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Mechanisms of resistance to ceftazidime/avibactam of carbapenem-resis-

tant Klebsiella pneumoniae
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[Abstract] Objective To explore the molecular epidemiological characteristics of carbapenem-resistant Klebsiella
pneumoniae (CRKP), and reveal its mechanism of resistance to ceftazidime/avibactam (CZA). Methods CZA-re-
sistant CRKP strains initially isolated from the Affiliated Hospital of Xuzhou Medical University from January 2021
to September 2023 were collected. The carriage of 5 carbapenemase genes (blaxpc » blaxpm » blaoxa » blaym s blanp)
were detected with gene amplification method and colloidal gold method. The relative copy number and expression
level of Klebsiella pneumoniae (KP) carbapenemase-producing KP (KPC-KP) was detected with real-time quantita-
tive polymerase chain reaction (RT-qPCR), mutation sites of KPC mutation strains were analyzed with whole-ge-
nome sequencing, and epidemic characteristics of CRKP and resistance mechanism to CZA were analyzed. Results

A total of 73 CZA-resistant CRKP strains were isolated, with 37 (50. 68%) being KPC and NDM co-producing

[k H I 2023-12-26

(R4 H] LHE TSP A (22021009, Ym2023110) ; % M 17 B 5 %15 B (KC23269)
[EERIAD  BRESIC1997 =) 4 CBUB) « Wi T AE BUIM Tl N A2 I 5 = 82 A 5 240 5 1 245 H0L 1 F 5
LEfEEE] e E-mail; hqk811029@163. com



e 1366 - A = R YL P il 24 A 2024 4E 11 A48 23 %5 11 ] Chin J Infect Control Vol 23 No 11 Nov 2024

strains, 33 (45.21%) NDM-producing alone (23 strains producing NDM-5 and 10 strains producing NDM-1), and

3 KPC-producing alone. KP-2842 strain was identified as ST11-type KPC-33 variant, KP-2127 and KP-2189 strains

produced KPC-2. Compared with KP ATCC BAA-1705, the copy number of blakpe in these strains up-regulated by

1.04 — 3. 86 fold, and the expression increased by 6. 66 — 12. 93 fold, respectively. Colloidal gold and PCR methods

demonstrated good consistency and the ability to detect the enzyme co-producing and KPC-33 variant. Conclusion

In this hospital, the resistance of CRKP to CZA is primarily mediated by the metalloenzyme NDM, with co-produc-

tion of NDM and KPC being a characteristic of CRKP. High copy number and expression level of blakpc, also con-

tribute to CZA resistance. This study identified the KPC-33 variant for the first time in ST11-type CRKP in Jiangsu

Province.
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73 Bk CZA T 25 CRKP K5 3¢ 4R 14 2l i 7% - 72 51> EP
B 300 L R W P HCA B I E T A
TR R 10 s 4 TR 7 2L AR R FE AT TR 5T )G
10 min, IR 200 p 1 F 4 3 J2 B il 48 59
FEAL SR 15 min WA L5 RS . (2) PCR %« & b
PR 73tk CZA it 251 CRKP 4, R F§ PCR
TR S R K S R I A D 5 g UL B Bk A M
B 5L B8 51 B AR T AE Y A 2 | A R 51 it
F AR B W2 2% SCERL10 ] 05 5 51 2 8000
1, By YR sc g LAY A FI T, R
H Snapgene ¥4 7 51| 5 GeneBank 7 4% 9 5z &
B EE X 0 7



o R Y ) 2 A 2024 42 11 A58 23 %5 11 ] Chin J Infect Control Vol 23 No 11 Nov 2024 1367 -

R 1 BREEEEEENTIYFEI RS
Table 1  Primer sequences and related parameters of carba-

penemase genes

EN:f) BRI
il 5 A 3 )
SR 5191751 C ) ) (bp)
blagpe  F:ATCGCCGTCTAGTTCTGCTG 60 811

R: TCGCTGTGCTTGTCATCCTT

blaxpm  F:GCATTAGCCGCTGCATTGAT 60 704
R: TGGCTCATCACGATCATGCT

blayiv  F: TAGCCGAGGTAGAGGGGAAC 60 383
R: TGCCTGCTACTCAACGACTG

blaisvp  F: AAGAAGTTAACGGGTGGGGC 60 385
R:CTTTCAGGCAGCCAAACCAC

blaoxass F: ATTATCGGAATGCCAGCGGT 60 706
R:GCAGCCCTAAACCATCCGAT

HEF Oy EH 59RO T 514,

1.3.4 2ZFANF MHGKERRKKPC %2
FAR LR 4] DNA, 2735 £ Bl TA Y2 7 58 1
S A K 5 PF 3 AE proksee B gl Cht-
tps://proksee. ca/) AT R B H ¥ 5] 40 B 42
KPC ZAS R PR 7 48 53 K F 91 76 A0 5% 9 3 58 1
Z A 5 5 43 B (MLST, https://cge. food. dtu.
dk/services/MLST/),

1.3.5  Dlagee M 3 3 T BRI R 2 Wb 2 52 X
3 ¥k KPC-KP fi§ DNA, L fili & % & 1 W ATCC
BAA-1705 Sy X B B R T 52 0 28 06 1 2R 6
#5 2 W (real-time quantitative PCR, RT-qPCR) j%
Kol blaee 78 VB 51907 9 S HL 4 2. AR
ZABLE 4 2 X SGExcel FastSYBR Mixture 10 pL,
HIE5IY45 0.4 pL. DNA Bk 1 L. Jo i I f§ /K
8.2 ul, RNZHEE H:95C 5 min;95C 5 s,
56°C 10 s,72°C 10 s . ¥ 40 s NS WA R4
FIEH rpoB, R T 2720 2 At S AR XS #5 DUE B
AR DNA 421 3 0, qPCR & E 3 M AL.

®2 RT-qPCR {5149 B 2 50

1.3.6  blagee HH 3t R E B WM R TRIzol ik
LB KPC-KP RNA (1 X 10° M40 % i F 1 mL
TRIzoD) , ¥ % 5% i 7 & 7% 38 153 H cDNA J5, R H
RT-qPCR 3k #EATAH AT 3K AR IN . % BEPE Ak L 9 3B
ZWIEH \RT-qPCR 59 Wi 28471, 3.5, RH
27 8T N S B X R 3k L T A B AR RNA $2 3
K qPCR & 3 ME AL,

1.4 %itsa® RT-qPCR ¥4 % H Welch’s
r-test OBURE) #EAT G 1127 43 Bt » 1 i %R A 2 5%
(M5 i BO LM (P, Pos) 3878 . P<<0. 05 Ry 25 F H
EENIE=-9'8

2.1 BMHEFERE S T3 Bk CZA Tit 25 CRKP 435
BET L H S 61, 64% 4RIy 63(32,74) %517
RAT B FAR 5 <1 2 (1 JB 3, 40 BRAY B >60 2 1Y)
BE . EMREERIE T 69. 86%0) . F4F (10.96%0)
R PR (6. 85 brAs, B2 4y B A 45 B = HE W W
B (ICU,67. 12%) A &AM B (21. 9220 K il il
WRHK B (2. 74 %) . L 3,

R 3 MW CZA K CRKP 45L& 73 A5 1 &L

Table 2 RT-qPCR amplification primers and related para-
meters
H i B W
P4 (57 =3 e KE
HH .
(C)  (bp
blaxpe F:CGGAACCTGCGGAGTGTATGG 56 119
R.CGCTGTGCTTGTCATCCTTGTTA
rpoB  F. TGTAGAGCGTGCGGTGAAAGAG 58 88

R:GGAAATCGGCTTGGCGTTGATC

E:F Oy BEWESI:R N T U514 .

Table 3  Characteristics and distribution of CZA-resistant
CRKP
P/ M (n=73) 4B H (20)
PR
R 51 69. 86
T 8 10. 96
I 5 6.85
i1 4 5.48
JHe 2 2.74
S il Y T VE R 2 2.74
I 3 TR 1 1.37
e
#HiA L ICU 17 23.28
2SR By 16 21.92
#z A ICU 12 16. 44
21 ICU 6 8.22
4 ICU 6 8.22
& AR ICU 5 6. 85
I A} ICU 3 4,11
1K A b 2 2.74
i 25 I EH B 2 2.74
I 05 55 B 1 1.37
W SR 1 1.37
W IRANEL I b 1 1.37
B e 1 1.37
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2.2 HHRBEER ZHERKESREIR, 73K
CZA Tt 25§ CRKP Xf 2 50470 1 24 H A i 245 1 Jo )
KA R R KGR E LI AERM R E 1007,
Xof G BT 2 L A I 2K | DU B R 2 L e 2 K BB
B- PN Ik e 25 24 ) 2 it e Y TS 24 SR R AR H ol i
60% ALK I 1 ¥k CRKP Xf Z &6 H £ 1t 25, FF A
CRKP Xf & fin B0 - B 8ok, WLk 4, 17 B2 il me
U CRKP ¥k i F 84 L ICU,

F4 730k CZA it 2y CRKP XF 17 Fhbi 18 25 9 1 it 245 175 1
Table 4 Resistance of 73 CZA-resistant CRKP strains to 17

antimicrobial agents

blaxpe, 58 78 i KP-2842, K& [ 2 ) 7 45 R s K
ST11 B TE blagec, IR 532 KA TR FL R AL (G532T) ,
FEAE KPC-2 [l 55 179 i 1Y 24 3 R R 4 % 1R 9Y 1%
IR (D179Y) , & X blagec s ¥ H1—E.

x5 CZA T2y CRKP Bk MR A I J5 ¥ 46 Bk 75 %5 0 il
5 R 53 A
Table 5 Distribution of carbapenemase genotypes detected

by two methods for CZA-resistant CRKP strains

LA 259 Tk 245 1 % 253 ()
WR 3L 74 b/t e £ 381 73 100
BRI M/ TR R R 73 100
S Tt fi 73 100
Sk f i e 73 100
Sk LR R /47 E 30 73 100
= 56 76. 71
e s v 72 98. 63
KT v 73 100
B oK R A 45 61.64
Z AR 51 69. 86
ESEFA 47 64.38
ZPHR 55 75. 34
HIMFR 0 0
ZEERY B 52 71.23
BN R 61 83.56
02 77 Tk i Y TG e 52 71.23
EZ 1 ES 1 1.37

JBE 1% 4 1% PCR %
ik T 5 s il ik [ 78
MRE MIRCEE (%) BRER MR EE (20
blagpco + blanpm 37 50. 68 37 50. 68
blaxpm 33 45. 21 33 45. 21
blaxom s - - 23 31.51
blanpi = = 10 13.70
blaxpc 3 4. 11 3 4. 11
blaxpe - - - 2 2.74
blaxpc 33 - - 1 1.37
At 73 100 73 100

2.3 BEENHHLARARL LR RS
PHRY S A 4 ok K I 2% SR R . 73 KR TR CZA [
CRKP 1,37 # [f B 7= KPC I NDM, 33 fk B =
NDM #k .3 #k 8= KPC, B 7 55 4 B 3% [ A PCR
S54RI Y 5 R 4 O A R —BUR N 1002,
L3 5, KPC 5 NDM Bt (& #& PCR 7™ ¥ H Uk I
JISE A 4 G T 235 R DL TR 1

2.4 KPCREH#LAARAMNFLR X 73 %
CZATH 25 CRKP 1 ¥k #F 17 Sanger M ¥ J5 » & B 14k

T — PRI 4 1 N R X 43k D Y, Bl A7 TE
bp
2000
1000

750
500

250

100

£ : My DNA marker; — 4 BIPEX i + O blaxee BAAE XTI 51
A blakpe 32 H blaxpm 33 A blaoxa 34 A blawp 35 N blayiv
B 1 1# KPC 5 NDM ™= & bk PCR 7= ¥y i Yk B B 14 4x
o 0 ] 3%
Figure 1 Electrophoresis and colloidal gold plots of 1 KPC

and NDM co-producing strain

2.5 KPC-KP blagpe #8343 N % % ik %
1 3 # KPC-KP (KP-2127, KP-2189, KP-2842)
e o 5 %08 BB AR il % 52 7 A B ATCC BAA-1705 A
L s blaypee FEXFH5 U150 51 B8 & 2. 04,2, 21,4, 86
i, AT 38 B A B & 12, 67.7. 66,13, 93 £,
WA 2,
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Figure 2 Copy number and expression level of blagpc in CZA-resistant CRKP

2.6 3 #% KPCKP g% & H %57 5402 KP-
2127 YL R E 32 & Y L TR 32 B kR ik 2
Wk O S s S 0t AR B2 AR ICU i B 56 24 K%
R Feke tt CZA fit 25 CRKP, 200 (N R 212 )5 ok
EZ 0k el N 2 A YN IRE PPN e 1]
G U e AL DX PR B 4k 2 R IR YT . KP-2189 Jik e
FBE L TT G A BRI R IR iR B R Ak
BHIG B+ A3 e 399 TR0 5 il 750 J% e Ak P 3 555 PR 9l 1 oy ok
RREIBIT 14 IR 5 13 RIEKG Rt CZA it 24
CRKP, B # K g R BiiaJr . KP-2842 & /i
02 % eV TR 2 P N Bl IR i A ok R
TR A 2 SRR BE SR 6 K B SR R
T 15 I S WU 28 52 75 A (CSKP) L A1 Be 45 24 K%
Kkt CZA gk CRKP, ] ] fiff i 5 A Sk 461 )2
POAN Sk A IE 22 A D B 5F 2 Fh 25 W) 1 BE 26 29
KIER:Fe ki CZA it 25 CRKP, o &3 23697
7 d J5 R B IR AN R O T TR B BR L A AR X
B BEdk SR YT .

3 Wit

AR SO RARAS 43 25 11 73 #k CZA Tit 25 CRKP
AR AR AR R R T 245 1 R it 25 ML AT R Y R B
AR <1 2 FI>060 2 1B H i el 5 X 2k
AEE NPT 85 SR KU = A 0% B RR 43 B B R b
AR5 AR I8 69. 86 %, S A R HEgE T 45 R —
2 AR R MR E BR A 2 CZA Tif 25 CRKP fiy 3 %ok
VAL TS I I T T A= A P AT — g R B T CZA
fif 25 CRKP J& Y, AfF5E & B CZA Tif 25 CRK J&
Jedig 0l 2 A V5 F 1ICU, — 7 i 5 A% B B

FEIRT H 2 12 AME3RAE i I Z R i 259
HK. BEAERFIE R W, AR ICU & &Y CRKP
4 16 6 IR R 22— 5 53— J7 T R CRKP Al % sl oo 4k
BT 510 25 36 R K P 15 4 5 BOZ 2t 25 B % 7T LA
FEBEIF AL N LI TICU N4 AT, Btk B
B 1 KE TCU A Ay g e By 2 14 3 SR

Xof Il A 4 185 1 CRKP E Bk a0 17 E 8 L PRl 119 iy
ARSI T 9 i DR 28 36 M ) TS B TR 25 S S 3L
FH o S 0k 0 e 7 B0 0 T B2 R LA
mCIM-eCIM Bt 4 i& % . APB-EDTA it % . Carba
NP 256 45 3¢ TR I 5 % » DA R A i 56 2R A 0 i )
IS A 4 35 DR A 5 v o AR WIF 5 IS AR 4 Ty 1 A
4l R 5L B v — BobE, T ELE ST B A
KPC 2875 (& KPC-33 [iff , ] i 72 A0 B S of o 1k o B
U, T IR B0 B 2%, B VE AT S B A T, T 4
T DR 5 AR AR AR B T R M L SRR IR YT R

e [ 40 B 24 W I R CCHINET) ™ W 3m) %
T i 9 5 T AT BRI X BB T B 0 2 2 ) Y T 2 R B 3k
20% LA b . CRKP 3 2L it 24 BL S 7= ik 5 55
fiff » (FLJIF 77 il 70 LA DX IR B 0 A 25 500 e dk
22 IR KPC M4 @ i NDM iy p= A 2 HOXT
T IS 25 09 27 2R L A DL KPC i ol 3L
# L NDM filff 31, CZA fe 5 a3l A.C 2%
JAB 4y D2 BN Bk e i . (H X B 2K 4 J& il JC 0 il
EFINT . ABFSE 73 ¥k CZA Tif 25 CRKP 1,4 70
Bk (95. 89%) = NDM, 3% B = /4 4 J& Bi§ & 1% B
CRKP X} CZA Tif 25 /9 EZ ML, 5 Chen 25 (1 f
FEEERARE . Hrh Ay 37 BRIK ™ NDM F1 KPC, 3% fiff
A PACTR 7 e R K, T e 2R 11 25 4 B R B
CZA JCik K fif 4 JE B NDMY 5w % 7= 2 i 1)
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PR — 2 1 0 e VE . >R B BRI A — 350 B 55
T 78 CZA B G 0 0 v HE 1 R 5 1% B 97 ML
¥ ICU N CRKP B bk 0k 75 25 M il 1) £ 350 g 284 DA 22
A KPC #:745 Jy & J& i VIM, B I, #5025
W 1% P 22 T R R A U ke 7 0 Tl R TR X
I R CRKP J8 g i) 4 E 6 97 A 2% i 24 1 7 A J2
JEH DB,

AN [tk 7 5 M 86 T 0 TR 24 0 1 3 R AR TE 25 5
M7 L ik T A 2 B2 A 2 L KO
i 255200 B A B — 25 IR T RO R A R AL
W 5 3 8 43 TR AR A9 I DR YA 9 B IR L e YR T
B G 2 s R BT B 25 2 A R . 2013 4R
EPE XA T 1 Bk KPC-NDM Bt 7™ (9 28 [X 7 AT
PRI & J SCAE BB 45 b X (1 i 8 5 B A1 B PP A
0 78 e PR s R R Y A AT A ] B VY R R G [ B 48 A X
PRI L A ) CRKP 5 2 i) B Be i e 28 & AW 5%
RIH KPC 5 NDM B 7™ B R ER 1 R SRR 2021
AP0 R S DR R S Y AT IR AS: L 4R R R R AF A
X RH B B 0 R B AT . Gao 2RV BFSY B L KPC-2
5 NDM-1 585" B Ak A7 55 0 14 35 N M AL 396 1 L iF
53 B 7R T RE S blaxec. FHE CRKP /4% T —4~
PEA blaxom I BURL AL 1T K O P AR € 1% . 48R
IR 7 AR R A S S B R I DR T 2 A SR TE Y
Tt 24 747

ORI 45 B R L 73 kR CZA Tit 25 CRKP X%f
KA R KN TE R R AW T2, % v v 1 2 A2
SR YD B T e IS O i e PR ol e | R S 2 A
B 2 U IR 2 ORI I W 25 R A AR (A
it 60% B CZA it 25 CRKP 5| 2 ) & 4L 16 J7 1l
PEBEMPL A 25 AR % 2 IR . (EAT RSB )&, CZA fiif
2l A AN 22 36 B3 R I A R 1 T 2 AT A T ARG
K5k 1,37 26,0, 5 DUAE R 982 45 R — 3K
PER X PRI 25 9 H 1 A5 AT AE Ry CZA T 25
PR BT A R B 2 — . AR R BT
NDM-5 f#§ CRKP 3 & 7% tH % 2 i g A 48 4 1) Sk
P17 o & il U CRKP 23k U8 8 24k L
ICU, FF 4/ sk CZA Tit 25 iy CRKP Jgk e A
Ve i B AT . X T B NDM 4§ CZA i 25
CRKP & , o w] M 408 45 ma A1 DR OF 52 FH 22t R
WG CZAJRYT. CZA B4 & M m X ™= NDM (1
CRKP A 3k 2 Yy 6] 410 5 75 F7>7 52 1K 24 [ R 4
Ly B e 0 AT i 8082 A BA A 35 4GB CZA Bk A & il S
FBA KR BT i B NDM-5 BHPE CRKP 18 # 5 2
I3 8 G Y e, 48 R L Yy CZA it 2

CRKP B 75 8 s w] 4 2 3618 2= 519 5 — A 84k
. AW KP-2127 By 85 il 25 a0 50 25
U 2 R R AR YT S I B L i KP-2842 &
PBHETERE MR 50 mg q12h G755 6 KRIRHE 57
ket CZA T 25 CRKP, % AR R B I 3 &= A7
Jits 2H £R0v 2 B8 ATK o 5 P R 24 AR 1 R 7 RSO AR X T
1BY7 CRE 51 ) FAE 22 BE 3 A5 14 il R #7206 FH K
IR T 2 G 025, 6 T 1% 0 8 T
FERFRE L PR et i R 3 YA T T R i A 25 )
N R A

HHETE A CRKP %} CZA #y i 25 AL i A F
T KPC-2,KPC-3 #5354 H: 1R 1 5 78 T UBT 1) KPC
WA 40 KPC-31,KPC-33 45, 4 )t 22 AP ik 47 B A= )
blagpe ¥ U1 S &35 18 -G I R553 325 M o028 s A HE R
FoIRH A AW A B 1 Bk KPC-KP 2l KPC-
33 GEASAR Z AN G A AR AR E AL 5B L g
TR A M X B R 0 R 7E T 9 M X P IR & B
ST11 A CRKP W& #k #5707 blagecss » #Ab A 2 %
Xt CZA it 25 i KPC-KP 290 ) 9 K & B KPC-2 ()
o fith & P 58 7% o RT-qPCR 5 R 7R 1 blagec, A XS
P2 DB B 33k B 48 5 5 A ATCC BAA-1705
AR AR EE B X n] e L B CZA T 2 1) %2
JE P & A IR B BE G (ESBLs) 3 33k | I
FL3E 37 M oA K A HE TR SE LA fr ik — 2B SR

AT R REE CZA B2 8 ] . T 25 7 bk
FE 25 W) W BE 5 ) R 2 M5, 7 4 JE i NDM &
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