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Antimicrobial resistance and molecular characteristics of Klebsiella pneu-

moniae in intensive care unit environment based on whole genome sequencing
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[Abstract] Objective To investigate the distribution characteristics of Klebsiella pneumoniae (KP), hyperviru-
lent Klebsiella pneumoniae (hvKP), carbapenem-resistant Klebsiella pneumoniae (CRKP), and hypervirulent car-
bapenem-resistant Klebsiella pneumoniae (hv-CRKP/CR-hvKP) in the environment of general intensive care unit
(ICU) at medical institutions, and provide reference for environment assessment as well as healthcare-associated in-
fection (HAD prevention and control in ICU. Methods A total of 3 336 environmental specimens were collected
from general ICUs of medical institutions in Shanghai in 2019 and 2023. After strain isolation, antimicrobial suscep-
tibility testing and whole genome sequencing were conducted. Results The detection rate of KP was 1.59% (n=
53), among which hvKP, CRKP, and hv-CRKP/CR-hvKP accounted for 37.74% (20/53), 52.83% (28/53) . and
24.53% (13/53) of the total detected strains, respectively. The main types of hvKP were ST11-KL64 and ST11-
KL25, CRKP were ST15-KL19 and ST11-KL25, hv-CRKP/CR-hvKP were ST11-KL25 and ST11-KL64. The main
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carried resistance genes included fosA, oqrAB, tet(A), blaremins blagpcs > gnrS11, etc. All strains carried viru-

lence genes fimH, iutA, entA, entB, entC, entD, entE, and entF, with only one strain carrying rmpA gene.

Conclusion KP contamination is widespread in general ICU environment of medical institutions, predominantly

ST11 and ST15, presenting a polymorphic distribution. CRKP and hvKP account for a relatively high proportion,

and multidrug resistance is serious. Co-evolution of drug resistance and virulence presents in KP, and poses signifi-

cant infection and pathogenic risks to patients, necessitating enhanced clinical vigilance and preparedness for poten-

tial outbreaks.
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£ E R TR Y ) EAR S < b BRI N Y G R (N
12011 o R o/ S R D = e v e
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Ji B R AR AE T 20 20 H il i I 0 R MRV L B
-70C£&H.
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Y BCH 0.5 22 QB BB % B 22 B MBS
B6 Jiz 18 T A 24 SO U8 B B 4 I E T Ak MIC, BT
PR K 38 A i ATCC 25922 il fili % 58 5 1A
H ATCC 700603,

1.3.3 HEBFR %M DNA $2 5000 & 3 45
Bl

1.3.4 WGS Fo 48 o4  $REAY DNA $#Z18 Illu-
mina DNA prep i) & Ui B 45 78 17 SO A 2 KK
HEAT DNA R Bl inas 2 alifb 47 3 SCPE ) 2 A
¥ L R, WESEEMmE RS RIZE.
i A Tllumina Miseq 0 FAXSEATI0 7 . B4R I 7 4K
izt CLC %dls o A TR AT I # AV 3% O F1)
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V- B AT AZ O ik N 2 2 A6 5T 91 43 B (cgMILST) |
S I i, 35 2 TN L B g AN 245 5L B A

1.3.5 #H* 2 X ZEMZ (multidrug resistance,
MDR) B 235 Xt = 28 Je LA 1470 5 25 0 T 24 114 B jk -
hvKP 2 & 5 3t peg-344 . iroB. iucA,rmpA.
rmpA2 T —FR M Ky B B KPYY . hv-CRKP/
CR-hvKP J& 1 2 /DX —Fh i 75 f M 28904 R (45
B K 0 B e R A 8 D T 2 HL & A A —

FhaE J1 I (peg-344 . iroB.iuc A rmp A .rmpA2) iy
KP,

1.4 it 54 W SPSS 27. 0 % ¥ 32 17 4y
BF AHROER LT 0 R A BRI o KB
g, Fisher K58 83K 5 F — 25 5 5 L5k ] Bon-
ferroni 1 IE . il it Kappa K% 64T — Bk 45 B
PL Kappa (G5 & — Btk K Kappa <0, 2 %
TR 22,0, 21 ~0. 40 F R —E,0. 41~0. 60
FR 0. 61~0.80 R0, 81~1. 00 £ R
5, P<<0.05 #RzEFHAGEITHEX.

2.1 AARER

2.1.1 EFHLME A ICU 3R KP # R
2019.,2023 4 8 BRIy LI 25 G 1ICU FhR B2 BB bR
A3 336 fy . ki KP 53 #k. K %k 1.59%,
o 2019 AR B A 1680 £, ki if KP 22 Fk,
KRR 1. 31952023 4E R ERBEIRA 1 656 £,
K KP 31 #5 . 8 HFRh 1. 87 % 32019 455 2023 48
Zi4 ICU R KP At AL, 22 R BG4 3 X
( =1.687,P=0.194), 8 Fr 7 LI £5 4 ICU Bf
B KP kg 00 W3R 1, A EIT P 25 4 ICU 3R
B KP K AR EL 22 570 i34 (7 = 20. 905,
P=0.004),

2.1.2 AT E4MHEEE KP & HHFRL AFEREN
A5 KP A BB IL R 2. 3 336 bR AS MR 4 Ho 3 B4
Fe byt R R G 29T ARG 2T e L R A
N BB ARl W) ot R TE ) ol AR N T4 KK
FRTI AT 4l 45 R Bon AR 2Ty ik 2% 1 KP
i R 25 A G 3E L (f = 23,853, P<<0. 001)

F 1 2019,2023 4 AR BT AL ICU B KP A H A 40

Table 1 Detection of KP from ICU environment in different medical institutions in 2019 and 2023
Eg%ﬁ] Eggm ;;rzfgy e 2019 4 2023 4
. FRAG A K KP R0 FRAGE K KP sk 0
A =g 1000 WX 240 8(3.33) 356 10(2.81)
B = Lk 1000 R X 240 1€0. 42) 200 0(0)
C =R A 1500 WX 240 4(1.67) 200 5(2.50)
D =R 1000 WRBEE A 240 5(2.08) 180 2(1.11)
E T 4 900 IRAD L5 A% 240 4(1.67) 180 4(2.22)
F B GRS 880 IRAB 2 A 240 0(0) 180 2(1.11)
G =t Yo 1000 X 240 0(0) 180 3(1.67)
H TG 550 I X = - 180 5(2.78)
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Table 2 Detection of KP from different types of specimens
%Ms%léﬁ AR TR ﬁ:z{x o CRKP) KP *ﬁ&ﬁ KP &7 LA 53 A
e B8 KP CRKP hvKP gl 2 €

B Y P 124 12 7 6 4 9. 68 A(3).C(2).D(2) E(2) \F(2) \H(D)
IRERF RS 242 6 3 3 2 2.48 A(2) .C(D E(1) \H(2)
3k 40 1 1 0 0 2.50 ACD

LY & 74 6 2 2 2 8. 11 A(2).C(3).D(D)
25 P/ B R 25 1 1 0 0 4.00 A1)
ELER 49 1 1 1 1 2.04 D(1)
Kk g 3k 91 1 1 0 0 1.10 A(D
i g% 62 3 1 2 0 4. 84 A G H(1)

LIT Y i 9o 13 e 134 1 1 1 1 0.75 A(D
VRIT 125 1 0 0 0 0. 80 E()
R /5 212 5 3 1 1 2.36 C(1).,D(2) E(2)

BT RS I 1% 4L 115 4 2 2 1 3.48 A(1) .D(1).G(1) (H(D)
O H X 122 1 1 0 0 0. 82 A1)
1 15 1 1 0 0 6.67 E(1)

BEdP N B R B AR IR 121 4 1 1 0 3.31 A(2) .C(D.G(1)
VETFQH AR 149 1 1 0 0 0. 67 B(1)

PR35 ERH AL 93 1 0 0 0 1.08 E(1)
i 70 1 1 1 1 1.43 A1)

THENRT THENRT 461 2 0 0 0 0.43 A .C(D

R PORA KPR ARIIA .

2.2 o FHoRERBHEAMNLER 53 # KP s
B 17 B ST B, Horp 3 BRORRE 20 B, W] 4 B T bk
W ST11 5 i £ (24.53% .13 #k) , Hk Sl ST15
(18. 87%, 10 #).ST147 (9. 43%,5 #), ST23,
ST3623 £t 3 #k (4515 5. 66%),ST152,ST1326,
ST34 £k 2 ¥k (%15 3. 77%0) .

T kaptive XF J€ 5 oM ¥ AY SF 47 WO, 53 A
KP 245 5] 20 fp 3¢ i KL &, o h KLo4 7 i £
(20. 75%, 11 ), Hk i KL19(16. 98%0,9 #) .
KL25(11. 32% .6 ¥k, 5 hvKp H 3¢ i £ 2 7 5
KL1 A KL2 405 5 5. 66% (3 #k) 1. 89% (1 #) .
44 ST AU A e KL B350 73 A, & 3 ST11
KL64 KL25 Fil KL47 W & ¥4 15, 4 3] i 46. 15%
(6/13),46.15% (6/13),7. 69% (1/13);ST23 #
KL1 &M .ST15 gy KL19 Fl KL112 W &L,
A8 90.00%(9/10).10.00% (1/10),

K cgMLST S AT R G & 404 K3 53
P KP B H 3k sy 3 A F 250 3 (LR 1D AN\
0 KP W TE & 78 3¢ B or i 2 5 B4t 7 X

(P>0.05), 4y % — 19 ¥k KP A 10 Fl ST #I, ff #
Rk ST147 F1 ST3623, (5 %48 32 42, 11% (8 #) ;
Ay A7 Bk KP A4 4 Fb ST 5, f #4854 ST15
A1 ST23., \51%43 37 76. 47 % (13 ¥R 34352 = 17 ¥k KP
B8 3 A ST Y, R34y ST11, (1% 50 3 76. 47%
3 8,

2.3 AT SHAFAE R Ay 7 kP Wi agh 4 R 6 — Bk
53tk KP Xl F M BPiE R MG /e L B KM
JO At 55 B A 24 843 5 Sl 47,17 % (25 #k) .41, 51%
(22 #£).49. 06 % (26 ¥£) . #iih MDR-KP 36 #, (5
67.92% ., Hdr,2019 K1 12 ¥k, 2023 4 H 24
Bk AGHR A3 R 0. 71% (12/1 680) 1. 45% (24/
1.656), 2019 F1 2023 4F MDR Bk % L #, 2% 5
Gt EE X (5 =4.220,P=0.04), MDR i 25
DL R R R (PSP bR/ sehr e i) I R I Ch
FURaE 3k A At mE Sk R ML ) LBk T B 0 2K OB il R
B VTR BRIV B MU K2R (WU 2D B
25 3 52.78%(19/36), 1 #k KP(2019KP22)
X 5 0 R 2 25, 20k (2023KP14,2023KP27) X #
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B 1 53tk KP ®E51

Figure 1 Clustering distribution of 53 KP strains

2 F 4.3k (2019KP05 ., 2023KP24 . 2023KP27)
X EZFHE B2y,

LA OG . WERE R 25 BE I fosA M T R 2 it 24
B oqx AB H H F B 5 43 i 90. 57 %6 (48 B
77.36% (41 KR, U Z U IR i 25 3 B et (A)
(47.17%.25 ¥k BTN Bt i T 24 K& A blares s Fl
blagpc, ¥ 7 43.40% (£ 23 #8) L blayaps ~blacrses ~
blaspvos 539 A7 30, 19% (16 ¥R (22, 64 % (12 £ |
18. 87 % (10 ¥F) , METE TR 25T 25 32 gnrS1 5 39. 62%
Q1 MO %, 54k ST B, 10 bk ST15 ¥4
% blaspv-in s 3 *5& ST23 f’,]j%% blaspv-190 s ﬂﬁpﬁﬂ’
FEFRANAEXT N ST B E #E4H7 . ResFinder 45 728 70
i 24 05285 TR v TR0 S i 25 (B i] Resistance) H 5 2
FC 7 81 7 1 58 4 — BB Tdentity 2 100 %6 TR 259
MR WGS(R) , — % Identity<< 100 % 8L A Tif 25 No
resistance AL WGS(1+S), # IR, 5 %7 [ P
#2454 MIC i 253056 4 SR Wy RS 19 25 R i
BCXT PO A% 2, AT — BrER B, WK 3. R BoR,
WGS F1 MIC 1 J7 25 %8 3k A0 i Sk 7 i L 26 %0
B I T 245 2 JR 0 T A i — BOME xR K& R A
A2 0 A A5 — SO X IR TN VD AL L B ST A/

SERLAER Sk ALVG T 07— Bk b 2 %) B Ar A R
H W — Bobk 22, %) SR R A H Bk

1E CARD Hdi 78 v 4s: R i 24 3 [X 485 47 155 O 53
PR KP JEAG 120 Ffiisf 25 55 9, Hov 53 -5 2 i

R3O ANWT KP T 2545 R 1 — Bk

Table 3 Consistency of the two methods in judging KP drug resistance

W 5 T 2 KN E 58. 49 MIC R 26 5 0.570 <0. 001
I+S 6 16

B3 (ESS LMW T 49. 06 MIC R 17 9 0.545 <0.001
I+S 3 24

3k f e g 62.26 MIC R 31 2 0. 881 <0. 001
I+S 1 19

3 U 4 R 2 2 .84 . 001

e 10 Al e 58. 49 MIC 9 0. 845 <0.00
I+S 2 20

FELES B 25 5 2% 37.74 MIC R 3 17 0. 180 0. 022

FHEBEF KRER 45.28 R 16 8 0. 648 <20. 001
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2.4 HAERBGAFHEIL 53 bk KP #H 155 i
JIEER L Horr 26 Fi 5 IR R B VEREUA S R E R )
HA K. IrAmEE TN EE8G I EREEEE
LN fimH KA R FERN (wA G R (ent A
entB.entC.entD.entE.entF) , B 1 ¥ (19KP06) 4, H
REHEYIRE 1 iroN, AL 1 £k (23kp17) Kt rmpA
A, HAFEEDERAHEER . mreAB.C.D,
F 23598 90. 57% .86, 79%.90. 57 % .96. 23% .
92.45%, fimA K 96. 23% , iucA,.B,.C.D ¥ N
37.74%, iroB.C.D ¥ K 11. 32%, fyulA. irpl.
Yot A S35 71.70% .71.70 % .69. 81 %,

2.5 CRKP.hvKP #» hv-CRKP/CR-hvKP # % 1% 5
2.5.1 CRKP # ) CRKP 28 # (/5 52.83%),
2019.2023 4 CRKP # Hf % 4% 54 0. 83% (14/
1.680).0.85% (14/1 656) . 23 TG i 2 & X (P>
0.05), & ESFHLH CRKP # %, A K 1. 68%
(10/596),B Jy 0. 23% (1/440),C Jy 0. 23% (1/
440),D N 1.19%(5/420) ., E Jy 1. 19%(5/420) ., F Ky
0.48%(2/420),G H 0.24% (1/420), H H 1. 67%
(3/180),

2.5.2 hvKP & hvKP 20 £ (5 37. 74%) .
2019.2023 4E hvKP #: 4 = 4 51K 0. 36% (6/
1 680).0.85% (14/1 656),2023 4 hvKP 5 K 5
T 2019 4E (> =5.732,P = 0. 017) . A [ 57 Bl
hvKP 6 . A N 1. 68% (10/596),C K 0. 23%
(1/440),D K 0. 95% (4/420), E Jy 0. 24% 1/
420),F #0.24%(1/420),G 4 0.24%(1/420) ,H Hy
1.11%(2/180) , B EEBE KA .

2.5.3 hv-CRKP/CR-hvKP # 4 hv-CRKP/CR-
hvKP 13 # (/5 24.53%),2019,2023 4 hv-CRKP/
CR-hvKP ¥ 1 23 5 f 0. 36% (6/1 680),0. 42%
(7/1 656), 22 R G #E X (P>0.05), % BEST
HL#) hv-CRKP/CR-hvKP ¥ H % . A Jy 0. 84% (5/
596),C N 0.23%(1/440),D 2} 0. 95% (4/420) ,E Hy
0.24%(1/420),F 2} 0.24% (1/420) ,H $} 0.56%
(1/180),B. G K H, A6 E J7 ¥l ¥ hv-CRKP/
CR-hvKP £ R 28 S RG22 1 L (P=>0. 05)
2.5.4 TRk KxE HYWEERIEIT A, 5350
%} CRKP, hvKP, hv-CRKP/CR-hvKP # H} 2 i 17
I3 M 45 B B R & 4 ] CRKP, hvKP, hv-CRKP/
CR-hvKP £t 22 S ¥ TG 1124 E L () P>0.05),
2.5.5 FE ST A CRKP F#LL ST15-KL19(9
) VST11-KL25 %I (6 #) . ST11-KL64 #I (5 £ N
L0 3 F S CRKP fY 71, 43%(20/28) ; hvKP

BBk L ST11-KL64 (6 #). ST11-KL25 (6 #) I
ST23-KL1(3 #) B 51y &, e 3 B 48 3450 51 5
hvKP ) 75. 00% (15/20) ; hv-CRKP/CR-hvKP
FRPL ST11-KL25 (6 #) . ST11-KL64 (5 k) %l 51|
E. /45 hv-CRKP/CR-hvKP 1] 84.62% (11/13),

3 itig

ICU I8 2 B2 e o8 R0 B e 1) J BB 3R i A2, %
HHATIE D 2 B\, AR RTEET WG S
ICU #85h KP g5 etk il , & 38 KP 78 ICU 3155
I ARAE B ST #5155 [ p A bk o A — 30, &=
Bl ST11 F ST15, B 2/ fi . KP ki3 h
1.59% ARFXIBEA G B 1 4. 12% . KP K
BEAEAN R A () 35 Ry A A8 (L AE AN 7] 18 7 AL A (] £
S BH E A SRR Y5 KPR
@ T LAENRFRHRA ., BE EEEMY T,
AR KP {5 G2 72 52 & T R (P T R A2 55) . 45
HOABT.ICU 55 v fie b 905 e 990 i o R
TET A VO R S AL AL B 5 o e ) O At 4 o
JEON ERE B R A o RN 3G W S DU bl 4%
S99 P R v AR ik i T R AR

AHFFEH . CRKP A H %0 0. 84 %, ik T 4
UK EE AL I e JER S % & B 3 B8 R A5 (1 4. 849611, 53
B KP Xtk 75 B 00 2 Bu A Z TR 25 3 0k 41,51 % ~
49. 06 %0 » 5 4 [ 200 A 1 24 W 000 19X 5080 Hh KPP X 58
99 R T 25 28 26. 0% ~26. 8 %31, & B] CRKP
fEgi G 1ICU H % M5 oA 850 (L 7E 43 B 1
KP i e il g L. ARWFIE 40 85 1Y 28 Bk
CRKP #1,39. 29% J& F ST11 A KLo64 F1 KL25 i
%.,32.14% )& T ST15 # K119 . 2, 1fii [/ J& ST11
EIfy KLA7 W2 M ST15 5 KL112 W & 4 & & BT
MF R R 2y, A5 H* 2 E CRKP i
iAo AT, & B0 KLo4 iy KL47 Ak ik, vl g
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