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The signal transduction system of microorganisms helps them adapt to changes in their complex living environ- 

ment. Two-component system (TCS) is a representative signal transduction system that plays a crucial role in regu- 

lating cellular communication and secondary metabolism. In Gram-negative bacteria, an unorthodox TCS consist- 

ing of histidine kinase protein GacS (initially called LemA) and response regulatory protein GacA is widespread. 

It mainly regulates various physiological activities and behaviors of bacteria, such as quorum sensing, secondary 

metabolism, biofilm formation and motility, through the Gac/Rsm ( R egulator of s econdary m etabolism) signaling 

cascade pathway. The global regulatory ability of GacS/GacA in cell physiological activities makes it a poten- 

tial research entry point for developing natural products and addressing antibiotic resistance. In this review, we 

summarize the progress of research on GacS/GacA from various perspectives, including the reaction mechanism, 

related regulatory pathways, main functions and GacS/GacA-mediated applications. Hopefully, this review will 

facilitate further research on GacS/GacA and promote its application in regulating secondary metabolism and as 

a therapeutic target. 
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. Introduction 

Two-component system (TCS) is one of the most important tools by

hich bacteria recognize signaling molecules and regulate physiolog-

cal responses as an adaptation to the environment [ 1 , 2 ]. The signal

ransduction mode of TCS is a conventional stimulus–response coupling

echanism [ 1 , 3 ]. In general, it involves the reaction of transfer of a

hosphoryl group between two conserved components, namely, a histi-

ine kinase protein (HK) containing a kinase core and a response regu-

atory protein (RR) containing a regulatory domain [4] ( Fig. 1 ). TCS is

lso widespread in archaea and found in some eukaryotes [5] . 

GacS/GacA is a TCS with the global regulation ability associated with

nvironmental phenotypes [ 6 , 7 ]. Sensor kinase GacS and response reg-

lator GacA (or their homologs) are widely present in various Gram-

egative bacteria, such as Pseudomonas, Salmonella, Legionella and Vib-
Abbreviations: TCS, Two-component system; Rsm, Regulator of secondary metabo

ory; AHLs, N -acyl homoserine lactones; QS, Quorum sensing; Hpt, Histidine phosph

roteins, Phosphatases; DHp, Dimerization and histidine phosphotransfer domain; CA

etwork; T3SS, Type III secretory system; T6SS, Type VI secretory system; EPS, Extr

mall colony variants; LOV, Light-oxygen-voltage. 
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io , and have significant influence on the pathogenicity and virulence of

athogens [8–10] . GacS/GacA mainly regulates a series of physiologi-

al activities of bacteria through the Gac/Rsm signaling cascade path-

ay [ 6 , 11 ]. This pathway is evolutionarily conserved in different strains

nd plays different roles [12] ( Fig. 2 ). Genomic and proteomic studies

ave identified many downstream pathways regulated by the response

rotein GacA, such as the production of quorum sensing (QS) signaling

olecules ( N -acyl homoserine lactones, AHLs) and secondary metabo-

ites, participating in acute and chronic infection, biofilm formation,

otility and antibiotic resistance [ 6 , 13 , 14 ]. 

GacS/GacA is widely distributed and functionally diverse in microor-

anisms, but not in host mammals [15] . Importantly, its regulation of

irulence and antibiotic resistance in pathogenic bacteria has motivated

 number of related studies focused on it as a potential drug target [16–

8] . In this review, we describe the GacS/GacA regulatory network from

he perspectives of phosphorylation reaction mechanisms, related sig-
lism; Csr, Carbon storage regulator; HK, Histidine kinase; RR, Response regula- 

otransfer domain; HAMP, Histidine kinases, Adenylyl cyclases, Methyl binding 

, Catalytic and ATP-binding domain; REC, Receiver domain; MKN, Multi-kinase 

acellular polymeric substance; MIC, Minimum inhibitory concentration; SCVs, 
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Fig. 1. Signal-sensing and response mechanism of TCS. (A) Three types of HK: traditional HK, unorthodox HK and hybrid sensor HK [ 3 , 25 , 53 , 147 ]. (B) The do- 

main composition of GacS/GacA. From top to bottom, GacS contains a p eriplasmic d etection domain (GacS PD ), two transmembrane helixes, HAMP ( H istidine 

kinases, A denylyl cyclases, M ethyl binding proteins, P hosphatases) domain and three phosphotransfer domains: transmitter domain [a d imerization and h istidine 

p hosphotransfer (DHp) domain and a c atalytic and A TP-binding (CA) domain], rec eiver (REC) domain and h istidine p hospho t ransfer (Hpt) domain [ 6 , 53 ]. The 

GacS PD and HAMP domains are not shown, having been omitted for simplicity. GacA is a typical response regulator composed of the N-terminal REC and C-terminal 

helix-turn-helix (HTH) domain [ 147 , 148 ]. In Pseudomonas fluorescens CHA0, phosphorylated sites have been analyzed [28–30] . Phosphoryl group is indicated by 

“P ”. P: Periplasm; IM: Inner Membrane; C: Cytoplasm. 

Fig. 2. Signal transduction pathway of GacS/GacA in Pseudomonas . (A) Summary of Gac/Rsm signaling cascade pathway and regulatory phenotypes in Pseudomonas 

aeruginosa PAO1 [ 8 , 32 , 63 , 64 , 93 ]. (B) The regulation of the Gac/Rsm signaling cascade pathway in Pseudomonas fluorescens CHA0 [32] . MKN, multi-kinase network. 
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Table 1 

Study on GacS/GacA and its homologous TCSs, including downstream regulated Csr/Rsm system members and major regulatory phenotypes. 

Species GacS/GacA homologs RNA binding proteins Regulated sRNAs Major regulatory phenotypes 

Pseudomonas aeruginosa GacS/GacA [ 71 , 78 , 83 , 97 ] RsmA, RsmF RsmY, RsmZ AHLs, virulence, biofilm, motility, 

metabolism, T3SS, T6SS 

Pseudomonas fluorescens GacS/GacA[ 35,40,41,68 ] RsmA, RsmE RsmX, RsmY, RsmZ Metabolism, protease, phospholipase, 

RpoS, motility 

Pseudomonas syringae GacS 

(LemA)/GacA[ 26,42,153,154 ] 

RsmA1–5 RsmX1–5, RsmY, RsmZ Growth, syringomycin, motility, alginate, 

virulence, metabolism, QS 

Escherichia coli BarA/UvrY [ 27,155,156 ] CsrA CsrB, CsrC Metabolism, motility, biofilm, stress 

resistance, virulence, QS 

Legionella pneumophila LetS/LetA[ 152,157–159 ] CsrA RsmY, RsmZ Cytotoxicity, virulence, motility, cell 

morphology, stress response, T4SS 

Vibrio cholerae VarS/VarA [ 160–163 ] CsrA CsrB, CsrC, CsrD QS, biofilm, virulence, cell shape 

Salmonella enterica BarA/SirA[ 149,164–166 ] CsrA CsrB, CsrC Virulence, motility, metabolism, stress 

survival, biofilm 

Pectobacterium wasabiae ( Erwinia 

carotovora) 

ExpS/ExpA[ 150,167–170 ] RsmA RsmB Extracellular enzymes, virulence, flagella, 

Harpin Ecc , T2SS, T6SS, PCWDEs 

Azotobacter vinelandii GacS/GacA[ 118,171,172 ] RsmA RsmZ1–7, RsmY Alginate, PHB, ARs, flagella 

Pseudomonas chlororaphis GacS/GacA [ 173–175 ] RsmA RsmX, RsmY, RsmZ QS, biofilm, HCN, PHZ, LPS, trehalose, 

siderophore, motility 

Acinetobacter baumannii GacS/GacA [ 136,137 ] — — Virulence, biofilms, motility, PAA 

Dickeya oryzae TzpS/TzpA [ 146 ] RsmA RsmB Zeamines, virulence, biofilms, motility 

The list of regulated phenotypes is not complete and is meant to suggest the conservation as well as breadth of regulation. Species are listed in the order mentioned 

in the text. AHLs, N -acyl-homoserine lactones; T3SS, type III secretion system; QS, quorum sensing; PCWDE, plant cell wall-degrading enzyme; PHB, polyhydrox- 

ybutyrate; AR, alkylresorcinol; HCN, hydrogen cyanide; PHZ, phenazine; LPS, lipopolysaccharide; PAA, phenylacetic acid. 
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Fig. 3. Signal transduction regulation pathway of GacS/GacA homologous pro- 

teins. In Escherichia coli, Erwinia carotovora, Legionella pneumophila, Salmonella 

enterica and Vibrio cholerae , GacS/GacA homologous proteins sense and respond 

to signals, and activate the Csr/Rsm system in downstream pathways [ 12 , 149–

152 ]. The lines indicate the interactive relationship: Arrow, activation; T bar, 

repression; Dotted line, predicted interaction. 

o  

s  

e  

c  
aling pathways, functions and applications, with the aim of explain-

ng the regulatory effects of this network on secondary metabolism and

ntibiotic resistance. This review should promote future research on

acS/GacA, especially GacS/GacA-mediated production and utilization

f natural products, and addressing issues such as bacterial virulence

nd antibiotic resistance. 

. Reaction mechanism and homologous proteins of GacS/GacA 

TCS is the link between bacteria sensing environmental signals and

egulating their physiological behaviors [19] . The autophosphorylation

f HK and the phosphorylation of RR are the main steps for TCS recog-

ition and regulation [ 3 , 19 ]. HKs are signal-sensing proteins, which are

sually membrane-bound, but some types are located in the cytoplasm

20] . Its function of autophosphorylation enables bacteria to contin-

ously monitor environmental conditions, such as nutrients, tempera-

ure, pH, osmotic pressure and the presence of toxins [21] . Studies have

rovided detailed reviews of the signal transduction mechanism of TCS

 3 , 22–24 ], and shown that HKs can be divided into three types [25] (1)

raditional HK, (2) unorthodox HK, and (3) hybrid sensor HK ( Fig. 1 A).

Intensive research has focused on GacS/GacA since the 1990s. GacA

as originally named a global activator (abbreviated as Gac) for antibi-

tic and cyanide synthesis. Studies using genetic analysis and biochemi-

al experiments showed that GacA is the homologous response regulator

f GacS, and the two form a set of TCS [ 26 , 27 ]. According to the charac-

eristics of its domains, GacS belongs to the unorthodox HK group, and

ig. 1 B shows the structural composition of GacS/GacA. In Pseudomonas

uorescens CHA0, the key sites of GacS/GacA causing autophosphory-

ation and conformational changes have been revealed [28] ( Fig. 1 B).

etecting unknown signals through GacS PD ( P eriplasmic d etection) do-

ain, GacS autophosphorylates at His294 residue (H1), after which the

hosphoryl groups are transferred to Asp717 (D1) and His863 (H2) in

urn. After that, the phosphoryl group is transferred to residue Asp54

D2) in the REC ( Rec eiver) domain of GacA [28–30] . Phosphorylated

R is sometimes dephosphorylated by HK [19] . After sensing environ-

ental signals, GacS/GacA can regulate the expression of downstream

enes to adapt to changes in the environment [21] . GacS/GacA is highly

onserved in Gram-negative bacteria and is prevalent in Pseudomonas

 12 , 31 ]. More functions of GacS/GacA have also been found. We de-

cribe its functions in Section 4 . Its homologs have been identified in
3 
ther genera, and some have different names ( Table 1 ). Fig. 3 briefly

ummarizes the regulatory pathways of homologous proteins in sev-

ral widely studied pathogenic bacteria, including BarA/UvrY of Es-

herichia coli , ExpS/ExpA of Erwinia carotovora , LetS/LetA of Legionella
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neumophila , BarA/SirA of Salmonella enterica and VarS/VarA of Vibrio

holerae . 

. Summary of GacS/GacA regulatory networks 

.1. Gac/Rsm signaling cascade pathway 

Initially, it was thought that the GacS/GacA global response regu-

ator controls gene expression only at the transcriptional level. How-

ver, it was later found that the GacS/GacA system mainly regulates the

sm/Csr ( C arbon s torage r egulator) system at the post-transcriptional

evel [ 32 , 33 ]. There are two components in the Rsm/Csr pathway:

NA binding proteins (RsmA/CsrA families) and noncoding small RNAs

sRNAs). RsmA/CsrA families are regulators of gene expression [12] .

he Gac/Rsm signaling cascade pathway includes the GacS/GacA and

sm post-transcriptional regulatory system [31] . Signaling molecules

timulate the transfer of phosphoryl groups in GacS/GacA. Phospho-

ylated GacA can bind to a conserved palindromic upstream activating

equence (GacA box) to activate the transcription of sRNAs, thus trigger-

ng Rsm cascade reaction [ 34 , 35 ]. These sRNAs have complex stem-loop

tructures containing GGA motifs, and they have multiple RNA bind-

ng protein sites [33] . This means that sRNAs can modulate the acti-

ation/inhibition impact of RNA binding proteins to target genes [36] .

herefore, Gac/Rsm pathway can regulate multiple phenotype-related

enes at the post-transcriptional level [36] . 

In Pseudomonas aeruginosa , GacS/GacA directly controls the expres-

ion of two sRNAs, RsmY and RsmZ [35] ( Fig. 2 A). There are differences

n the transcriptional efficiency of RsmY and RsmZ, and the expression

evel of RsmY is about double that of RsmZ [35] . RNA binding proteins,

smA and RsmF, in P. aeruginosa regulates protein synthesis and/or

RNA stability by specifically binding to the GGA motif in the 5’-UTR

untranslated region) of the target mRNAs [36] . High levels of RsmY

nd RsmZ can also isolate RsmA/RsmF from target mRNAs to relieve

he regulatory effect of RsmA/RsmF and promote/inhibit the expres-

ion of target genes [37] . Each sRNA may play a different role in con-

rolling RsmA/RsmF activities [ 38 , 39 ]. In P. fluorescens , GacA regulates

he transcription of three sRNAs: RsmX, RsmY and RsmZ [40] . These

RNAs jointly regulate metabolism (HCN, 2,4-DAPG and exoprotease)

y relieving the inhibitory effects of the RNA binding proteins RsmA

nd RsmE [ 34 , 40 , 41 ] ( Fig. 2 B). In Pseudomonas syringae , the Gac/Rsm

athway is more complex. Specifically, GacA can activate and regulate

he expression of seven sRNAs (RsmX1–5, RsmY and RsmZ) [42] . These

egulatory relationships make GacS/GacA a core activator/suppressor

f many phenotypes. 

.2. Regulation of the Gac/Rsm pathway 

In Pseudomonas , the Gac/Rsm pathway can be affected by factors in

ther pathways [43] . Although only GacS-P can phosphorylate GacA,

ther HKs can also affect the process of GacA phosphorylation through

acS [ 44 , 45 ]. For example, hybrid sensor HKs, LadS and RetS, can reg-

late GacS and influence the Gac/Rsm pathway ( Fig. 2 ). Hybrid sen-

or HKs are characterized by the presence of additional REC domains

t the C-terminus. Moreover, the C-terminus of RetS has two REC do-

ains, while LadS has only one. The signal binding domains of LadS and

etS consist of a seven-transmembrane (7TMR) region and a periplasmic

ensor domain (diverse intracellular signaling module extracellular 2,

ISMED2) [ 46 , 47 ]. DISMED2 is responsible for sensing signal molecules

nd promoting HK phosphorylation. 7TMR-DISMED2 was identified in

arbohydrate-binding proteins and it was predicted that this domain

ould sense a variety of glycans in the environment [48] . Wang et al.

ound that mucin glycans were the signal molecules of RetS and inhib-

ted the activity of GacS [49] . However, mucin glycans are heteroge-

eous and diverse, while the mechanisms of binding between mucin

lycans and RetS-DISMED2 are unknown. 
4 
Neither the REC nor the Hpt ( H istidine p hospho t ransfer) domain is

equired for RetS to inhibit the GacS/GacA signaling pathway. Instead,

t directly forms heterodimers with GacS to prevent the transfer of phos-

horyl groups from GacS to GacA [50–53] . RetS downregulates the sig-

al transduction function of GacS in three ways: it obtains phospho-

yl groups from GacS-P, exerts phosphatase activity to accelerate the

ephosphorylation of GacS-P, and inhibits the autophosphorylation of

acS [ 54 , 55 ]. These mechanisms allow RetS to inhibit the transcrip-

ion of RsmY and RsmZ by interfering with GacS/GacA activity, thereby

egulating the expression of target genes. These mechanisms prevent

acA from being phosphorylated, resulting in the inactivation of sRNA

ranscription. When the expression of sRNA decreases, the inhibitory

unction of RsmA is no longer restricted. Moreover, RsmA can inhibit

he transcription of RetS and relieve the inhibitory effect of RetS on the

ac/Rsm signaling cascade pathway [56] . PA1611, which is another hy-

rid sensor HK of P. aeruginosa, can also interacts with RetS to relieve

he inhibitory effect of RetS on the Gac/Rsm pathway [57] ( Fig. 2 A).

ts binding mode may be similar to that of RetS/GacS [ 57 ]. PA1611

as a higher affinity with RetS, which can help release GacS from the

acS/RetS heterodimer to form a PA1611/RetS heterodimer [ 57 , 58 ].

his released GacS forms homodimers and activates the Gac/Rsm path-

ay. Moreover, PA1611 overexpression is consistent with the pheno-

ypic data of retS deletion mutant, indicating that PA1611/RetS het-

rodimer blocks the inhibitory effect of RetS on GacS [58] . In addition,

he PA1611 pathway can regulate the Gac system through HptB [59] .

ptB is a single-domain Hpt protein, which transmits phosphoryl groups

rom PA1611 to PA3346-PA3347 [ 59 ]. However, the regulation of sRNA

y HptB may be independent of GacS/GacA, which is affected by cell

rowth conditions [ 60 , 61 ]. Moreover, a conserved membrane protein,

mpX (PA1775), was identified as a regulator of PA1611 expression in

acS/GacA regulatory networks [62] . These complex regulators allow

he Gac/Rsm signaling cascade to more precisely regulate the expression

f target genes. 

Unlike RetS and PA1611, which regulate signaling cascade pathways

hrough protein–protein interactions, LadS works with GacS/GacA to

orm a multi-component signal transduction system with a primitive

hosphoryl cascade [63] . When signal Ca 2 + binds to the DISMED2 do-

ain, its kinase function is activated [63] . Subsequently, the H1 and

1 domains of LadS and the H2 domain of GacS form a multi-kinase

etwork to enhance the transfer of a phosphoryl group from GacS to

acA and induce regulation of the Gac/Rsm pathway [64] . Currently,

lthough LadS has been reported to sense Ca 2 + , the signals sensed by

he other three HKs (GacS, PA1611 and RetS) remain unclear [25] . 

. Main functions of GacS/GacA in regulatory pathways 

.1. Regulating the production of AHLs 

Through QS systems, microorganisms regulate physiological be-

avior to greatly improve environmental adaptability [65] . QS sig-

al molecules, also called autoinducers, are intermediaries in commu-

ication between bacteria [66] . With increasing cell density, signal

olecules can accumulate to high concentrations in the environment,

esulting in the activated transcription of target genes to regulate vari-

us physiological behaviors and adapt to the changeable living environ-

ent [67] . Studies have shown that the expression of GacS/GacA is af-

ected by QS. Because the expression of GacA is regulated by the growth

rocess and peaks in the stationary phase [68] , the expression of many

enes targeted by GacS/GacA also improves significantly with increas-

ng cell density [69] . Therefore, it is speculated that bacteria growing

t high density secrete signal molecules that activate GacS/GacA [ 70 ],

lthough such signal molecules remain largely unknown. In addition,

eimmann et al. found that GacS/GacA could regulate the synthesis of

he QS signal molecules AHLs, thus indirectly participating in QS [71] . 

AHLs are produced by members of the AHL synthase families (includ-

ng the LuxI, HdtS and LuxM families). Most AHL synthesis-related genes
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Fig. 4. Main functions of GacS/GacA regulation. (A) Via its global regulatory ability, GacS/GacA participates in a variety of important regulatory functions. (B) 

GacS/GacA is involved in the synthesis of AHLs in Pseudomonas aeruginosa PAO1[ 78,121 ]. 
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n Gram-negative bacteria belong to the LuxI family [ 72 , 73 ]. AHLs can

egulate the physiological activities and behaviors of bacteria, such as

he production of virulence factors (pyocyanin, cyanide and lipase), and

ctivate the transcription of RpoS [71] . There are two typical AHLs in P.

eruginosa . One is N -3-oxo-dodecanoyl- l -homoserine lactone (3O-C12-

SL), which is synthesized and regulated by the LasR/LasI QS system.

he other is N -butanoyl- l -homoserine lactone (C4-HSL), the synthesis

f which depends on the RhlR/RhlI QS system [74–77] . Reimmann et

l. found that deletion of the gene gacA in P. aeruginosa PAO1 delayed

nd reduced the production of C4-HSL, RhlR and LasR [71] . In addition,

ay et al. studied the regulatory mechanism of GacS/GacA on AHLs and

ound that the deletion of rsmY and rsmZ impaired C4-HSL production,

nd that the same phenomenon occurred in the strain ΔgacA [78] . GacA

an regulate the transcription of RsmY and RsmZ, so it is concluded that

acS/GacA regulates the expression of AHLs through the Rsm pathway.

oreover, compared with the wild-type, rsmY / rsmZ deletion mutants

xhibited decreases in the extracellular products regulated by QS [78] .

he regulatory effects of GacS/GacA on AHL synthesis make it indirectly

articipate in QS networks [71] ( Fig. 4 B). Meanwhile, GacS/GacA is a

wo-component system that can sense signaling molecules and directly

articipate in bacterial communication. GacS/GacA is not a simple lin-

ar signal transduction pathway in the regulatory network of bacteria

nd its complete regulatory networks in QS require further study. 

Chancey et al. revealed the complexity of the GacS/GacA regula-

ory pathway in biocontrol strain Pseudomonas aureofaciens 30–84 and

howed that GacS/GacA and AHLs worked together to control gene ex-

ression [79] . Transcriptomic data of Pseudomonas chlororaphis 30–84

howed that the gacA gene controled the expression of genes involved in

henazine antibiotic synthesis ( phzXYFABCD and phzO ) [ 80 , 81 ]. Mean-

hile, GacS/GacA can regulate the expression of the AHL synthesis gene

hzI [79] . This means that the Gac/Rsm pathway can directly regulate

he production of phenazine antibiotics or indirectly regulate it through

HL molecules. In short, the regulatory effects of GacS/GacA on AHLs

ake its signal regulation network more complex. Studying the inter-

ction between different signal pathways can provide a deeper under-

tanding of how bacteria adapt to complex and changeable environmen-
al conditions. e  

5 
.2. GacS/GacA is responsible for the production of secondary metabolites 

nd extracellular enzymes 

GacS/GacA can control the expression of hundreds of genes and posi-

ively regulate the production of various secondary metabolites through

RNAs [15] . Wei et al. explored the global impact of gacA mutation on

he transcriptome and metabolome of P. aeruginosa M18, and found that

acA significantly affected the transcription of about 15% (839) of an-

otated genes in its genome [14] . Many genes of extracellular enzymes

nd secondary metabolites, such as siderophores (pyoverdine and py-

chelin) and virulence factors, are activated by GacS/GacA [ 14,82 ]. 

Virulence factors, such as pyocyanine ( phz ), HCN ( hcnABC ) and 2,4-

APG ( phl ), play important roles in improving fitness and infection rate

83] . GacS/GacA can regulate the synthesis of virulence factors by con-

rolling various transcriptional and post-transcriptional factors [84] . In

he animal pathogen P. aeruginosa , GacS/GacA was found to be one of

he main systems regulating the expression of virulence factors, and to

ely on the Rsm post-transcriptional system in order to function [ 83 , 85 ].

oreover, in the plant pathogen P. syringae , GacA/GacS also controls

he expression of virulence genes through Rsm, and its pathway is more

omplex [42] . There are seven sRNAs and five RsmA homologous pro-

eins in the Rsm system to regulate the infection process [86] . In bio-

ontrol bacteria P. fluorescens CHA0, GacA was found to positively reg-

late the biosynthesis of biocontrol factors [87] . Deletion of gacS or

acA greatly reduces the expression of genes required for HCN, 2,4-

APG and other virulence factors, leading to loss of the ability to protect

lants from pathogen invasion in mutant strains [ 30 , 31 , 87 ]. Moreover,

. fluorescens In5 can produce the antifungal cyclic lipopeptides (CLPs)

unamycin and nunapeptin, but this is not the case in strain ΔgacA , re-

ulting in this mutant being unable to inhibit the growth of fungi and

omycetes [88] . 

Microorganisms are an important resource of secondary metabolites

nd enzymes, and many strains are ideal producers of enzymes [89] .

esides participating in the synthesis of virulence factors, Sacherer et al.

onfirmed that gacA was also essential for producing two extracellular

nzymes (protease and phospholipase C) in P. fluorescens [90] . In Dick-

ya dadantii ( Erwinia chrysanthemi 3937), the production of pectin lyase,



H. Song, Y. Li and Y. Wang Engineering Microbiology 3 (2023) 100051 

p  

h  

T  

c  

t  

o

4

 

l  

a  

b  

w  

r  

t  

i  

e  

d  

a  

l  

(  

v  

[  

s  

R  

f

 

r  

i  

t  

i  

w  

t  

i  

p  

d  

s  

r  

d  

o

 

G  

T  

(  

t  

b  

t  

m  

p  

I  

t  

b

4

 

f  

p  

p  

[  

v  

r  

h  

s  

e  

o  

c  

t  

s  

t  

[  

n  

o  

r  

b  

f  

d  

w  

b  

c  

p  

o  

G

4

 

a  

v  

P  

N  

i  

I  

d  

t  

[  

g  

e  

R  

fl  

o  

i  

a  

b  

t  

m

 

o  

t  

i  

r  

p  

t  

t  

t  

b  

e  

o  

M  

t

4

 

o  

h  

p  

t  

t  

(  
rotease and cellulase by strain ΔgacA decreased due to the increased in-

ibitory effect of RsmB/RsmA on extracellular enzyme expression [91] .

herefore, as an indispensable part of secondary metabolites and extra-

ellular enzymes, GacS/GacA and its regulatory pathway can be used as

argets to develop inhibitors of animal or plant pathogens and inducers

f biocontrol bacteria [92] . 

.3. GacS/GacA mediates secretory systems and acute/chronic infection 

Pathogenic bacteria maintain acute and chronic infection by regu-

ating the alternate functions of the type III secretory system (T3SS)

nd type VI secretory system (T6SS) [93] . The process can be affected

y GacS/GacA, hybrid sensor kinases that influence the Gac/Rsm path-

ay, and the secondary messenger c-di-GMP [ 57 , 94 ]. GacS/GacA can

egulate the expression of the secretory systems of pathogenic bac-

eria, including T3SS and T6SS [ 93 , 95 ]. P. aeruginosa infection read-

ly occurs in cystic fibrosis (CF) cases [96] . Patients with CF initially

xhibit acute infection and later develop chronic respiratory diseases

ue to expression of the secretory systems [96] . GacS/GacA can neg-

tively regulate T3SS related to acute infection and positively regu-

ate T6SS related to chronic infection through the Rsm system [ 49 , 97 ]

 Fig. 2 A). Moreover, many phenotypes related to acute and chronic

irulence have been shown to be inversely regulated by RsmA/RsmF

 39 ]. Specifically, low levels of RsmA/RsmF can upregulate the expres-

ion of genes associated with chronic infection, while high levels of

smA/RsmF are conducive to the expression of acute virulence-related

actors [98] . 

Hybrid sensor kinases RetS, PA1611 and LadS are involved in the

egulatory effects of Gac/Rsm on pathogen infectivity [ 45 , 57 ]. GacS

s necessary to activate the phenotype associated with chronic persis-

ent infection [8] . Unlike GacS, RetS accelerates the process of acute

nfection by inhibiting the Gac/Rsm pathway [50–52] . It inhibits T6SS

hile activating T3SS [ 44 , 52 , 60 ]. In contrast, Ca 2 + -activated LadS leads

o pathogens transitioning from acute to chronic infection by regulat-

ng the Gac/Rsm pathway [45] . Moreover, the LadS-mediated Gac/Rsm

athway also endows the strain with antibiotic tolerance by slowing

own the growth rate of P. aeruginosa [63] . This reflects an original

trategy that, in different living environments, pathogens sense envi-

onmental signals through complex multi-component signaling trans-

uction systems to control their infectious state and maximize the rate

f successful infection. 

In addition, the secondary messenger c-di-GMP relying on the

ac/Rsm pathway participates in switching the productive states of

3SS and T6SS by changing its level [requiring diguanylate cyclase

DGC) or phosphodiesterase (PDE)] [ 93 , 94 ] ( Fig. 2 A). c-di-GMP is syn-

hesized by DGC and hydrolyzed by PDE [99] . In P. aeruginosa , RetS is

ased on the Gac/Rsm pathway to exert effect. The retS deletion mu-

ant shows a high level of c-di-GMP in the cell, which promotes T6SS-

ediated chronic infection [93] . In contrast, a low level of c-di-GMP can

romote the expression of virulence factors required for acute infection.

n addition, the T3SS/T6SS conversion induced by c-di-GMP depends on

wo sRNAs, RsmY and RsmZ, and the DGC enzyme is strictly inhibited

y RsmA [93] . 

.4. GacS/GacA participates in biofilm formation 

Biofilms are composed of microbial communities growing on sur-

aces and extracellular polymeric substance (EPS) [100] . EPS contains

olysaccharides, proteins and DNA [101] . Alginate, Pel, Psl and other

olysaccharides are determinants of the structural stability of biofilms

102] . If bacteria cannot produce these polysaccharides, they exhibit se-

ere defects in biofilm development. Biofilm formation confers greater

esistance to environmental challenges, antibiotic penetration and the

ost immune system [103] . The GacS/GacA regulatory network is neces-

ary for biofilm formation in P. aeruginosa [104–107] ( Fig. 5 A). Parkins

t al. found that the biofilm formation of ΔgacA was reduced to one-tenth
6 
f its typical level in P. aeruginosa PA14 [ 83 ]. GacS has a GacS PD domain

omposed of 126 residues [108] . Ahmad et al. analyzed the GacS PD func-

ion in P. aeruginosa PAK and found that strain PAK gacS ΔPD showed a

imilar phenotype to PAK ΔgacS in terms of biofilm formation, and that

he biofilm thickness was reduced to one-quarter that in the PAK strain

108] . Further functional analysis showed that this effect was accompa-

ied by a change of transcription of the sRNAs RsmY/RsmZ [ 108 ]. More-

ver, the polysaccharide Pel/Psl was found to be directly negatively

egulated by RsmA [109] . Therefore, high levels of RsmZ/RsmY can

ind RsmA, upregulate the expression of Psl/Pel and promote biofilm

ormation. Furthermore, the regulation of GacS by RetS/LadS has been

emonstrated in studies on biofilm regulation by the Gac/Rsm path-

ay [ 45 , 53 ]. Analyzing the mechanism by which GacS/GacA regulates

iofilm formation can help solve the side effects caused by biofilm, espe-

ially their mediation of chronic infection and antibiotic resistance, and

rovide solutions for overcoming these in clinical practice. An overview

f bacterial antibiotic resistance mediated by biofilm formation through

acS/GacA is provided in Section 4.6 . 

.5. GacS/GacA regulates bacterial motility 

Motility is one of the most crucial characteristics of Pseudomonas

nd enables bacteria to settle in niches and gain a competitive ad-

antage [110] . Three types of movements have been described in

seudomonas , namely, swimming, swarming and twitching [ 110 , 111 ].

avazo et al. confirmed that these three motility-related phenotypes

n P. fluorescens F113 are negatively regulated by GacS/GacA[ 110 ].

n addition, Martinez-Granero et al. found that the strain ΔgacS pro-

uced greater swimming haloes [112] . There are two flagellum sys-

ems in P. fluorescens F113, mainly regulated by FleQ and FlhDC

113] . Gac/Rsm reduces the expression of the flagellum regulatory

ene fleQ , thereby reducing bacterial motility [114] . This inhibitory

ffect was shown to disappear in strains overexpressing RsmA and

smE [114] . In P. chlororaphis O6, GacS also negatively regulates

agellum formation and cell motility [115] . At the stationary phase

f strain ΔgacS , the expression of three genes ( fleQ , fliQ and flhF )

nvolved in flagellum formation was found to increase, resulting in

n elongated cell shape and a two-fold increase in flagellum num-

er [115] . Therefore, GacS/GacA can be used as a negative regula-

or to regulate flagellum formation and cell morphology, then affect

otility. 

Notably, GacS/GacA exhibits the species difference in the regulation

f the types and mechanisms of motility ( Fig. 5 B). In P. syringae pv.

omato DC3000, GacS/GacA positively regulates swimming and swarm-

ng movement, while RsmA negatively regulates swarming and does not

egulate swimming [116] . This reveals the variability of the Gac/Rsm

athway in regulating motility. Compared with Pseudomonas, Azotobac-

er vinelandii has unusual peritrichous flagellation, and FlhDC is the mas-

er regulator of flagellum synthesis [117] . López-Pliego et al. found that

he Gac/Rsm pathway might not regulate the FlhDC of A. vinelandii ,

ut positively regulated FliC, thereby promoting swimming [118] . How-

ver, the targets of the Gac/Rsm pathway and whether there is direct

r indirect regulation of flagellum synthesis remain to be determined.

oreover, on the swarming edge, gacS and gacA are spontaneously lost

o help bacteria adapt to the changing growth conditions [119] . 

.6. GacS/GacA mediates antibiotic resistance 

In recent decades, the overuse of antibiotics has led to the emergence

f multidrug-resistant bacteria [120] . The main known mechanisms be-

ind antibiotic resistance include the overexpression of efflux pumps,

roduction of antibiotic-modified enzymes, modification of antibiotic-

argeted sites and biofilm formation [121] . Brinkman et al. found that

he deletion of gacS could reduce the minimum inhibitory concentration

MIC) of P. aeruginosa PAK on gentamicin, amikacin and chlorampheni-
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Fig. 5. Regulatory effects of GacS/GacA on biofilm formation and motility. (A) In Pseudomonas aeruginosa , GacS/GacA positively regulates the synthesis of main matrix 

structure polysaccharides, Psl and Pel, through the Rsm pathway to promote biofilm formation [ 53 , 104 , 106 ]. (B) In Pseudomonas fluorescens F113 and Pseudomonas 

chlororaphis O6, Gac/Rsm negatively regulates flagellum synthesis [ 110 , 115 ]. In Azotobacter vinelandii , Gac/Rsm positively regulates flagellum synthesis to promote 

motility [118] . 
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ol [122] . This showed that GasS/GacA could regulate the antibiotic

esistance of bacteria [ 122 , 123 ]. 

Bacteria in biofilm have a unique mechanism for tolerating antibi-

tics. It has been proven that GacS/GacA is involved in antibiotic re-

istance in bacteria by increasing biofilm formation [83] . GacS/GacA

an participate in the resistance against three different families of an-

ibiotics, represented by tetracycline, tobramycin and ciprofloxacin,

hrough RsmA/RsmZ [ 120 ]. Under their sub-minimum inhibitory con-

entrations (sub-MIC), biofilm formation regulated by Gac/Rsm is in-

uced to increase antibiotic resistance [124] . In P. aeruginosa PA14,

eletion of gacS was found to lead to reduced biofilm formation and in-

reased sensitivity to antibiotics [125] . However, when characterizing

he strain ΔgacS , phenotypic variation occurred in the biofilm and re-

ulted in the formation of small colony variants (SCVs) [126] . SCVs have

hicker biofilm and higher antibiotic resistance level than wild-type and

arental strain ΔgacS [125] . Moreover, when the gene gacS was added

ack into SCVs, bacteria resumed their normal phenotype, which re-

ects a special strategy of adaptation to the environment [ 127 , 128 ]. In

eneral, GacS/GacA affects antibiotic resistance by mediating biofilm

ormation. This is one of the reasons why microbial infections are so

ifficult to control. 

Studies have shown that bacterial motility can also affect antibiotic

esistance [129] . Meanwhile, GacS/GacA can regulate the motility of

acteria [119] . Therefore, in theory, GacS/GacA could interfere with

ntibiotic resistance by regulating bacterial motility. However, no stud-

es on this have been reported. Although swarming motility is a pri-

ary stage of mature biofilm formation [130] , the mechanism by which

otility confers antibiotic resistance may differ from this. In contrast to

acteria within biofilms, swarming cells are unprotected in a complex

xtracellular matrix but metabolically very active, while still exhibiting

ultiple drug-resistant phenotypes [129] . Therefore, the GacS/GacA-

ediated model of bacterial motility regulation causing the antibiotic

esistance has important research value and warrants further study. 
7 
. Controlling the Gac/Rsm pathway and maximizing its 

pplication value 

.1. Environmental factors affect the Gac/Rsm pathway 

The Gac/Rsm pathway can regulate the secondary metabolism and

ntibiotic resistance of bacteria. If the expression of the Gac/Rsm system

an be modulated by environmental factors, the production of secondary

etabolism products or enzymes can be altered. Studies have shown

hat environmental factors have a significant effect on the expression of

CS. In Pseudomonas putida PCL1445, the production of cyclic lipopep-

ides putisolvin I and II was shown to be regulated by GacS/GacA [ 131 ].

oreover, Dubern et al. showed that the expression of gacS/gacA was

trongly induced at a low temperature (11°C) and high concentration

f NaCl (1 M) ( Fig. 6 ), resulting in the increased production of puti-

olvins [132] . Furthermore, Humair et al. tested the potential effect of

emperature on two auxiliary sensors, LadS and RetS, and found that

he temperature sensitivity mainly depended on RetS, which inhibits

he Gac/Rsm pathway at high temperatures [133] . Compared with the

ndings at a standard incubation temperature of 30°C, P. fluorescens

HA0 was shown to only produce a small number of HCN and antibi-

tic compounds on rich solid medium at 35°C. Its sensing mechanism

ay involve changes in membrane fluidity, making the heterodimer

etS/GacS more robust at 35C [133] . Physiological and environmen-

al conditions are important factors controlling the Gac/Rsm pathway.

herefore, studies on how to regulate the GacS/GacA pathway by op-

imizing the relevant temperature and salinity conditions to promote

he maximum production of secondary metabolites could be a focus of

uture research. 

.2. Engineering of GacS protein 

GacS is the upstream initiator of the Gac/Rsm pathway. Signifi-
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Fig. 6. Application of targeted Gac/Rsm pathway. The 

information obtained from Section 5 [ 132 , 133 , 135 , 138 , 

141 , 143 ]. 
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v  
antly, the sensor domain of GacS can be replaced by an existing photo-

ensor domain to realize the engineering modification of the optogenetic

ystem [134] . Cheng et al. replaced two transmembrane regions and the

AMP ( H istidine kinases, A denylyl cyclases, M ethyl binding proteins,

 hosphatases) domain of GacS in P. aeruginosa with the light-oxygen-

oltage (LOV) blue light sensor domain of the photosensitive protein

tvA of Bacillus subtilis [135] ( Fig. 6 ). These light-regulated derivatives

f GacS can only be regulated by blue light, while still retaining kinase

ctivity, which can reversibly stimulate the global Gac/Rsm signaling

athway. More importantly, the new GacS photosensitive protein can

ransform acute infection to chronic infection and control the expres-

ion of virulence factors of P. aeruginosa . This further expands the pre-

ise control of bacterial pathogenicity. 

In TCSs related to the virulence of Acinetobacter baumannii ,

acS/GacA plays an important role in the regulation of antibiotic sensi-

ivity and virulence mechanism [ 136 , 137 ]. Considering that prevention

s the best strategy for dealing with A. baumannii infection, Smiline et al.

sed immunoinformatic methods to predict novel vaccine peptide can-

idates of GacS protein against multidrug-resistant strains [138] . This

tudy suggested the use of five antigenic peptides as hybrid vaccine can-

idates. The GacS vaccine peptide data and immunoinformatic methods

vailable in A. baumannii provide a good reference for the study of GacS

n other strains. The application of bioinformatic databases and method-

logies for the engineering of GacS protein increases the possibility of

nding new methods with minimal trial and error. However, the process

f developing vaccine peptides is complex, involving a need to design

himeric vaccine constructs and perform in vivo experiments to further

onfirm the immune response and memory ( Fig. 6 ). With the continu-

us progress of research, bioinformatic databases and methods should

ontinue to provide valuable insights into the targeting of GacS/GacA

o overcome infections by pathogenic bacteria. 

.3. Quorum sensing inhibitor working through Gac/Rsm cascade pathways

The reaction initiated by QS signaling molecules can not only directly

romote the expression of virulence factors, but also enable bacteria

o resist antibacterial compounds, such as by forming biofilms [139] .

eanwhile, Quorum sensing inhibitor (QSI) can reduce the virulence

f bacteria and biofilm formation, providing promising biotechnologi-

al applications [140] . Gac/Rsm is a key element in the QS signaling
8 
ascade regulatory pathway and a promising target for QSI ( Fig. 6 ). For

xample, the QSI combination of hexanal and geraniol has been proved

o significantly inhibit the expression of gacS/gacA in P. fluorescens and

an be further developed as a new preservative for agricultural products

141] . In addition to the TCS, sRNA in the Gac/Rsm cascade pathway is

lso a target for inhibitors. Ajoene is a small sulfur-rich molecule and is

he main QSI in garlic [142] . Experimental evidence provided by Jakob-

en et al. revealed that ajoene exerted its own QSI activity by reducing

he sRNA expression of RsmY and RsmZ in P. aeruginosa [143] . Over-

ll, ajoene plays a role upstream of the QS pathway by targeting the

ac/Rsm cascade, inhibiting QS, toxicity and biofilm formation. How-

ver, these results require further studies, especially for determining the

pecific mechanism by which ajoene affects sRNA. 

. Future perspectives 

TCS is critical for cell growth and adaptation to complex environ-

ental changes. GacS/GacA is a TCS with global regulatory capacity

hat functions through the Gac/Rsm signaling cascade pathway [31] .

he highlights of this review include (1) an emphasis on the studied

acS/GacA regulatory pathways and functions, particularly in Pseu-

omonas ; and (2) summarizing Gac/Rsm pathway-mediated applica-

ions, which deserve more attention. In recent years, the application

f targeted GacS/GacA has emerged, and some research strategies are

orthy of further exploration. Because the global regulatory capacity

f GacS/GacA is known to confer some secondary metabolic advan-

ages, it is highly recommended that the corresponding pathways are di-

ectly and rationally modified to obtain a large amount of required prod-

ct. The regulation of virulence and antibiotic resistance by GacS/GacA

akes it a potential target for drug therapy [ 144 , 145 ]. Photogenetic

odification of GacS protein has been applied to study pathogen–host

 P. aeruginosa –Caenorhabditis elegans ) interactions [135] . By introduc-

ng pathogens into hosts, we can further understand the virulence, host

usceptibility and infection mechanism of pathogens, which should pro-

ide a way of studying antibiotics and new targets of infection. Notably,

acS/GacA is conserved and functionally diverse in different strains.

nsight into the mechanism and regulatory pathway of GacS/GacA can

rovide ideas for the development of natural products and drugs. 

Although some pathways and functions of GacS/GacA have been re-

ealed, the GacS/GacA regulatory networks are not complete and re-
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uire further supplementation and improvement. Finding the precise

ypes of signaling molecules that GacS, RetS and LadS can recognize

s a great challenge in this field. Latour summarized GacS-related con-

ent from a signaling molecule perspective and presented the progress

ade in characterizing GacS signaling and new strategies. And his re-

iew greatly assists future inquiry into the families and structures of the

xact signals sensed by GacS/GacA [ 6 ]. The signals sensed by GacS can

irectly regulate the Gac/Rsm pathways, while the signals sensed by

etS and LadS can interfere with GacS/GacA by changing its phospho-

ylation [64] . To date, most studies have indicated that the function of

he GacS/GacA system mainly depends on the Gac/Rsm signaling cas-

ade pathway. After finding the signal molecules, it is also necessary

o verify whether the signal transduction pathway acts directly through

ac/Rsm. Moreover, GacS/GacA homologous proteins in other strains

re also continuously being identified. Chen et al. identified a homolo-

ous protein in Dickeya oryzae and named it TzpS/TzpA [ 146 ]. In addi-

ion, sRNAs and RNA binding proteins of the Rsm/Csr system are still

eing found [ 38 , 116 ]. The regulatory function of GacS/GacA in par-

icular requires further exploration. For example, there is still a lack

f evidence of an effect of regulating motility on antibiotic resistance.

s research continues to intensify, we believe it will become easier to

xplore the physiological processes and regulatory networks in which

acS/GacA participates. Finally, the existing GacS/GacA-mediated ap-

lications are only at the laboratory test stage, and it is necessary to

esign in vivo experiments. The results of these future works should be

f great significance for understanding the mechanism of bacterial reg-

lation and identifying new applications targeting GacS/GacA. 
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