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Abstract: Liquid-liquid phase separation (LLPS) serves as a key mechanism driving numerous essential
biological processes. In eukaryotic cells, LLPS facilitates the formation of membraneless organelles (MLOs) by
promoting the local enrichment of biomacromolecules such as proteins and nucleic acids, thereby establishing
compartmentalization to enhance biochemical reaction efficiency. Under stress conditions, it also helps protect
critical cellular components, including mRNA and proteins. Growing evidence in recent years indicates that LLPS-
driven biomolecular condensation similarly occurs in prokaryotes. For instance, under environmental stresses (such
as oxidative stress, nutrient deprivation, or antibiotic exposure), bacteria can form biomolecular condensates via
LLPS that perform MLOs-like functions, improving the stress adaptability of bacteria. Proposed protective
mechanisms include shielding proteins from irreversible inactivation or degradation, activating protein quality
control systems, and inducing a dormant state to promote survival. Moreover, under physiological conditions,
LLPS is involved in core cellular processes in bacteria, such as plasmid partitioning, chromosome segregation,
transcriptional regulation, cell division, DNA replication, and repair. This review systematically summarizes the
mechanisms by which biomolecular aggregates form in bacteria under both physiological and stress conditions,
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with a focus on how LLPS-mediated phase transitions enhance bacterial fitness and environmental adaptability. We

also aim to provide insights into novel antibacterial strategies targeting LLPS.

Key words: bacteria; liquid-liquid phase separation; membraneless organelle; biomolecular aggregate;

pressure environment
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Figure 1 Proteins or nucleic acids with IDRs mediates LLPS. The interactions between IDRs mainly include electrostatic interactions, z-7

interactions, cation-z interactions, and hydrophobic interactions. LLPS: Liquid-liquid phase separation; IDPs: Intrinsically disordered

proteins; IDRs: Intrinsically disordered regions
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Table 1

YR 3 ZEML A (WAEFR A 4 244, divisome) (145 2 1
o Horb, BB R B GTP i —— 200K 15 B U R A&
A Z (filamenting temperature-sensitive mutant Z, FtsZ)
RIERBEERD. FsZ B85 GTP 45 & J5 & B
FERNAS IR GE K (Z3F), 10T 7 DA% B ST 4E,
10 2 4 7 R AL T, FH S R R EE A, ik
bb, FtsZ & Al AR I 70 R AR SRR e sh 1. Z3AE PR
AL R TILH FA) ve FE B A Bl SR, T 2 R v ORI HE
R D 73 28 28 SC FLEEOR . VRSN AN TR 1B 4 EE ), FtsZ
H5REZAEME &AM S5 LRV 2%
YA i, FtsZ (140 73 85 5 Ty e 46 20008 1 B4 € R
GPI (glycophosphatidylinositol) -5 4H Jifg f& 4 # i £z, 1X
TR 72 R VRUAE Z 2 0 0 A o o A O, B A R R
IR RR, AR B T 5% 22 G RS ] 5 L T (2 A2 40 i
Hh, TR B A AR 2 B B R R AR AE O A R R
R SE R A0 i 2% b, X Ee g i AR SR AL 1 A A BL Al AT
A2 DR, DT R G0 o 2% 1 2L 23 55 4 i 8 119 723 (18] 23
AR R ALK, I T ARG X B A5 AR

DNA % & 8 H SImA, 1E A — % M 28 B 1, il
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FtsZ [IRE 25 &, BEMTE B FsZ 13 FE 2R, B 1k 7 34
PRI AN 2 L3, 1l DR 200 23 2R 5 e €0 A 7 T 1 A 3
AT e BE R SF IR S IBC B ) ZapA W]l I A3 FisZ 2F
Ui 22 (R 33k 53 FLIR 1 AL FisZ-SImA-SBS #E R /A 7E
INBE AT 13K ZapA, B B AL . ZapA ]
i I A T A 5 S MR 0 1 3RS I X AR T, BAIK
JE AR 51 1 7 2K Bt SImA-SBS Xt FtsZ # % 19 411 il 1
F o — 07 THI VG 1 4 38 3 57 PR ) SImA-SBSS 1) ™ i,
1% /> SImA-SBS 5 FtsZ [f15d JE 45 &, IR, ZapA 1 45
B R T FsZ M RARAG (W13 58 p- 37 B ), KT
SImA-SBS Xf FtsZ &t K () #0ill; 55— J7 i, * ZapA K
JEE R I W SR AR VK L I, BE 8 T B B ZapA-FtsZ [
W, #E— 25 B B SimA-SBS [ # i /E ™. X
Toft 5y 285~V 47 AL 1 0 DR 200 B 7 208 FAOORS A IS 2 4, [
LI T 20 T S0 R B8 AR AL Y A

Biomacromolecules that have been reported exhibiting LLPS properties in bacteria. B. subtilis: Bacillus subtilis; E. coli:

Escherichia coli; B. thetaiotaomicron: Bacteroides thetaiotaomicron; C. crescentu: Caulobacter crescentus; M. tuberculosis: Mycobacterium

tuberculosis

Species Physiological aggregate Physiological function Reference
B. subtilis ParABS Mediating chromosome segregation [36-38]
E. coli FtsZ Regulate bacterial division [39-43]
E. coli SSB DNA repair repository [44,45]
E. coli RNAP Regulation of bacterial transcription [46]
B. thetaiotaomicron Rho Regulation of bacterial transcription [49]
E. coli Dps Protect the genome [50]
C. crescentu PodJ Participate in the establishment of cell polarity [54]
M. tuberculosis ABC Participate in the assembly of bacterial membrane proteins [56]
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A R A R St T PRI MR B DNA 514 1) 43 JE it
2.4 RNAP 70 Rho FZEBR LLPS BT HEFE R

RNA %4 i (14 2 20 4056 40 B 3 4 2 00 R
B, HOR 2 B 2 sk 7 4% . Ladouceur 551
B, G M I A R R K AR s R R, K
FF T RNAP RE (EHL 2 1B F NusA [ 2 5 RE4T IR
T3 B0 A O ) B SRR B R AR (2 R
— b B8 AR R 2 i P AR B = AR EE IR, A
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3 HAEFRLLPS T SEBMEMERIPEED T TR
SRR EHINGE

HEPRRE, WEE A RS e Mg
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3L E M PE7r, B A 2% RE S5 1 R4 N
1) o 3 i 52 A5
3.3 EFBRZEH TR BB
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34 FRENDFHTERPREE
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PRI R B ik, FER B A KR, AT E Bk B 259
U Leszczynska SR SR, FE A L 5

Table 2 Protective biomolecular aggregates in bacteria. MLOs: Membraneless organelles; A. baumannii: Acinetobacter baumannii

Species Protection against Proposed mechanism of protection Reference
E. coli More severe heat shock Induction of protein quality control components [15]
E. coli and other Gram-negative species Antibiotics Dormancy [28,64]
E. coli Desiccation-rehydration stress Protection of sequestered proteins [65]
A. baumannii Desiccation Protection of sequestered proteins [66]
E. coli Antibiotics Dormancy [67]
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Figure 2 The layered structure of biofilm mediated by LLPS. eDNA: Extracellular DNA
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