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IR B X 7 Bk Ab 3= 5 A& 5 A INAE T, 49 8000 il & S 45 %X (fractional inhibitory concentration index,
FICDF8%00 0. 5~1. 0; £ PG AL P )5 , 8 ¥k Ab Ja &b 220 & 8 (%) 57 %k b 28. 77 pg/mL F% % 14. 90 pg/mL
(P<0.05) , 8 £ Ab Jifd 7 3 11 A i A9 TP 2 850 0. 192 B 22 0. 164 (P<0. 05) , 8 Kk Ab 2 T i 7K ¥ M
(41.31+6. 51)% FFEZ(31. 6127. 18)%(P<0. 05) ,8 ¥k Ab 7E H,0, 554 A TG 4 i 44 H 6. 7x10° CFU/mL
%2 1. 5%10* CFU/mL(P<0. 05) . sty fras B won , S OEXT AT E , SE 8041 A 1 34242 5%
FR I F (ILog,FCI>1, P<0. 05) , Horpr 737 /4~ 3 T, 605 A B 35 [, 22 S L P R B 4R 7 SR
ISR A B A K B A A5 B, SR DB B SC 2AJ H BE TH. &5 PG EA I Ab
AR T A YIRS AL 8 o TP R A IR SR & 1k B Al b A B, T IR A P A G
PR3, DT 90 16 L & 2 R A/ 85 1 ) A i, AR AT 200 P 2 A e, B 2 B A B

[K5BIF | S R REL R Y PR k4l

[hEESZES] R378.7;R966;R978. 19 [ X EFRER] A

(EETR | RO e A 4 i D o 5290 % T A (20252DS Y S004)
[BEMEE] B 0L, E-mail: 100120@cqmu. edu. cn

2097-0927/Copyright © 2026, A2 K2 (5 =2 R%) o X RIFHORBCCEEG CC BY ¥ 7] FMY (https: //creativecommons. org/licenses/by/4. 0/)
SIAMEE: M, 2w, PR A5 R L0 TS s R 98 AR 4 R DG FE A0 ) 60 2 AN ST R AR W BOE R [T]. Bl 4522 B2 i,
2026,48(10):1383-1395. DOI: 10. 16016/j. 2097-0927. 202601020.

Citation: XIAO Y, LI Y L, BAI Q H, et al. Prodigiosin inhibits Acinetobacter baumannit biofilm formation by disrupting metabolic pathways and
downregulating biofilm-associated genes[J]. ] Army Med Univ,2026,48(10) : 1383-1395. DOI: 10. 16016/j. 2097-0927. 202601020.



1384 i A5 72 R R 2241, 2026, 48(10)

http ://aammt. tmmu. edu. cn

Prodigiosin inhibits Acinetobacter baumannii biofilm formation by disrupting

metabolic pathways and downregulating biofilm-associated genes
XIAO Yu', LI Yingli'?, BAI Qunhua'?, DUAN Gang™", LI Zhifeng”’, XIAO Hong'”>  'School of Public Health,
Chongqing Medical University, Chongqing; ‘Chongqing Key Laboratory of Highly Pathogenic Microorganisms,
Chongqing; 3Chongqing Research Center for Disease Prevention and Public Health, Chongqing Center for Disease
Control and Prevention(Chongqing Academy of Preventive Medical Sciences), Chongqing, China

[ Abstract] Objective Acinetobacter baumannii (Ab), a common opportunistic pathogen, forms biofilms
that enhance antibiotic resistance and environmental tolerance, posing challenges for clinical treatment.
Prodigiosin (PG), a natural red pigment with broad-spectrum antimicrobial activity, has unclear mechanisms
against Ab and its biofilms. This study investicated PG (derived from Serratia marcescens CMO1) for its
antibacterial/antibiofilm effects on Ab and explored its molecular mechanisms through phenotypic and whole-
genome transcriptomic analyses. Methods Seven clinical Ab strains and one reference strain were studied.
Antimicrobial susceptibility was assessed by disk diffusion; PG’ s minimum inhibitory concentrations (MICs)
were determined via microbroth dilution; antibiofilm activity (0. 1 to 3. 0 wg/mL PG) was quantified by crystal
violet staining; synergistic effects of tigecycline were evaluated via checkerboard assay. Under minimum
biofilm inhibitory concentration (MBIC), PG’ s impact on extracellular polymeric substances (EPS) was
measured using phenol-sulfuric acid (exopolysaccharides) and bicinchoninic acid (extracellular proteins)
assays. Hydrogen peroxide (H20>) sensitivity and cell surface hydrophobicity (CSH) were assessed post-MBIC
PG treatment. RNA sequencing (RNA-Seq) analyzed differentially expressed genes (DEGs) in Ab reference
strain exposed to 1/2 MIC PG. Results Six of seven clinical Ab strains exhibited multidrug resistance.
Prodigiosin (PG) demonstrated minimum inhibitory concentrations (MICs) of 64 to 128 pg/mL against all eight
strains. Biofilm formation was inhibited at PG concentrations of 0. 1 to 1.0 pg/mL (inhibition rate >50%).
Synergy testing with tigecycline yielded fractional inhibitory concentration indices (FICI) of 0.5 to 1.0,
indicating additive effects. PG treatment at minimum biofilm inhibitory concentration (MBIC) significantly
reduced exopolysaccharide content (from 28.77 pg/mL to 14.90 pg/ml; P<0.05), extracellular protein
production (from 0. 192 to 0. 164; P<0. 05), and cell surface hydrophobicity [from (41. 31+6. 51)% to (31. 61+
7. 18), P<0. 05]. Bacterial survival under hydrogen peroxide stress decreased from 6. 7x10° CFU/mL to 1. 5x
10* CFU/mL (P<0. 05). RNA sequencing revealed 1 342 differentially expressed genes (ILog,FCl >1, P<0. 05)
with 737 downregulated and 605 upregulated, showing significant enrichment in amino acid metabolism,
peptidoglycan biosynthesis, and energy metabolism pathways. Key biofilm-associated genes were substantially
downregulated. Conclusion PG inhibits Ab growth and biofilm formation by disrupting amino acid,
peptidoglycan and energy metabolic pathways, downregulating biofilm-related genes, reducing EPS
production, diminishing bacterial stress resistance, and ultimately impeding biofilm development.
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A B B RS R TR . BRIAR S TR A (lysogeny
broth, LB) #5325 , Fl M-H A %% B %] 5x10° CFU/mL.
1E 96 FLH T, AL 10 L RSB B AN 90 wL A M-H
WM R PG, EL2 PCZKIE ] 1.2.4.8.16.32.64,128
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0.75.1.00 A1 3.00 wg/mL, A 100 wL B & M 900 wL
TRRYE CEER) LB R R FIPEXT R LLLB % (1 mL)
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(tigeeycline, TGC) X} CICC10980 [ MBIC {E . MBIC A&
BEAGIN ] 50% LE WY AL AR 25 vk ) MR 24
545 PG MR EE T 14 A W BT 1 A0 1 %6 - 10 ) % =
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WO B 5 T (100 L) 42 T 900 wL & PG A1 TGC
1) LB R (& 1. 5% i &5 05 ) 19 24 fLAR . P Fh 24
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(R REX 5
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CSH:CSH=(1-0D2/0D1)x100% .
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VIJAYAKUMAR 257 fi#4 5 ¥ , i i Ab 76 H,0, 518 F
() A= AR VPN AL NV IR 77 o Ab TR VR S 56 4 RN B
PEXTIRAH (35 3507 B R 1. 2. 4 TR . R IE I E T
4 °C .10 625 xg &0 10 min WEE RIRVUTTE , PBS 2%
HAEBE A R IN AL E R 1 mmol/L 1
H,0,,37 “CIFF | hJ5 5 5256 20 5 B4 X R 20 1) T
TR A Z A ) B O 105 B JE R B o B S50 w457
TR B I TR R A T LB I AR P-4, 37 CIF & 24 hJi A
TR AL
1.2.8 RNA-seqZr#T  CICC10980 £ 3 ¥k 4tifb )5,
BEMT LB AW, T 37 °C. 180 rv/min 4§ ¥ 55 37 = X 5
T, I P 52 5 25 i A 2k BE Ol 1/2MIC (32 pg/mL) (1)
PG W, X BRI A PG SRR R £ . 1R R
k22137 'C.180 v/min 1552 8 h[5 284 °C .10 625%g &5
O 10 min WA IR, BT RIS AR RS
B2 ] R AT 5 s A e o I P SC % SR ] TruSeq™
Stranded Total RNA Library Prep Kit il % . XJJE 47 F AL
BHE AT 65 B R A B R 3 A A A AR AT
BA T & 15 5 3 B (Clean Reads) I3 LU X &2 &%
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FE A, 15 3 JE A 40 b X 132 B (Mapped Reads) T /5
Lo o FEINFIKKFR ] FPKM 3% 3E1 7 4, Jf- 2
TLog,FCI>1, H P<0. 05 HyFRE , F ] DESeq #0112t
72 55 F3k FE N (differentially expressed Genes, DEGs) .
XF 345 DEGs #E47 GO B 443 M 5 KEGG & 4401,
Ik — 2L 0f e 5 Ab AR IEOE 10 DAR G Y LA
1.2.9 RT-qPCR SE 50 56 iF A= W I AH ¢ 22 53 5L R ) 3%
i5 I RT-qPCR Bk 6 -5 A= 9 B0 AR 5C 5
MRBNOL, 2R NI WERE R, %M1
1. 2. 8 ik J7 i AR AR, 2 IR TR RNA 2 Bt
EULH P UEFT B RNA BRI, F08 FH NanoPhotometer®
NS5O K6 RNA KE ity () 20 B2 5 9k B2, 8 ] PrimeScript™
RT Master Mix i) & BC i 52 5% s AR 225 18 e DNA,
PCR ¥ % 2 i S AR £ 10 pL: cDNA B Hz 1.0 pL. TB
Green® Primer Ex Tag™ 1 5 wL.DEPC/K 3.6 uL.1E .
BCI 519045 0.2 who R A4 : 95 CHUAENE 3 min,
95 ‘CAE 10 5,57 “CiB k 30 s, AT 39 ME . LA
16S rRNA K N2 HE R A — fh 456 00 35 PR ) 97 20 10 1
(Ct), SR 2% e AN ek i, S5 R DA 22 SR
i Log, FCAH B AL o, IF 5 5 AL I Py &5 2R it A7
XFH o
1.3 it F o

FHE R xs BEM (P, Pos) 378, THECTORE B
BN o SERER FH GraphPad Prism 9. 5 34617
Gt oM. U T EdE e T Shapiro-Wilk 1E 2%
VARG IG5 07 28 S5 HEAG 0 s 75 6 IS 20 A By 22 55 P 0
GERE, P IA] LR FHAMSE AR AS ¢ K56, 22 4[] LUK
FHE A ZR 7 28 9007 s AT G IE 2S00 807 254 55 B 5%
B AR S OGS FE AT 2 E] Fe 8. L P<0. 05 2 22
SEAGIEE L

&2 THRADbIE

&1 519F5

Table 1 Primer sequences
Genes Sequences(5°—3")
Forward: TCGATAGCGTGAATGTCGGG
o Reverse: AATTGGCCTTTGTTCACCGC
Forward: TGACCAGCGTTATGGGATCG
pead Reverse: CTTGCCCACCATCCGTACTT
) Forward: AAGTGTTAGTGCTGGGTCCG
s Reverse: CGGATTTTGCGCTCTAACGG
Forward: CAAGTGAAATGGCTGGTGCC
hatk Reverse: GCATGCACAATACGCTCAGG
Forward: GATTGTGGGAATCGGGGTGT
ok Reverse: TCAAGCTTGGAAGCAAACGC
Forward: ACCGATGGTAACCGTGCAAT
bfmR
Reverse: TCTGCACCCATTTCCAGACC
Forward: CAGCTCGTGTCGTGAGATGT
16S rRNA
Reverse: CGTAAGGGCCATGATGACTT
2 HR
2.1 Ab 6 R B k4G i 25 57

FR 4 CLSI Y M100-S32 il 5 A1 52 7 A% Ab X 8 2
O B FHALA: F i 25 A . 7 Bk Ab I IR T B )
6 Bk Z B2 bk, b 5 BT B- P9 Ik e 2 e 75 55
WA 6 AL T R AE R 24, 1 Bk (Ab4) X) 7 254k
T8 Pt Al it 2y 5 43 7 RRAR X £ %6 1H & B U,
1 Bk (ADS) XF 49 8 2 9 P RBUR (K 2) . EmA
WFFEAN AR Ab I R T A i 52 90 22 S0 25 4 A1E , AT
Ry I BB TE 2 Wk R B ML F 5 4R b TR R T R
A
2.2 PG *F Ab # MIC = MBC | ;€ 45 R

K R AR BRI 2 PG X CICC10980 A% 7 4%
Ilf PRER A MIC 5 MBC., 2558 7R~ , PG X} CICC10980 1Y

PRAEREI T 25 1 3 47

Table 2 Antimicrobial resistance analysis of 7 clinical Ab isolates

o PIP TIC-CLA CAZ MEM POL cIp GEN AMK SXT
i (Penicillins)  (B-lactams )  (Cephalosporins) ~ (Carbapenems)  (Lipopeptides) (Fluoroquinolones) (Aminoglycosides) (Aminoglycosides) (Folate inhibitors)

Abl + + + + - + + + -

Ab2 + + + + - + + + -

Ab3 + + + + - + + + -

Ab4 + + + + - + + + +

ADS - - - - - - - - -

Ab6 + + + + - + + + -

Ab7 + + + + - + + + -

PIP: piperacillin; TIC-CLA : ticarcillin-clavulanic acid; CAZ: ceftazidime; MEM: meropenem; POL:

polymyxin; CIP: ciprofloxacin;

GEN: gentamicin; AMK: amikacin; SXT: trimethoprim-sulfamethoxazole. +: resistance; —: susceptibility
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MIC 4 64 wg/mL,MBC Jj 128 pg/mL. H: 4k AblfipE
FFE(Ab2,Ab3 AbS Ab7) Y MIC A1 MBC 5 CICC10980
—3, 7 3k (Ab1 . Ab4  Ab6) T F& 3 ) 5 /& 4 MIC i
MBC : Abl f#] MIC & 64 pg/mL, MBC "4 256 pg/mL; Ab6
[ MIC 4 128 pg/mL, MBC 4 128 pg/mL; 5 1 J& 25 2
i 253 fi¢ 2 (1) Ab4, H: MIC F1 MBC 43 %] 4 128 pg/mlL
H1>256 wg/ml. #E7R PG XF 323k Ab ¥ HA T 5 R/ 0
TP, ELXT 22 SR T 24 13 0 1 D AR 2 300 s AR X B g
[ MIC 5 MBC., B 4475 B4 R AT BB RTE T

2.3 PG 2 ZF#pH] Ab & 4 564 75 A,

K4S e a0 5E PG5 TGC R CICC10980 K2
Il R B R A MBICsoo 24 TGC ¥ EE 4 6. 00~9. 00 pg/mL
i, X CICC10980 A= I i IE 1A 0 il 1 H , H: MBIC,
6 pg/mL (P<0.05, & 1A) . 4 PG ¥ 4 0. 10~
3.00 wg/mL iF, XF CICC10980 K A= ¥ 5T mi 35 45 411
il , H: MBIC,, 4 0. 25 pg/mL(P<0. 05,/ 1B) . 5 TGC
AL, 235 0 AH 7] 0 400 1 A6 P B BUSCR L PG Yk B2
12K TGC By 1724, PG XF Ab IIfi IR B £k () MBIC,, M
0. 1~1. 0 wg/mL, H:Ff Ab1 FIAb2 ) MBIC,, 4 0. 5 pg/mL
(E1C.D),Ab3 fIAbSHYMBIC,, 4 0. 1 pg/mL(E1E.G),
Ifii Ab4 , Ab6 Fil Ab7 ) MBIC,, 4 1. 0 pg/mL(J& 1F \H.I)
25 b, PG X Ab A=W RETE B ELAT e A 4 il A L HLUH:
MBIC,, A 850 BE i I F TGC.

R P45 58 e 4 3k A6 I 2 i 28 I 7 i FH 1/2M1C
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6. 7x10° CFU/mL F %% 1. 5x10* CFU/mL, 2 % B A 4%
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FEDL R TCRE A M 25 4540 5 oy T DI RE 2 00, B 45 A .
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A: Biofilm formation of CICC10980 treated with TGC; B to I: Biofilm formation of strain CICC10980 (B) and clinical isolates Ab1~Ab7 (C~I) treated with PG
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Figure 1 Inhibitory effects of PG and TGC on biofilm formation in Ab
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Figure 2 Inhibitory effects of prodigiosin at 1/2MIC concentration on Ab biofilm formation
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Table 3 Interaction between PG and TGC against Ab biofilms

in checkerboard assay

Strain MBIC/(ug/mL.) FICI
PG TGC Combination

CICC10980 0.25 6. 00 0. 125+0.750 0. 625
Abl 0.50 1.50 0. 063 + 1. 500 1. 125
Ab2 0.50 3.00 0. 063 + 1. 500 0. 625
Ab4 1.00 4.00 0. 125 +2. 000 0. 625
Ab5 0.10 0.25 0. 050 + 0. 063 0. 750
Ab6 1.00 8.00 0.250 + 1. 000 0.375
Ab7 1.00 2.00 0. 500+ 0. 500 0.750

YERI(F5) . 48718 PG AT i o J84% AR M S5 mig B b
Jo AR B S A O DG B R 1 2R 36, 2 5 845 Ab A=
YIREAIE id #
2.11 RT-qPCR 3&3E PG *F 4 49 i A8 X A& 1) 49 38 4=
AR
K RT-qPCR A, % 55 41 07 18 1 ) 6 1> A= )
JEEIE W AH 5C DEGs #EAT90E . 45 2R BN bfmR 5 bfmS

TEW AP 7 ik Y R o K3k B, katE | ata ., csukl
pgaA TEPIFPRGIN 7 i 38 W28 TR (K1 7) o $27m
RT-qPCR S0 iF 45 5 5 5 s 41 Iy 50k v BE W) 4, I 5K
T ARBIF G A SR 2L S B R A

3 itig

3.1 PGEAIH EWAI AW ENR

B PR 2T 240 ()8 H 25 7™ 08, T & B R T
25 © Bk o7 X T 245 TR R ) GBS . PG AE Sl —
Fh R ORIE VR IR, N 30 A W 35 P T 4 3% e iYL
WF5E W, PG X AL 48 4 ¥ (R A5 BR 1A 5 A 2R T 1
TE A4 2 B 00 BG4 0 R )
(8 I B AL 9 A S8 A B B . ARF S R B, 64 pg/mlL
(1) PG RT3 > Z FE i 25 Ab i AKX PG R EE N
0. 1~3.0 wg/mL, A] i & M0l Ab A= ¥ I 59 1 it , HL#D
il £ 0 A ) A 280 R I T PR R B, i PG ] g
I TR A I B R FEI R VR & — R ZE A Pt
PRI o %4 R S IR I ST PG M 4 B 0 4
AJER B K A W ) 38— 2, JL RS R T PG B
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A: Extracellular polysaccharide content of Ab reference strain CICC
groups; B: Extracellular protein production of Ab reference strain

MBICPG group
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Figure 3 PG inhibits the production

of extracellular polymeric substances in Ab
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Figure 4 Reduction of Ab surface hydrophobicity by PG
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%4 PGIEE AbHIH,0, R
Table 4 PG enhances the sensitivity of Ab to H20-

Viable bacterial count/(CFU/mL)

Strain P
Negative control MBIC,,,
CICCC10980 4.30x107+0. 22%10’ 2. 16x10*£0. 23x10" <0. 000 1
Abl 8.67x10°+1. 53x10° 3.51x10*+0. 59x10* <0. 000 1
Ab2 5.33x10°1. 01x10° 9. 40x10°+1. 25%10° <0. 000 1
Ab3 4.55%10"0. 48x10’ 3.30x107=0. 34x10’ 0.021
Ab4 2. 13x10%+1. 50x10’ 1. 42x10°+0. 28x10° <0.000 1
Ab5 1. 21x107+0. 35%10’ 0 <0. 000 1
Ab6 2. 77x10°+0. 17x10° 0 <0. 000 1
Ab7 1. 49x10°+0. 13x10° 0 <0. 000 1
14
Padjus
180 10 0.4
160 - a 03
09 0.2
140 A 0.1
120 | g o 0
— w a a a
B a
% 100 - Significant g 0.7 a
@© . | eup®05) a a
a 80 4 not significant(2 472)
E ®down(737) 06 5
S 60 a
! . 05
a
0.4
14 -12-10 -8 -6 -4 2 0 2 4 6 8 03 PSS FFFPEFLLELFFE S EF F &S
P Oty Ry 4 “\jfi ”OQ{;V“\%“”’O&\ S ‘@\;@\
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A': Volcano plot of differential expression levels; B: GO enrichment analysis results of differentially expressed genes in CICC10980. a:P<0. 05

E5 PG/ CICC10980 = R RKIiAEEH HIFE

Figure 5 Distribution characteristics of differentially expressed genes in CICC10980 after PG intervention
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Figure 6 KEGG pathway enrichment analysis of differentially expressed genes in CICC10980 after PG intervention
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Table 5 Significantly differentially expressed genes related to biofilm formation after PG treatment

Functional description Gene ID Gene name Log,FC(PG/control) P adjust Regulation
Trimeric autotransporter adhesin FQUB82_RS05495 ata -1.36 0. 000 3 down
Csu pilus tip adhesin FQU82_RS12905 csukll -2.83 <0. 000 1 down
PNAG polysaccharide efflux pore protein FQU82_RS12580 pgaA -1.04 0.0253 down
Catalase (CAT) family FQU82_RS08520 katk -2.18 <0. 000 1 down
Two-component system histidine kinase FQU82_RS03905 bfmS 1.04 0. 000 3 up
Two-component system response regulator FQU82_RS03900 bfmR 1.28 0. 0007 up

2 RT-gPCR
RNA-Seq
1
@ o
N
[e]
3
-2

katE bfmR bfmS ata csuE pgaA
El7 RT-qPCRIGIELR

Figure 7 RT-qPCR validation results
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