pathogens from Germany. Int J 
Antimicrob Agents 56:106128. https://doi.org/10.1016/j.ijantimicag.
2020.106128

30. Delgado-Valverde M, Conejo MDC, Serrano L, Fernández-Cuenca F, 
Pascual Á. 2020. Activity of cefiderocol against high-risk clones of 
multidrug-resistant Enterobacterales, Acinetobacter baumannii, 
Pseudomonas aeruginosa and Stenotrophomonas maltophilia. J 
Antimicrob Chemother 75:1840–1849. https://doi.org/10.1093/jac/
dkaa117

31. Karlowsky JA, Hackel MA, Tsuji M, Yamano Y, Echols R, Sahm DF. 2019. In 
vitro activity of cefiderocol, a siderophore cephalosporin, against gram-
negative bacilli isolated by clinical laboratories in North America and 
Europe in 2015-2016: SIDERO-WT-2015. Int J Antimicrob Agents 53:456–
466. https://doi.org/10.1016/j.ijantimicag.2018.11.007

32. Albano M, Karau MJ, Schuetz AN, Patel R. 2020. Comparison of agar 
dilution to broth microdilution for testing in vitro activity of cefiderocol 
against gram-negative bacilli. J Clin Microbiol 59:e00966-20. https://doi.
org/10.1128/JCM.00966-20

33. Rolston KVI, Gerges B, Shelburne S, Aitken SL, Raad I, Prince RA. 2020. 
Activity of cefiderocol and comparators against isolates from cancer 
patients. Antimicrob Agents Chemother 64:e01955-19. https://doi.org/
10.1128/AAC.01955-19

34. Lan P, Lu Y, Chen Z, Wu X, Hua X, Jiang Y, Zhou J, Yu Y. 2022. Emergence 
of high-level cefiderocol resistance in carbapenem-resistant Klebsiella 
pneumoniae from bloodstream infections in patients with hematologic 
malignancies in China. Microbiol Spectr 10:e0008422. https://doi.org/10.
1128/spectrum.00084-22

35. Mushtaq S, Sadouki Z, Vickers A, Livermore DM, Woodford N. 2020. In 
vitro activity of cefiderocol, a siderophore cephalosporin, against 
multidrug-resistant gram-negative bacteria. Antimicrob Agents 
Chemother 64:e01582-20. https://doi.org/10.1128/AAC.01582-20

Full-Length Text Antimicrobial Agents and Chemotherapy

December 2023  Volume 67  Issue 12 10.1128/aac.00735-23 11

https://doi.org/10.1007/s11908-020-0716-3
https://doi.org/10.1128/Spectrum.00954-21
https://doi.org/10.1016/j.ijantimicag.2019.10.014
https://doi.org/10.1186/s12941-017-0191-3
https://doi.org/10.1016/S1473-3099(21)00399-6
https://doi.org/10.1186/s13756-019-0674-4
https://doi.org/10.1016/j.cmi.2021.07.018
https://doi.org/10.1093/cid/ciz826
https://doi.org/10.1016/S1473-3099(20)30796-9
https://doi.org/10.1016/j.cmi.2022.04.013
https://doi.org/10.1128/JCM.00951-20
https://doi.org/10.1128/spectrum.02347-22
https://doi.org/10.1128/aac.01505-22
https://doi.org/10.1128/CMR.00001-19
https://doi.org/10.1371/journal.pone.0277946
https://doi.org/10.1128/JCM.00776-18
https://doi.org/10.1128/IAI.01667-13
https://doi.org/10.1186/1471-2105-15-182
https://doi.org/10.1002/cpbi.102
https://doi.org/10.1093/bioinformatics/btu153
https://doi.org/10.1038/s41467-021-24448-3
https://doi.org/10.1016/S0021-9258(18)74509-2
https://doi.org/10.1080/22221751.2022.2103454
https://doi.org/10.1128/mSphere.00045-21
https://doi.org/10.3389/fmed.2021.741940
https://doi.org/10.1016/j.ijantimicag.2020.106128
https://doi.org/10.1093/jac/dkaa117
https://doi.org/10.1016/j.ijantimicag.2018.11.007
https://doi.org/10.1128/JCM.00966-20
https://doi.org/10.1128/AAC.01955-19
https://doi.org/10.1128/spectrum.00084-22
https://doi.org/10.1128/AAC.01582-20
https://doi.org/10.1128/aac.00735-23


36. Wang Q, Jin L, Sun S, Yin Y, Wang R, Chen F, Wang X, Zhang Y, Hou J, 
Zhang Y, Zhang Z, Luo L, Guo Z, Li Z, Lin X, Bi L, Wang H, Tyne DV. 2022. 
Occurrence of high levels of cefiderocol resistance in carbapenem-
resistant Escherichia coli before its approval in China: a report from China 
CRE-network. Microbiol Spectr 10:e0267021. https://doi.org/10.1128/
spectrum.02670-21

37. Zhang R, Liu L, Zhou H, Chan EW, Li J, Fang Y, Li Y, Liao K, Chen S. 2017. 
Nationwide surveillance of clinical carbapenem-resistant Enterobacteria
ceae (CRE) strains in China. EBioMedicine 19:98–106. https://doi.org/10.
1016/j.ebiom.2017.04.032

38. Qi Y, Wei Z, Ji S, Du X, Shen P, Yu Y. 2011. ST11, the dominant clone of 
KPC-producing Klebsiella pneumoniae in China. J Antimicrob Chemother 
66:307–312. https://doi.org/10.1093/jac/dkq431

39. Dong N, Zhang R, Liu L, Li R, Lin D, Chan E-C, Chen S. 2018. Genome 
analysis of clinical multilocus sequence Type 11 Klebsiella pneumoniae 
from China. Microb Genom 4:e000149. https://doi.org/10.1099/mgen.0.
000149

40. Lu M-C, Tang H-L, Chiou C-S, Wang Y-C, Chiang M-K, Lai Y-C. 2018. Clonal 
dissemination of carbapenemase-producing Klebsiella pneumoniae: two 

distinct sub-lineages of sequence Type 11 carrying blaKPC-2 and 
blaOXA-48. Int J Antimicrob Agents 52:658–662. https://doi.org/10.1016/
j.ijantimicag.2018.04.023

41. Jiang Y, Wei Z, Wang Y, Hua X, Feng Y, Yu Y. 2015. Tracking a hospital 
outbreak of KPC-producing ST11 Klebsiella pneumoniae with whole 
genome sequencing. Clin Microbiol Infect 21:1001–1007. https://doi.
org/10.1016/j.cmi.2015.07.001

42. Zhou K, Xiao T, David S, Wang Q, Zhou Y, Guo L, Aanensen D, Holt KE, 
Thomson NR, Grundmann H, Shen P, Xiao Y. 2020. Novel subclone of 
carbapenem-resistant Klebsiella pneumoniae sequence Type 11 with 
enhanced virulence and transmissibility, China. Emerg Infect Dis 26:289–
297. https://doi.org/10.3201/eid2602.190594

43. Zhao J, Liu C, Liu Y, Zhang Y, Xiong Z, Fan Y, Zou X, Lu B, Cao B. 2020. 
Genomic characteristics of clinically important ST11 Klebsiella 
pneumoniae strains worldwide. J Glob Antimicrob Resist 22:519–526. 
https://doi.org/10.1016/j.jgar.2020.03.023

Full-Length Text Antimicrobial Agents and Chemotherapy

December 2023  Volume 67  Issue 12 10.1128/aac.00735-23 12

https://doi.org/10.1128/spectrum.02670-21
https://doi.org/10.1016/j.ebiom.2017.04.032
https://doi.org/10.1093/jac/dkq431
https://doi.org/10.1099/mgen.0.000149
https://doi.org/10.1016/j.ijantimicag.2018.04.023
https://doi.org/10.1016/j.cmi.2015.07.001
https://doi.org/10.3201/eid2602.190594
https://doi.org/10.1016/j.jgar.2020.03.023
https://doi.org/10.1128/aac.00735-23

	In vitro activity of cefiderocol, a siderophore cephalosporin, against carbapenem-resistant hypervirulent Klebsiella pneumoniae in China
	MATERIALS AND METHODS
	Source of CRKp isolates and AST
	Determination of resistant and virulent factors
	Qualitative and quantitative siderophore detections
	Arnow assay
	Statistical analysis

	RESULTS
	Overall genotypic characteristics
	Siderophore production
	Arnow assay
	The antimicrobial susceptibility profiles

	DISCUSSION


