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RO S ML, DU R BT R T 20 M B P 2 0 o R SR B AR A A R 32 I 1= T ol 2 LA P A,
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AT P (dehydrogenase, DHA). R T (ApH)ATP mcr-1 {3 35 B 48 7 o0 R HU i 10 18 F AL #5055 P K i
U4yt SR AT R /)N B2 P T T % SRR G S R PP AN T AR 5 B SR AE AR RS TR IT IR . R R, BB S
B FEX mer-1 FHYE E. coli 154 P9 7035 Fblh [ DU B 208 . HLEIRH 7026 B, 95 el v] B B4R 40 A 11 SRR G5 ), BRIk AW
T8I0 N JEIEE P RIS 5 R 3 o 0 DHA E P, 48 ApH M8 57, 530 ATP & B2 B 4k 75 B Bk s 1 1
mer-13E R FTK, I 26 5 4B B A (181 . IX LSRN 363 T i R 0GB A8 7, 5] RIBLSE #9154 it
I, S ST AT AR o TR A Y RS B v DS AR R B R AR T T R R R e B R AR TR R
Z5 b, PR EE S R B B T mor-1 B E. coli % 7 8 35 W RUBE I, S HE P R0 B8 D288, DRI R 82 % 86 B 2 i 24
ME RSNV AR HR ANVE LE VR T HENS o ASHIE ST BT K 1) B A S B0 A AR U R 24 0 U e 2 e S 56 B M RS B A 2 A
2P & S5 4kE (HtAE S 2023DWLL029).
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Abstract: With the widespread dissemination of the plasmid-mediated colistin resistance gene mcr-1, colistin
resistance has spread globally, severely threatening the last line of defense in global anti-infective therapy. This
study aimed to evaluate the resistance-reversing effects of linalool combined with colistin against mcr-1-positive

Escherichia coli (E. coli) and to elucidate the underlying mechanisms, aiming to propose a therapeutic strategy to
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combat colistin resistance. The synergistic antibacterial effects in vitro were determined using the broth
microdilution checkerboard method and time-kill curves, and biofilm assays. Further investigations elucidated the
underlying mechanisms by assessing inner/outer membrane permeability, membrane potential (AY),
dehydrogenase activity (DHA), proton gradient (ApH), ATP levels, and mcr-1 gene expression. Finally, we
assessed the in vivo efficacy of linalool in combination with colistin against Galleria mellonella infection and
mouse acute peritonitis models. Results demonstrated that linalool-colistin combination exhibited synergistic
antibacterial effects against mcr-1-positive E. coli both in vitro and in vivo. Mechanistically, linalool directly
damaged the bacterial outer membrane, reduced AY, and increased inner membrane permeability. Moreover,
linalool inhibited DHA activity, disrupted ApH establishment, ultimately impairing ATP production. Additionally,
linalool significantly downregulated the mcr-1 expression, suppressing lipid A modification in resistant strains.
These effects collectively enhanced colistin penetration, triggering membrane disruption and energy metabolism
collapse, ultimately achieving synergistic antibacterial efficacy. In vivo, combination therapy significantly
improved survival rates in both infection models. In conclusion, linalool restores colistin susceptibility in mcr-1-
positive E. coli through synergistic mechanisms, providing a promising therapeutic strategy against colistin
resistance. All animal experimental procedures were reviewed and approved by the Animal Welfare and Ethics

Committee of Xiangnan University (approval No.: 2023DWLL029).
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AT R R | 02 A% i B 30 N SR A0 S ) 42 B, 1l
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A7 R . YR D REE TS Y R 2 B R
KR, 5% Grhu Al 2B F I R P AR B IR B v RO, A T
24 T A A e IR R AL AT D R 3,7- = H
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I BORM s EH BT T 3 A b T 57 R R A B AL ST
TR R, 0 T T A9 I 308 P A U 4 v i 243 428 7 T
A ATIBZ RGEHT I, 3K — S B A7 ) o A5 ¢
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SLISEPR  E. colibpE PR (ATCC25922) 14T 1
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FE-1-ZE ¥ (NPN, %5 P110559).3,3- P 3L — e 4E
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H]; ATP R IR & (15 : MA0330-1). CCK-8 41l g 4%
B % B A R B (75 MAO0218) 3 1 R IE £
CAEMEARA PR A A W70 CEE B8 (dehydrogenase,
DHA) i IR A & (185 ml076966) 1 [ - ¥ iy 5k A=
Y Bl ¥ A BR /A & ; Unizol & RNA #2 Bk 7 £ Plus
(75 :RE702) M HAL X &V AR B AR A A,
All-in-One 5x RT MasterMix (G592)+BlasTaq™ 2xqPCR
MasterMix (G891) 4 i H il 2= K Applied Biological
Materials A &) o

I Ee  fEIEE IR (LY 13-420, b i 45 35 S 56
#HAMRAF), & RERIRG & (IS-RSD3, 751 3E H
FAH IR A F]); SLi ¢ & 5 PCRAX (LightCycler® 96,
Roche A #); % LI Ae B A5 1% (Cytation 5, BioTek 2 );
T VA VR B 0 WL (OSE-HC-02). TGem Ultra 4= % K 7>
J6IEFETE (OSE-260-06), KA AEAAT BR 2 7 ; i 75 ik 21
AR A (JY92-TIDN, =8 2 A= R I 0 A BR
7)) F9 4 LT R UBE (SUS100, Hatachi 23 #); 3 K3
H4% (EDC-810, R AT B A FRA A,

SR TNY LI T R R KSR 4)) B 96 5%, MR
250~300 mg, 4 T R BGEAYEHARAFA .
SPF 2% 6 Ji % EEWI/NER 60 H, MR EE 20 + 2 g, MRS 2P,
V) T35 T T 3 v A SR B Zh WA BR A FD, B AE PR R
AJIES: SCXK () 2019-0004 . §i% 1 2% 5h W) s 1) 77 3
N1 GRS o A S I 4 A TR 2 SR AT I e 2
Wit S5 56 2 4 A R A B 2 DA o A S A (L E
51 2023DWLL029).

MHERIETT O RAT I B RRE & MH [ 45 77 5L 1)
SRR S TR, PR B B R R R MH g
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S T ek RSE A, R B R LB B 0.5 27 IR, O S 4 K
5 R AR A W VR

MEHERBEAERE W ERZ 111000
eI ke, L ATCC25922 M E. coli i H K, KM E
IR 37 12 46 D0 286 1 2 RN 5 R B X mer-1 BHAS I 25 E. coli
(LN175.AG227.AG186.AG210) LA Jz mer-1 B P fiit 24
E. coli (AD21R.Cg071 H73W . 1114) F 5% A% 410 i vk &
(minimal inhibitory concentration, MIC)"*, #R # MIC
g8 5L, SR P o R A8 6 R Y A T % ) T A P R B
(fractional inhibitory concentration index, FICT)™,
75 R RO B 2 A LU AR R 6 MR JEBE I (04 1/8MIC
1/4MIC. 1/2MIC. IMIC.2MIC). 96 FL 4 i A A B i
FE PR A 2590 % 50 pL K B 100 pL, f8 & fL 2 ik
W MR E . 37 °CHE % 24 h G, 18 F b A3CAS: )
600 nm Ak 1) W O {8, T B B S 0 B s 2L FICI =
MIC g 1 y2/MIC j g gy MIC o /MIC oo FITE B

WE: FICI < 0.5 W [RIAE R, 0.5 < FICI < 1 AHIIME AT, 1 <
FICI < 2 E=AEH, FICI > 2 5 5u/E A

RIE-RER&ENE FHZKRE N2 pgml' 5
# & (1/4MIC) F110.4 mg-mL" 5 #E % (1/4MIC) i ak
AP E. coli LN175 1 &3, T 37 °C+ 180 r'min™
G, fE4YALTE0.4.8.12.24 h b HURE . BURE S
K 10 f5 80 FERVREIEFRRERE AR, 23 731 L 100 L &80 25
FREERAT T MH BER A, 37 °CH5 7% 24 h J5 G it i
A, T SRR I A B4 B AR BE CFU-mL 2 i 1
[ - B it 28

EYWRES=RM  HUE. coli LN175 X H 4K
W, 13 AR Wt i B 9% 2 TSB N 17 1A 2 1
WA 0.5 FZ IRHAL, LI W A B &R
4H (1/4MIC). 75 B2 EE 2 (1/2MIC. 1/4MIC. 1/8MIC). %
% (1/4MIC) 575458 (1/2MIC. 1/4MIC. 1/8MIC) Hk
A 96 FLAR N S 558 I 25D IR FE AL #E 24 h
J&, FE 2% AR A A MR IR R R, B I VR T E 1,
PBS 5 ¥ J5 N 0.05% 45 & 25 44 2 30 min, FHRIE BE G
TN 95% L BEH AR, 2 DhEeMEARAX 595 nm T kil % 20
W AR, T 5 A W R ] 60

MZ5iE S LW 2% Lin S S2 L6 7 2%, %
E. coli ATCC25922 B #E B MR A B L, 4% 121 000 LB 471
P BRI & PR B . RIS I B R R 4 (0.125 pgrmL,
1/4MIC) Bt A 41 (0.125 ug-mL" 4 # & + 0.2 mg-mL"
75 FEBE, 1/4MIC), B M N T M 23Rk FE e, T
37 °CH5 7%, A 24 h Wi 4% 20 41 1 MIC {3 H: B 41 77 Jk
K2, AR 28 K, B TH #% B MIC (1) 28 44 1 52 1%
FRIE P ZYNIRE o

WS MM E K CCK-8 3R 7l 52 75 1 B ot
BB AT 4R L929 a3 . L929 4fiffa BA 1x10*/N/AL
BeFh 2 96 FLAR HF, 18 & 5% FBS [ DMEM £ 77 3£ 1%
FE12 h G N D5 RS, % 43 51 0.0.1.0.2.0.4.
0.8.1.6.3.2.6.4.12.8.25.6.51.2 mg'mL". 37 °C.5%
CO, 4 k5 F= 7 % H 24 h JG M 10 uL CCK-8, 4k 4L
H 1 h, £ WEEEEFRIX 450 nm &R OGAE (4), T8 4
JIC, M8

WMEFASFRE  BUE. coli LN175 X B4 K I
W, VAR E A2 0.5 F IR . 9256 o Yot FELZEL L B8
A (1/4MIC). 5 BBz 40 (1/4MIC). Bk & 41 (1/4MIC),
BN 8 25 B I T 37 °CTR IR 55 72 48
JF 1 h, 4 000 xg 2.0» 5 min 3¢ L3, 1 ] PBS i ¥e 4
PUTE, DN 2.5% & /e b AT [ e, WK, T8RS, ¥
FEAS B 5 F e B 0T e BTN B8 I S AR o
Wt 4 30 s, 7E F1 4 7 R MBE (scanning electron
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microscope, SEM) W £ 41 i 2 & 241k .

HEFESNR  ABEBIB MR R %L REN NPN
D5 200 B A0 JBE 5 1. B0 ISR AR K E S SO
E. coli LN175 B, PBS Z2 Ml e ik 1 B &, A B B
MR 0.5 F IREBALE, A2 E 510 pmol L
NPN %GR £ 37 °CHlE % F 30 min. I & 4F PREF 1
PR AL 190 pL 7 B % 2E 65,96 FLE bR - [F 2R Bk
JECAS WU S 36 1R AT 40 2, 25 FL DN 10 pl A [R) R E 1) 05
PR AN B 2R, (0 245408 B e 2R, 37 °C il
% H 1 h, 2 TR AR QORI 5 5 B ORI K Ex
350 nm, KEFHK Em 420 nm). 2O GRE PTIN & 40
DA RS 328 1) 200 ] AL TR ) 0 T N FEEAG U, % AR PI
K 75 4 T () 49K 9 10 pumol-L, 22 ThAE B bR SO 5
RS (R K Ex 535 nm, RS K Em 615 nm).

MR AREB AN KRG E DISC,(5) Ml sE
oA B AT, B O R AE K B BN K E. coli LN175
PV, HEPES 2% PPl e i 8 2, TR RS BV E 22 0.5
2 R G, IR 0.5 pmol L' DiSC,(5) % )
WAL, 37 °CHEGIE H 10 min. B 9% B 4 10 B W A5 5L
190 pL 7% % 2A €5 96 FLEGARAR o (7] A8 490 4k JE A il 3K 56
HEAT 20 21, & FLAI0N 10 L %oF 2 R B ) 75 A 5 R0 2 1
R, Wik B0 E AR, 2 ThReB b S Sk
1 h ISR b SA (BRI K Ex 622 nm; R 5
£ Em 670 nm).

DHA GEMEME R FH M 2B S P X ) A 0 &
B DHA 75 M, 4 20 1 B[R] A= 0 ot B A W S 565, 24 4 Ak
T KA KA E. coli LN175 B W1 h, B0 3 B,
IINEZ AR 2,3,5- 840 = 2L FE UM, 780 5] G
37 °C¥57% 24 h, Z D REMEARAX 485 nm K MW L AE "

RFEHERN KA pH BUK X 6 8 £ BCECF
AM I 52 4 TR 40 PSS I3 1 o B0 WO AR K B X 4
W E. coli LN175 I ¥, HEPES 22 itk 8 £, M % i
TE IR 0.5 22 AT, IINZIRIE N S umol- L #74T,
37 °CE Y6 5% B 30 min. K50 A 47 10 B S O E A
2 RIREL, BAL 190 pL F8 % B A5 96 FLEFAR AR - [F] A=
W)Wl BB A I S 56 R 4T 43 21, 5 25 umol- L7 4 BE A
TR SN BH P %o FE S FL N 10 pl X SR FE HI 2540, 1
2k B V8 2R B, 2 D RE AR DO DU - FL 2K
SRIE (ORI K Ex 500 nm; KK Em 522 nm).

WHEMAATP FEME K ATP Kl 7] &
I 4 B N ATP 55 82, 4 215 B 70 A6 0 0 RS AS: 0 s 565
25 b B HUE KW E. coli LN175 W1 h J5 850
7 bIE, R4 CCRMBME 1 hJ5 10 000 xg &5 O
5min. HU_EVE 10 pL IIAZE 5 100 pL ATP A8 55 )
96 L B L bR AR Y, 2 Tl BB AR SR ) 45 AR (1) 4E 2

KIAERLUH .

RT-qPCR #3540 & mer-1 89 mRNA Rix B
KEX BN E. coli LN175 1, [7 4= 40 A4S ) 552
AT . NG EE 1 h G, W57 SR HU RNA
FF 1 ¥ 5% N cDNA, LightCycler® 96 Instrument %¢ Y6 iE
& PCRAY EMLET M o e B 2% 4 95 °C i A% £ 3 min,
1 AMEFR; 95 °CAZ P 15 s; 60 °C3B K /FE{H 1 min, 40
TEFR o NG5 HFR B mer-1 A1 22 3£ 7] 16S rRNA 1]
TEIAR B (CAH), R4 22 A H B R AN R A = .
LS W E. coli LN175 3 K 4L 7 45 B2k 4T ¥ it
L ER AR R G RAR G K. mer-1 5197
5| ;9 F: 5-GACCAAGCCGAGACCAAGGA-3' Al R:
5'-CCACGATCAAGCCCAATCGG-3'. 16S rRNA 5| ¥
¥ %) A F: 5-GGGCATCGGCGGGTAAGTCT-3' f R:
5-GCTGGCGTGGGTAAAGGAAG-3'.

ERPUGEITR 96 R KGR %)t BEHL /> 6 41,
16 H/8H, 43 %S LA A B AR /K A AR 4 L B s R AL
(30 mg-kg™). 75 A EE 4L (300 mg-kg") FEE A FH 254
(30 mg-kg" & # & 5 300 mg kg T AR EE B ). A
I T — 18 EE S E. coli LN175 B ¥ (10 pL,
3.0x10° CFU), H /2% (I 4L ab 22, 2E 3 3R /K 41 [R) 25
SRR AR K . IRIT ALVE SR R R 2, 1d SR S
R PRSI 4y O AU TG L, e i A= A7 it 28

60 H B H/NRBENL /A S 20, 12 /4, s A,
BRI B R A (8 mgkg ) T A EE 4 (40 mg-kg!)-
A 24 (8 mgkg' B R 5 40 mg kg 75 A% B G
F)e BR#S LA, SRR B (200 pL, 3.0x10° CFU),
&G 1 hE, IR A B2 R BT IR YT . R
257 RA/NRIET- S, Hreh Ak, f4Ee 1
ANERIEAT R, TC RS I R KRR AR, g
TSI IR TN FERRRE, IR SR 2 e &= .

FIrFE S S50 %4 R GraphPad Prism 9.5
YAFRAT R 00T, i SLIR I n > 3IREYEEE
HEAT, B0 ¥E R F F 2 {E + A5 il 2 (standard deviation,
SD) 7w, 4LIH B 2 757 2 40 Bt (ANOVA) AT HL L,
GRS P<0.05S NERIM S ER, P<0.01 NE
RERIHER, P<0.00l AR EERIT#ER.

%R
1 FEESHEREAX mer-1 R E. coli K1 [E]
MEMR

ol AL B BRI B R (R 1), 4Kk mer-1 BHYE
B FICI 23 %25 0.125.0.188.0.313.0.313, 1] 4 ¥k mcr-1
FF 4 1 43 531 8 0.375.0.500.,0.625.0.750., 75 i i 5 %6
BRI mer-1 FH M H bR 2B E B RN
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(FICI < 0.5), %F mer-1 9P B8 Pk 32 30 9 P [R) SR i 2%
B, BRI T mor-1 FAVER bR . 356 EUP) R 3850R f ) 45
(1 E. coli LN175 B #k (B 1A) #E47 I 18] — 2% T i 28 23 4T,
gE RN (K 1B), BRE H 1/4MIC 2 # % (2 pg'mL™)
BT RERT (0.4 mg-mL ") TR R BOR, (HECE MM 12 h
P T AT KT 2 log, CFU-mL”, FR X IE 1 95 4
T 5 20 TR 2R TC ) 1R B R0 B A 22 SR 4 B R TR
W5 A B AR R, 45 SRR (18 1C), 5 1% I B ]
1] 47.8% A= W) 1 JE T2 Jke, K FH 4 4100 i) 2 3% 80.1%,
I S5 AT 0 i) A A RS A e VT A O AR S B
BRI 2 5 5 20 T T 24 M R I S e, SR P T D R R
(1/4MIC) % B & 4} E. coli ATCC25922 #1728 K% S
8% (B 1D). 25 3R Wow, B 26 B 2 4 MIC 38 32
%, I LA T 15 4 35, E S 05 A i v 2 35 4E 2 26 1A

Table 1

R 2R A o i — 0 R A 1929 /) R 4T 4 41 i
R 55 A B A 40 P 7 4, 45 R Bon (B LE) 5 R xt
L.929 4 i ) IC.,, £ 4 6.909 mg-mL™", A< #f 7¢ i Filr K
7% RE R U IR (< 1.6 mg-mL™) (R40 77 % 1 4
FRAE 90% LA b, 7E4 20hi B ik B2 v Bl 9 L B R 1Y
ok,

2 FIEBEAINSHEREEING

2.1 RBEEIMNELEH SEM MW E R (K2), 5§
FE 285 1 2% LR b, % A I Ak 2RI P 24 2 2 T 3K
E. coli AR AL T FL45455, e R R A FH 24 4H (44 72
JE R E IR . NPN 56 TR T 20 1 41 55 35 1 (K
3A), Foh 5 A 2RI A B 25 4 e ol i B 48 B S
FHim (P <0.001) H3%mE— 3, 1M & 2 400 535 52,
25 RARIR 5 R A T MBI 45 1) B A4

The synergistic antibacterial effect of linalool combined with colistin on mcr-1 positive Escherichia coli (E. coli) strains. Minimal

inhibitory concentration (MIC) refers to the lowest concentration of colistin to inhibit the E. coli strain growth. According to CLSI 2024

guidelines!”, MIC > 4 pug'mL™" is classified as clinical resistance to colistin. Fractional inhibitory concentration index (FICIT) was to evaluate the

combination effect of linalool and colistin, when FICI < 0.5, synergistic; 0.5 <FICI < 1, additive; | <FICI <2, no effect; and FICI> 2.0, antagonistic

Colistin MIC/pg-mL"

Linalool MIC/mg-mL"!

Strai FICI Effect
ram Single Combination Single Combination c
LN175 (mcr-1) 8 0.5 1.6 0.1 0.125 Synergistic
Ag227 (mcr-1) 8 0.5 0.4 0.05 0.188 Synergistic
Agl186 (mcr-1) 64 4 0.4 0.1 0313 Synergistic
Ag210 (mcr-1) 8 0.5 0.4 0.1 0.313 Synergistic
AD21R 0.250 0.062 5 0.8 0.1 0.375 Synergistic
Cg071 0.125 0.0313 0.4 0.1 0.500 Synergistic
H73W 0.250 0.125 0.8 0.1 0.625 Additive
1114 0.125 0.062 5 0.4 0.1 0.750 Additive
A B
8 0.5 -e- Control —+— Linalool
. 109 —= Colisin ~ —~ Combination
4 04 T
8_.
g g
@2 s
£ 1 03 S
2 R
Sos 02 4
0 1
2 T T T T T 1
0 01 02 04 08 1.6 0 4 8 12 16 20 24
Linalool / mg:mL"! Time/h
¢ 100 D E :
© ] 407 & Colistin —— Combination < 120 1C5=6.909 mg'mL’
3 80- ST 3
g 2% E
g %o - E 1 g
-2 = Eh 24 5
S 1 g 2 k]
S 40 5 2 16+ z
8 s 2 =
£ ] 58 2
E 20 ‘E 5 8- _;
M I L 1 3
0 T ! T : T 0- T T T 1 ©
& & %\00\ S 7 -14 21 28
& Qoé"& Time/d Concentration / mg-mL"!

Figure 1

Synergistic effect of linalool combined with colistin in vitro and the safety evaluation of linalool. A: Checkerboard broth

microdilution assays between linalool and colistin against E. col/i LN175; B: Time-dependent killing curve of linalool combined with

colistin; C: Bacterial biofilm formation inhibition rate assay; D: The addition of linalool prevents the evolution of colistin resistance to E.

coli ATCC25922; E: Cytotoxicity of linalool against L.929 cells
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Control

I* Colistin

Figure 2

Morphological changes of E. coli LN175 treated with 1/4MIC of colistin or linalool or their combination visualized with

scanning electron microscope. Scale bar, 1 um. Membrane damage was marked by red arrows

2.2 PRIRFEERALHIEMARBIEM DiSC,5) HEr
Bl 25 W D020 B s B AL (AP 45 R oR (] 3B), AR
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Figure 3  Effects of colistin, linalool and their combination on membrane damage. A: Outer membrane permeability test; B: Membrane

potential (A¥) detection; C: Inner membrane permeability test. n =3, x £ s. "P<0.05, ""P < 0.001 vs control
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Figure 4 Effects of colistin, linalool and their combinations on bacterial energy metabolism. A: Dehydrogenase activity assay (DHA); B:

Proton gradient (ApH) test; C: ATP content detection. n =3, x£s. ‘P <0.05, "P<0.01, ""P < 0.001 vs control; “*P < 0.001 vs colistin
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Figure 5 Effects of colistin, linalool and their combinations on
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Figure 6 Linalool rescues the therapeutic efficacy of colistin in two animal infected models. A: Survival rate of the Galleria mellonella

infection model (n = 16); B: Survival rate of mice peritonitis model (n = 12); C: Visceral bacterial burden of mice after treatment with

colistin, linalool or their combination (7 = 6). X +s. P < 0.001
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