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Abstract 

F or man y years the surprising multiplicity, signal input di v ersity, and output specificity of c-di-GMP signaling proteins has intrigued 

resear c hers studying bacterial second messengers. How can several signaling pathways act in parallel to produce specific outputs de- 
spite r el ying on the same diffusible second messenger maintained at a certain global cellular concentr ation? Suc h high specificity and 

flexibility arise from combining modes of local and global c-di-GMP signaling in complex signaling networks. Local c-di-GMP signal- 
ing can be experimentally shown by three criteria being met: (i) highly specific knockout phenotypes for particular c-di-GMP-related 

enzymes, (ii) actual cellular c-di-GMP levels that remain unchanged by such mutations and/or below the K d ’s of the r elev ant c-di-GMP- 
binding effectors, and (iii) direct interactions between the signaling proteins involved. Here , w e discuss the rationale behind these 
criteria and present well-studied examples of local c-di-GMP signaling in Esc heric hia coli and Pseudomonas . Relati v el y simple systems 
just colocalize a local source and/or a local sink for c-di-GMP, i.e. a diguanylate cyclase (DGC) and/or a specific phosphodiesterase 
(PDE), r especti v el y, with a c-di-GMP-binding effector/target system. More complex systems also make use of regulatory protein in- 
ter actions, e .g. when a “trigger PDE” responds to locally provided c-di-GMP, and thereby serves as a c-di-GMP-sensing effector that 
dir ectl y contr ols a target’s acti vity, or when a c-di-GMP-binding effector r ecruits and dir ectl y acti v ates its own “pri v ate” DGC. Finall y, 
we provide an outlook into how cells can combine local and global signaling modes of c-di-GMP and possib l y inte gr ate those into 
other signaling nucleotides networks. 

Ke yw or ds: biofilm, exopolysacc haride, cellulose, second messenger, diguanylate c yclase, Esc heric hia coli , N4 phage 
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Introduction
Nucleotide-based second messengers are k e y players in signal 
transduction networks in all living cells. Bacteria make use of sec- 
ond messengers to tr ansduce envir onmental or internal stimuli 
into physiological and behavioral outputs that include metabolic 
and de v elopmental ada ptations, str ess r esponses, biofilm forma- 
tion, defense a gainst pr edators as well as virulence (Jenal et al.
2017 , Hengge et al. 2019 , Stülke and Krüger 2020 , Zaver and Wood- 
w ar d 2020 ). A wide range of nucleotide-based second messen- 
gers, from mono- to di- and oligonucleotide-based molecules, 
are used by bacteria. The ever-growing list includes classics like 
cyclic (3’,5’)-adenosine monophosphate (cAMP), which is involved 

in regulating carbon metabolism, and guanosine-(penta)tetra- 
phosphate ((p)ppGpp), which links metabolism and stress re- 
sponses to growth rate (Busby and Ebright 1999 , Hauryliuk et al.
2015 ). The curr entl y most studied cyclic dinucleotide is bis-(3´-5´)- 
cyclic dimeric guanosine monophosphate (c-di-GMP). It was first 
identified as an allosteric activator of the bacterial cellulose se- 
cr etion mac hinery (Ross et al. 1987 ), but it is now r ecognized as 
a ubiquitous signaling molecule, which is involved in cell adhe- 
sion, biofilm formation, cell cycle pr ogr ession, de v elopment, and 

virulence (Jenal and Malone 2006 , Hengge 2009 , Bush et al. 2015 ,
Jenal et al. 2017 ). As micr oor ganisms ne v er fail to amaze, they 
wer e r ecentl y found to also make use of cyclic uridine monophos- 
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r e pr oduction in any medium, provided the original work is properly cited. For com
hate (cUMP), cyclic cytidine monophosphate (cCMP), cyclic tri- 
denylate (cAAA) as well as cyclic oligoadenylate (cOA) as signal-
ng molecules involved in antiviral defenses (Lau et al. 2020 , Tal et
l. 2021 , Athuk or ala ge and White 2022 ). 

asic mechanisms of c-di-GMP signaling
-di-GMP stands out among bacterial second messengers due to
he remarkable numbers of enzymes that make and break it,
hic h ar e encoded in the genomes of single or ganisms (Hengge
009 ). A similar phenomenon has also been observed for adeny-
ate cyclases in certain mycobacteria and alpha-proteobacteria 
Baker and K ell y 2004 , Shenoy and Vis wes wariah 2004 ), but impli-
ations , affordances , and consequences of suc h m ultiplicity hav e
nly been studied for c-di-GMP-related enzymes. C-di-GMP is syn- 
hesized by diguanylate cyclases (DGCs) with the catalytic activ- 
ty residing in GGDEF domains. DGCs operate as dimers, in which
ac h pr otomer coordinates a GTP molecule to enable their con-
ensation to c-di-GMP. Many DGCs possess an additional c-di-GMP 
inding site (I-site), which allosterically inhibits the DGC activity 

Schirmer and Jenal 2009 ). The degradation of c-di-GMP is per-
ormed by c-di-GMP-specific phosphodiesterases (PDEs). PDEs cat- 
l yze the hydr ol ysis r eaction by either EAL or HD-GYP domains,
hic h ar e two structur all y and e volutionary distinct domains
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Schirmer and Jenal 2009 , Galperin and Chou 2022 ). EAL-type
DEs hydr ol yze the dinucleotide to the linear 5 ′ -phosphoguan yl yl-
3 ′ -5 ′ )-guanosine (pGpG), which is further degraded to guanosine

onophosphate (GMP) by the oligoribonuclease Orn (Orr et al.
015 ) or enzymes with similar substrate preference. Some HD-
YP domain-containing PDEs are capable of hydrolyzing c-di-GMP

o pGpG while others can break down c-di-GMP to two molecules
f GMP in a one-step reaction (Galperin and Chou 2022 ). GGDEF
nd EAL domains can be found combined in a single hybrid pro-
ein in some cases, but in such composite proteins one domain
s often degenerate for enzyme activity and plays a regulatory
nstead of a catalytic role (Christen et al. 2005 ). Bioinformatical
nal yses r e v ealed that on av er a ge ten GGDEF domain pr oteins
re encoded in a single bacterial genome, but numbers as high
s 57 have been reported. Coding sequences of EAL and HD-GYP
omain-containing pr oteins ar e pr esent in bacterial genomes in
omparable numbers. An ov ervie w is accessible at https://www.
cbi.nlm.nih.gov/Complete _ Genomes/c- di- GMP.html (Römling et
l. 2013 ). 

Most DGCs and PDEs contain various N-terminal sensor do-
ains, whic h contr ol their enzymatic activities upon r ecognition

f diverse input signals . T hese domains include se v er al distinct
ASE (membrane-associated sensor), PAS (Per-Arnt-Sim), CHASE

cyclases and histidine kinase-associated sensory extracellular),
APES (gamma pr oteobacterial periplasmic sensor), or CSS do-
ains (termed after a highly conserved functional amino acid
otif) (Hengge et al. 2016 ). Ho w e v er, onl y fe w of the r espectiv e

nput signals have been identified so far. Examples include the
ensing of oxygen by the DGC/PDE pair DgcO/PdeO (formerly
osC/DosP) (Tuckerman et al. 2009 ), of light by the PDE BlrP1

Barends et al. 2009 ), of L-arginine by the DGC STM1987 (Mills
t al. 2015 ), of the redox state of the periplasm by the PDE PdeC
Herbst et al. 2018 ), or of autoinducer-2 by the DGC DgcJ (Li et
l. 2022 ). Many DGCs and PDEs that sense environmental cues
r e membr ane-anc hor ed. Ho w e v er, the perception of the envi-
onment is not limited to the DGCs/PDEs per se , but these can
lso be part of larger complexes in which they r eceiv e their in-
ut signals from interacting sensory proteins. Examples are the
sp system, which detects surface contact via a chemosensor-

ike protein (O’Connor et al. 2012 ), the reaction to nitric oxide via
he hemoproteins H-NOX or NosP (Nisbett et al. 2019 ) or DgcE,
hic h is GTP-contr olled via a d ynamin-lik e GTPase system (Pfiffer

t al. 2019 ). 
A variety of intracellular effector components sense c-di-GMP

o e v entuall y trigger tar get components to gener ate certain cellu-
ar responses. Effectors and targets can be separate yet interact-
ng components or domains of a single protein. c-di-GMP-binding
ffectors ar e highl y div erse and include PilZ, MshEN, enzymati-
all y inactiv e, or “degener ate” GGDEF domains, whic h bind c-di-
MP via an intact I-site, or degenerate EAL domains (Kr aste v a et
l. 2012 , Chou and Galperin 2016 , Wang et al. 2016 ). In addition, c-
i-GMP has been found in noncanonical modes of binding. In the
ase of the tr anscriptional r egulator BldD of Streptomyces , an inter-
alated tetramer of the dinucleotide allows the formation of the
unctional BldD dimer by bridging the two protomers that do not
 v en touc h eac h other (Tsc howri et al. 2014 ). Additionall y, RNA
ibos witches ha ve been found to bind and respond to c-di-GMP
Sudarsan et al. 2008 , Lee et al. 2010 ). 

In a minimal c-di-GMP signaling model, the highly dynamic
ntr acellular c-di-GMP le v el is anta gonisticall y contr olled by the
ctivity of a DGC and a PDE. Upon r eac hing a certain concen-
r ation, c-di-GMP activ ates the r espectiv e effector/tar get systems.
n principle, such a simple system could also operate in bacte-
ia that possess multiple DGCs and PDEs, if these ar e highl y se-
ectiv el y expr essed and/or activ ated. Ho w e v er, systematic stud-
es , e .g. with the model bacterium Esc heric hia coli K-12, hav e shown
hat most of its 12 DGCs and 13 PDEs are not only expressed but
re also enzymatically active at the same time (Hengge 2009 , Som-
erfeldt et al. 2009 , Sar enk o et al. 2017 ). Mor eov er, single gene

eletions of DGCs or PDEs have been reported to lead to dis-
inct phenotypes in various model or ganisms, e v en though the
ntr acellular c-di-GMP le v el r emained unc hanged in the m utants
nd/or under conditions of target activation (Newell et al. 2011a ,
ahlström and O’Toole 2017 , Sar enk o et al. 2017 ). These find-

ngs raised the question of how a diffusible second messenger
an control different output reactions in a highly specific manner
ia multiple DGCs and PDEs and their effectors that ar e pr esent
t the same time and a ppar entl y can act in parallel. This has
ed to the hypothesis that c-di-GMP signaling does not only oc-
ur at a global cellular le v el as in the minimal model described
bo ve , but also by more local mechanisms in multiprotein com-
lexes (Jenal and Malone 2006 , Hengge 2009 ). In recent years,
aradigmatic examples of local c-di-GMP signaling have been
etected and studied in detail and it has been recognized that
ells can flexibly combine global and local c-di-GMP signaling
Hengge 2021 ). 

In this r e vie w, we summarize the curr ent theor etical fr ame-
ork of local second messenger signaling as well as the three cri-

eria that have to be met in order to demonstrate experimentally
hat a particular system involves local c-di-GMP signaling. Modes
f simple local signaling will be illustrated by c-di-GMP-dependent
ctivation of the exopolysaccharide-producing Bcs and Nfr ma-
hineries of E. coli , in which a specific DGC teams up with a partic-
lar effector/target system to provide a local source of c-di-GMP

n the direct vicinity of the r espectiv e c-di-GMP-binding effector
omain. Furthermore, w e sho w tw o cases of more complex local
ignaling, i.e. the PdeR–DgcM–MlrA complex in E. coli and the Lap
ystem in pseudomonads, in which the direct interaction between
GCs and/or PDEs with their r espectiv e effector/tar get systems
lays essential r egulatory r oles that go beyond just bringing the
omponents closely together. Finally, we highlight that global and
ocal signaling processes are integrated in complex dynamic sig-
aling networks in bacteria. 

wo principle concepts to ac hiev e signaling
pecificity by either global or local c-di-GMP
ignaling

n principle, the controlled expression and activity of multiple
GCs with different K i ’s at their respective I-sites provides a cell
ith the ability to fine-tune the intracellular c-di-GMP concentra-

ion in a gradual manner (Fig. 1 A). Differential output reactions
ould then be ac hie v ed via discr ete binding affinities (K d ’s) of the
 espectiv e effector components . T hus , when the intracellular c-di-
MP concentration is low, only effector/target systems with a high
inding affinity would respond to c-di-GMP. By gr aduall y “r amp-

ng up” the intr acellular c-di-GMP concentr ation, effector systems
ith matching K d ’s would then respond in a successive manner.
uch a complex global signaling mode r equir es pr ecise contr ol of
he activities of the DGCs via their I-sites as well as a ppr opriate
 d ’s of the receptors (Pultz et al. 2012 , Hengge 2021 ). 

An alternative explanation for an observed high output speci-
city of a particular DGC and/or PDE can be local signaling

Fig. 1 B). In its simplest form, a particular DGC and/or PDE dir ectl y
eams up with a specific effector/target system in a m ultipr otein
omplex. In such a “local signaling module,” c-di-GMP is produced

https://www.ncbi.nlm.nih.gov/Complete_Genomes/c-di-GMP.html
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Figure 1. Global and local c-di-GMP signaling. (A) High input–output specificity can be ac hie v ed by global c-di-GMP when se v er al DGCs (responding to 
different signals and with different K i ’s) conditionally ramp up the cellular c-di-GMP concentration. Distinct effector/target systems can then respond 
successiv el y based on their different K d ’s for c-di-GMP binding. Ho w ever, at high cellular c-di-GMP levels, specificity is lost as all systems respond. (B) 
Local c-di-GMP signaling can be obtained with a DGC, a PDE, and an effector/target system teaming up in a multiprotein complex or “c-di-GMP 
signaling module.” Interactions may just serve to colocalize the local source (DGC) and/or the local sink (PDE) with the c-di-GMP-responding 
effector/tar get system. Alternativ el y, inter actions can also assume regulatory roles, such as direct activation or inhibition of a partner protein. Specific 
activation of a particular colocalized effector/target systems by its local c-di-GMP source r equir es a str ongl y expr essed master PDE to constantl y dr ain 
the cellular c-di-GMP pool to avoid “cr oss-talk” fr om other DGCs (Hengge 2021 ). In order not to overload the figure, only membrane-associated 
effector/target systems (such as the exopolysaccharide-producing systems mentioned in the text) were included here, but c-di-GMP-responsive 
systems also occur in the cytoplasm. Details are provided in the text. 
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in close proximity to its effector binding site, enabling a direct 
control of the target generating the specific output (Hengge 2009 ).
Three distinct criteria have to be met to experimentally define a 
local c-di-GMP signaling system. These are (i) a specific knockout 
phenotype for a distinct DGC and/or PDE, (ii) direct interactions 
between this DGC and/or PDEs with a particular effector/target 
system, and (iii) c-di-GMP concentr ations, whic h either r emain 

unchanged when the particular DGC and/or PDE are eliminated 

by mutations (which elicit a clear phenotype) or which remain sig- 
nificantly below the K d of the cognate effector component e v en 

under conditions of activation of the regulatory output (Hengge 
2021 ). 

Particular DGCs control specific cellular
processes
The first criterion for local signaling is a specific gene dele- 
tion phenotype for a single DGC or PDE. In particular, highly 
specific DGC knoc k out phenotypes wer e indeed r eported quite 
earl y alr eady for model bacteria such as E. coli : the biosyn- 
thesis, secretion, and modification of cellulose depends on the 
presence and catalytic activity of one of its 12 DGCs of E.
coli K-12, DgcC (formerly YaiC or AdrA in Salmonella ) (Zogaj et 
al. 2001 , Br ombac her et al. 2003 , Thongsomboon et al. 2018 ).
The same principle applies to the production of another ex- 
opol ysacc haride, pol y- β-1,6- N -acetylglucosamine (pol y-GlcNAc),
by the PgaABCD mac hinery, whic h depends on DgcZ (Boehm et 
al. 2009 ). Mor e r ecentl y, the activ ation of the Nfr system, which 

synthesizes a yet unc har acterized exopol ysacc haride that also 
serves as a phage N4 receptor, was found to require the pres- 
ence and activity of DgcJ (Junkermeier and Hengge 2021 , Sellner 
et al. 2021 ). 

Besides this allosteric activation of se v er al exopol ysacc haride 
synthesis and secretion systems, another example for a specific 
GC/PDE-dependent phenotype was discov er ed at the le v el of
ene regulation in E. coli . The PdeR–DgcM–MlrA complex is a k e y
layer contr olling tr anscription initiation of csgD , whic h encodes
he biofilm regulator CsgD (Lindenberg et al. 2013 , Hengge 2016 ).
n this complex, which will be dissected in more detail below,
he absence of the DGC DgcM leads to a significant reduction
f cellular le v els of the biofilm r egulator CsgD, while a loss of
he PDE PdeR produces the opposite effect (Weber et al. 2006 ,
indenber g et al. 2013 , Sar enk o et al. 2017 ). Mor eov er, the com-
lex itself r eceiv es a pr ecise signal input specificall y fr om yet an-
ther DGC, DgcE. Again, the absence of this particular DGC leads
o a specific phenotype, which is the loss of the k e y trigger for
his intricate signaling cascade initiating csgD expression (Pfiffer 
t al. 2019 ). 

Compar able findings wer e also r eported in other bacterial
odel organisms. In Caulobacter crescentus , specifically one of its

our DGCs, PleD, is essential for the G1-to-S phase transition dur-
ng cell cycle pr ogr ession (Abel et al. 2013 , Kaczmarczyk et al.
020 ). In the predatory bacterium Bdellovibrio bacteriovorus , each
f its three catalytically active DGCs were found to play a distinct
hysiological r ole: DgcB is strictl y r equir ed for the inv asion of its
r ey bacteria, DgcA contr ols its gliding motility, whic h is essen-
ial to exit the host, and DgcC controls the transition between
ts predatory lifestyle and growth without a host (Hobley et al.
012 ). In Pseudomonas fluorescens only a small subset of its 30 DGCs
as found to regulate biofilm formation and swimming motility,
hile the majority sho w ed no effects under the conditions tested

Newell et al. 2011b ). 
Importantly, in most of the examples mentioned abo ve , the re-

pective phenotypes were observed while other DGCs and/or PDEs 
er e pr esent in the cells . T hus , together with the additional crite-

ia described in the following, such highly specific knockout phe-
otypes are a strong indication for specific local actions of partic-
lar DGCs and/or PDEs. 
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GCs and/or PDEs colocalize with specific
ffector/target systems via pr otein–pr otein
nteractions
he colocalization of a source and/or a sink of c-di-GMP with
 specific effector/target system via direct protein–protein inter-
ctions serves as a second criterion for defining local signaling.
enziman and his colleagues, who initially identified c-di-GMP as
n allosteric activator of the cellulose synthase of Gluconoaceto-
acter xylinus (Ross et al. 1987 ), already speculated that its c-di-
MP regulatory system (i.e. a DGC and PDE) could be situated in
lose proximity to the relevant c-di-GMP-binding site. In this pro-
osed “discr ete pr oteinaceous complex,” the second messenger
as thought to act as a local pacemaker to coordinate the activ-

ty of the single cellulose synthase subunits, which form a lateral
rray of cellulose extrusion pores on G. xylinus (Ross et al. 1991 ).
heir concept of colocalization emerged from the question of how
he cellulose synthase subunits could arrange in the intriguingly
rder ed structur e on the cell surface (Zaar 1979 ). Ho w e v er, in vie w
f the theoretical framework of local signaling, specific protein–
r otein inter actions between DGCs/PDEs and effector/tar get sys-
ems play crucial yet different roles. 

On the one hand, direct protein–protein interactions bring to-
ether all components of a c-di-GMP signaling complex. Such a
rotein complex allows the associated DGC and/or PDE to act as
 local source and/or sink, r espectiv el y, for the colocalized effec-
or/target system. Examples are the regulation of the bacterial
ellulose synthase (Bcs) by DgcC and PdeK as well as the activa-
ion of the Nfr system by DgcJ in E. coli (Richter et al. 2020 , Junker-

eier and Hengge 2021 , Sellner et al. 2021 ). In both cases, a spe-
ific DGC associates with the system and stimulates the activity
f the gl ycosyltr ansfer ase (GT) domains of BcsA or NfrB by pro-
ucing the second messenger in the vicinity of the r espectiv e c-di-
MP-binding site, namely the PilZ domain of BcsA and the MshEN
omain of NfrB. Here, the protein–protein interaction has a scaf-
olding function in bringing the c-di-GMP regulatory system right
ext to the effector domain. Since the DGC and PDE act only as

ocal c-di-GMP source and sink, r espectiv el y, substitutions of sin-
le crucial amino acids in the catal yticall y activ e centr e of these
nzymes fully phenocopy complete knoc k out m utations. Suc h a
-di-GMP control module forms a specific, yet open complex, in
hich the second messenger can either bind to the effector—the
r obability of whic h inv ersel y corr elates with the (short) distance
etween DGC and effector binding site—or diffuse a wa y into the
ytoplasm (Richter et al. 2020 ). The absence of any compartimen-
ation of the effector binding site allows strong ectopic expression
f some other active DGC or PDE to “bypass” locally acting DGCs
r PDEs by either “flooding” the cells with c-di-GMP or providing
 robust c-di-GMP drain, respectively, with corresponding effects
n c-di-GMP binding to the effector (Richter et al. 2020 , Sellner et
l. 2021 ). 

On the other hand, pr otein–pr otein inter actions can also have
 regulatory function. Within the PdeR–DgcM–MlrA complex of
. coli , the association of PdeR to the DgcM–MlrA module blocks
he ability of the latter to act as an activating transcription factor
omplex (Lindenberg et al. 2013 , Serra and Hengge 2019a ). Here,
deR acts as a trigger enzyme whose control via its macromolec-
lar interaction is regulated by its substrate for enzymatic activ-

ty. T hus , once PdeR binds and degrades c-di-GMP, this loosens its
grip” on the DgcM–MlrA complex, which in turn allows the latter
o stim ulate tr anscription at the csgD pr omoter. Notabl y, the ba-
ic function of PdeR is its direct inhibition of DgcM and MlrA while
ts PDE-activity has a sensory function, i.e. responding to c-di-GMP
roduced by DgcE (Hengge 2016 ). 
The trigger PDE PdeL operates in a similar but more minimal-
stic manner to stabilize subpopulations with either high or low
ntr acellular c-di-GMP le v els. At low intr acellular c-di-GMP con-
entr ations, the EAL-type PDE PdeL—whic h also featur es a LuxR-
ike DNA-binding domain—acts as a transcription factor that ac-
ivates its own expression. Under these conditions, PdeL forms a
etramer formed by two canonical EAL domain dimers. Increasing
-di-GMP concentrations , e .g. upon strong induction of a DGC, lead
o the dissociation of the tetramer. Although this stabilizes the
atal yticall y activ e dimer, this also shuts off its own expr ession,
hich in the longer run will stabilize high c-di-GMP le v els (Rein-
ers et al. 2015 ). Maintaining global intracellular c-di-GMP levels
tably low is essential for local signaling as it pr e v ents cr oss-talk
f specifically localized DGCs (Sar enk o et al. 2017 ). On the other
and, generating and maintaining a high global c-di-GMP le v el en-
bles a transition from local to global signaling regimes (Reinders
t al. 2015 ). 

Another example for r egulatory pr otein inter actions in a lo-
al c-di-GMP signaling module is the Lap system of P. fluorescens ,
hose full function is described in more detail below. Here, a c-
i-GMP binding effector (LapD) physically interacts with the DGC
cbC. Only in this protein complex, GcbC shows DGC activity,
hich is strictly required for the activity of the system. Hence, the
r otein–pr otein inter action not onl y brings the DGC in close pr ox-

mity of its specific target, but the latter also controls the catalytic
ctivity of the former and thereby its own signal input (Dahlström
t al. 2015 ). 

 crucial role for the global cellular c-di-GMP
evel in local c-di-GMP signaling
s a third criterion for local signaling, the global intracellular
oncentr ations of c-di-GMP hav e to be consider ed. T hus , intra-
ellular c-di-GMP le v els, whic h e v en under conditions of activ a-
ion of a system under study remain considerably lo w er than
he K d ’s of the activ ation-triggering effectors, ar e a first indica-
ion for a locally acting DGC. For example, E. coli and P. fluorescens

aintain r emarkabl y low intr acellular c-di-GMP concentr ations
1–2.5 pmol/mg total pr otein, corr esponding to about 60–150 nM
n the cell), e v en though c-di-GMP-stim ulated pr ocesses ar e ac-
ive under these conditions (Dahlström et al. 2016 , Sar enk o et al.
017 ). In E. coli , such a process is cellulose synthesis and secretion
y cellulose synthase (BcsA), which is activated by a PilZ domain
hat binds c-di-GMP with a K d of 6–8 μM (Chou and Galperin 2016 ).
imilarly, the Nfr system, which requires c-di-GMP activation via
ts MshEN domain that binds c-di-GMP with K d of about 1 μM, is
ctiv e in v egetativ e cells that contain only approximately 80 nM of
-di-GMP (Junkermeier and Hengge 2021 ). In other w or ds, the rele-
ant effectors would not be expected to be in the c-di-GMP bound
tate—yet, the regulatory output can be observed. Notably, how-
 v er, the K d ’s mentioned above were determined in vitro , which
oes not necessarily reflect the complexity inside living cells and,
her efor e, the v alues obtained should be taken with care . T hus , in
treptomyces an accessory protein has been found that can change
he K d of a particular c-di-GMP binding effector 15-fold as com-
ared to the effector component alone (Schumacher et al. 2021 ). 

In addition to low intracellular c-di-GMP concentrations, un-
 hanged intr acellular c-di-GMP le v els in single DGC or PDE knock-
ut m utants (ideall y with point m utations just affecting the ac-
iv e centr e) that confer clear phenotypes, can also be a strong
ndication for local signaling (Sar enk o et al. 2017 ). But again,

easur ements of intr acellular c-di-GMP concentr ations should
e inter pr eted with car e as these ar e population-wide av er a ges,
hich may fail to take into account a potentially heterogeneous
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distribution in the population. This does not seem r ele v ant in 

cases where the overall c-di-GMP levels are already extremely low 

such as in E. coli or P. fluorescens , but should be considered in cases 
where these global levels are higher. 

Ov er all, the global cellular c-di-GMP concentration thus mat- 
ters crucially for local c-di-GMP signaling. The very low intra- 
cellular c-di-GMP concentration in E. coli —both in growing and 

in stationary phase cells in liquid culture—is maintained by the 
str ongl y expr essed “master PDE” PdeH, whic h consists of an a p- 
par entl y not further regulated stand-alone EAL domain that con- 
stantl y degr ades c-di-GMP in the cytosol (Sar enk o et al. 2017 ). This 
quenching of c-di-GMP by a strongly active nonlocalized PDE is a 
pr er equisite for specificity of local signaling in an open system,
since it limits the effect of c-di-GMP diffusion and thereby poten- 
tial cross-talk among several specifically localized DGCs (Hengge 
2021 ). This can be shown experimentally. T hus , knocking out PdeH 

leads to ele v ated intr acellular c-di-GMP concentr ations (up to 1 
μM) and increased c-di-GMP signaling output (expression of csg 
genes), to which now several DGCs contribute , i.e . DGC specificity 
is lost (Sar enk o et al. 2017 ). This also correlates with reduced 

motility, which in turn can be ad diti vely suppressed by combin- 
ing mutations in these se v er al DGCs (Gir gis et al. 2007 , Pesavento 
et al. 2008 , Junkermeier and Hengge 2021 ). 

In conclusion, low intracellular c-di-GMP concentrations are a 
prequisite for local signaling in “local c-di-GMP source” system, 
where a specific DGC teams up with an effector/target system. In 

principle, the theor etical fr ame work of local signaling also a pplies 
to the in verse conditions , where a locally acting PDE associates 
with an effector/target system and constantly removes c-di-GMP 
close to the effector binding site. Establishing such a highly dy- 
namic local c-di-GMP sink r equir es the maintenance of a high 

global c-di-GMP concentration by at least one strongly active DGC 

(Hengge 2021 ). Experimentally, this w ould sho w up as a system 

where a specific PDE would be found to play a crucial role—and its 
knoc k out or activ e site m utations to gener ate a clear phenotype—
on a bac kgr ound of constantly high c-di-GMP levels. 

Examples of simple local signaling via localized
c-di-GMP sources and sinks
The well-studied enterobacterial cellulose synthesis and secre- 
tion machinery has emerged as a prime example of a locally c- 
di-GMP controlled effector system (Richter et al. 2020 ). Bacterial 
cellulose is a component of the extracellular biofilm matrix of 
multicellular bacterial communities (Serra and Hengge 2019b ), 
which is an unbranched polysaccharide of β-1,4-linked d -glucose 
molecules. In E. coli and many other bacteria, e v ery other gluco- 
syl residue in cellulose is modified by the attachment of a phos- 
phoethanolamine (pEtN) group (Thongsomboon et al. 2018 ). The 
bacterial cellulose synthesis (Bcs) machinery consists of a total 
of nine components (BcsRQABZCEFG) and spans from the cytosol 
throughout the cell envelope (Fig. 2 A). As a tr ansmembr ane cor e 
part, a single BcsA subunit is bound to a multimeric “crown” of five 
or six BcsB subunits (Abidi et al. 2021 ). The pr ocessiv e pol ymer- 
ization of the glucose subunits is performed by the GT domain of 
BcsA, which is allosterically activated by the binding of c-di-GMP 
to its PilZ domain (Morgan et al. 2014 ). The nascent pol ysacc haride 
gets extruded through the Bcs macrocomplex (BcsRQABEF) into 
the periplasm, where the periplasmic domain of the membrane- 
anc hor ed BcsG catal yzes the cov alent attac hment of the pEtN 

gr oups, whic h ar e tr ansferr ed fr om the phosphatidylethanolamin 

in the phospholipid membrane (Thongsomboon et al. 2018 ). This 
modification process is controlled by the membrane-embedded 
csF and cytosolic BcsE subunits, with the latter being a second c-
i-GMP sensing component besides the PilZ domain of BcsA. BcsE
eatur es a catal yticall y inactiv e GGDEF domain, whic h serv es as
ts c-di-GMP binding effector domain (Fang et al. 2014 ). T hus , c-di-
MP stimulates synthesis, secretion and modification of the final 
roduct pEtN-cellulose. 

For E. coli , the DGC DgcC (or its homologue AdrA in Salmonella ),
hich consists of a membrane-intrinsic MASE2 domain and a 

anonical GGDEF domain, is indispensable for the production of 
ellulose (Zogaj et al. 2001 , Br ombac her et al. 2003 ). In line with the
riteria for local signaling described abo ve , the absence of DgcC
n E. coli does not alter the global intracellular c-di-GMP concen-
ration, although it is present in the cells and the purified en-
yme sho w ed DGC activity in vitro (Sar enk o et al. 2017 , Ric hter
t al. 2020 ). A catal yticall y inactiv e DgcC v ariant failed to r estor e
he cellulose-deficient phenotype of a �dgcC mutant, but an ar- 
ificiall y incr eased c-di-GMP le v el obtained by plasmid-driv en ex-
ression of diverse DGCs has been shown to do so. T hus , DgcC

s not a critical structural component of the Bcs complex, but its
ole is to provide the stimulus for its activation. DgcC was found
o interact both with the intramembrane parts of BcsB and the
DE PdeK, which is encoded right downstream of the bcs operon
n E. coli (Richter et al. 2020 ). In contrast to the strong phenotype
f a dgcC mutant, the deletion of pdeK shows only a minor pheno-
ype of slightly enhanced cellulose production and, like the dgcC
eletion, does not influence the global c-di-GMP pool. The cyto-
lasmic part of PdeK alone sho w ed high PDE activity in vitro , in-
icating that its tr ansmembr ane and/or periplasmic domain may
odulate its activity upon sensing of a so far unknown signal.

ike DgcC, also PdeK is able to bind to BcsB. In summary, DgcC and
deK form a locally acting c-di-GMP control module, which docks
pecifically onto the cellulose synthase complex (Fig. 2 A) and ful-
lls all the criteria for acting as a target-specific local source and
ink of c-di-GMP (Richter et al. 2020 ). 

While the N4 resistance (Nfr) system of E. coli has long been
now to be r equir ed for phage N4 infection (Kiino and Rothman-
enes 1989 ), it was r ecentl y discov er ed to actuall y pr oduce a nov el
xopol ysacc haride in a c-di-GMP stimulated manner (Junkermeier 
nd Hengge 2021 , Sellner et al. 2021 ). The system consists of three
ubunits, NfrB, NfrA, and YbcH, whic h ar e encoded in an oper on.
n principle, it shows the same k e y components of an exopolysac-
haride synthesis and secretion system as the Bcs system, i.e. an
nner membrane-embedded GT (NfrB), a periplasmic protein with 

 potential scaffolding role (YbcH), and an outer membrane pore
NfrA) (Fig. 2 B). Just r ecentl y it was found, that pha ge N4 does not
 el y simpl y on the pr esence of the Nfr pr oteins for adsor ption, but
hat in an initial step it binds to the secreted exopolysaccharide,
nabling its interaction with its protein receptor (NfrA) on the bac-
erial cell envelope in a second step. Ther efor e, pha ge N4 and its
bility to infect can serve as an excellent tool to study the function
f the Nfr system. T hus , pha ge adsor ption was found to depend on
he catalytic activity of the GT domain of NfrB. This N-terminal GT
omain is follo w ed b y a C-terminal MshEN domain, whic h tightl y
inds c-di-GMP, which in turn controls the activity of the GT do-
ain in an allosteric manner (Junkermeier and Hengge 2021 ). Re-
arkably, the infection of E. coli K-12 with phage N4 r equir es the

resence and catalytic activity of just one of its twelve DGCs: DgcJ
Mutalik et al. 2020 , Junkermeier and Hengge 2021 , Sellner et al.
021 ). In line with the criteria for local signaling, infection could
nl y be r estor ed by complementation with enzymaticall y func-
ional DgcJ. Even strong expression of dgcZ , encoding a highly ac-
ive DGC, was able to restore the phenotype to some extent only,
uggesting a specific role of DgcJ in the Nfr system. Mor eov er,
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Figur e 2. T he Bcs and Nfr systems of E. coli operate with local c-di-GMP sources and/or sinks. (A) The different cell envelope-associated components of 
the Bcs system are shown that synthesize, transfer, and modify the exopolysaccharide pEtN-cellulose. (B) The equally cell envelope-located 
components of the Nfr system are shown that synthesize a yet unc har acterized exopol ysacc haride. Both systems ar e typical r epr esentativ es of tar gets 
controlled by local c-di-GMP sources (DgcC, DgcJ) and/or sinks (PdeK). c-di-GMP generated by the colocalized DgcC specifically activates the GT BcsA 

(via its PilZ domain) and the BcsE pr otein, whic h contributes to stability of the Bcs complex and controls modification of cellulose via the BcsF and 
BcsG components (Thongsomboon et al. 2018 , Richter et al. 2020 ). c-di-GMP generated by the colocalized DgcJ specifically activates the GT NfrB (via its 
MshEN domain) (Junkermeier and Hengge 2021 , Sellner et al. 2021 ). Note that in this minimal r epr esentation, pr oteins ar e not dr awn to scale nor ar e 
pr otein stoic hiometries taken into account. In cellulose, the -1,4-linked glucosyl r esidues ar e dr a wn as blue circles , the pEtN modification of cellulose 
is symbolized by black pentagons, and the glycosyl residues of the uncharacterized exopolysaccharide produced by NfrB are represented by gray 
hexa gons. Details ar e pr ovided in the text. 
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xclusiv el y DgcJ, but not the other DGCs of E. coli K-12, were
ound to dir ectl y inter act with NfrB under the conditions tested.
aken together, the Nfr system is a novel example of a c-di-GMP-
ctivated system in E. coli , that depends on DgcJ as a local c-di-GMP
ource (Junkermeier and Hengge 2021 , Sellner et al. 2021 ). 

Besides being derived from thorough experimental analyses of
he paradigmatic systems described abo ve , the model of local c-
i-GMP signaling via colocalized DGCs and PDEs acting as local
-di-GMP sources and sinks, r espectiv el y, is further supported by
 theoretical modeling approach (Richter et al. 2020 ). A reaction–
iffusion model was used to assess the question if a colocalized
-di-GMP source (in the model: DgcC) and sink (PdeK) right next
o a c-di-GMP-binding effector (BcsA, the “target”) are sufficient to
xplain the observed signaling specificity even in an open, i.e. non-
ompartmentalized system, in which c-di-GMP can freely diffuse.
ts diffusion was modeled with thr ee par ameters: the diffusion
oefficient D of c-di-GMP (assumed to be equal to or somewhat
o w er than the experimentally determined D for cGMP), the dis-
ance L between the source, sink, and target (modelled between 3
nd 15 nm) and the reaction radius r, which defines the minimal
istance of c-di-GMP to a target where a reaction takes place (i.e.
inding to BcsA or degradation by PdeK). The simulations sho w ed
n exponential inv erse r elationship between the distance L and
he reaction probability of c-di-GMP with BcsA, while D does not
lay a role and the reaction radius r only sho w ed a scaling effect.
 hus , the docking of a DGC to a specific effector alone can gr eatl y

ncrease signaling efficiency. Moreover, the reaction probabilities
f the lo w c ytosolic concentrations of c-di-GMP in E. coli were
ound to be negligable, while e v en a single locally produced c-di-
MP molecule increased the interaction probability for BcsA sev-
ral 100-fold. This modeling approach further sho w ed that colo-
alization alone can be sufficient to generate high signaling speci-
city, without the need of the formation of a closed microcompart-
ent in the cells (Richter et al. 2020 ). 

xamples of complex local signaling also
n volving regula tory pr otein–pr otein interactions
n addition to a scaffolding function in the formation of signal-
ng complexes, pr otein–pr otein inter actions can also exert a di-
 ect r egulatory function. This is exemplified by the “trigger PDE”
deR and its inhibitory role on the DgcM–MlrA complex in E. coli
Lindenberg et al. 2013 ). The DgcM–MlrA complex stimulates the
xpr ession of csgD , whic h encodes the biofilm master r egulator
sgD. This tr anscriptional r egulator plays a k e y role in biofilm for-
ation of E. coli , as it controls the production of two main matrix

omponents: amyloid curli fibres and pEtN-cellulose . T he regulon
f CsgD includes , among others , the csgBA oper on, whic h speci-
es the nucleator protein and the major subunit of the amyloid
urli fibres, as well as the csgDEFG operon, which also provides
he components for the secretion of CsgA and CsgB through the
ell en velope . Moreo ver, CsgD activates the transcription of dgcC ,
nd thereby indirectly regulates synthesis and secretion of pEtN-
ellulose via DgcC as described abo ve . 

As its primary activity, PdeR interacts with both DgcM and
lrA, and thereby inhibits the function of the DgcM–MlrA as a

r anscriptional activ ator of csgD (Fig. 3 A) (Lindenberg et al. 2013 ).
ithin the PdeR–DgcM–MlrA complex, the enzymatic PDE activity

f PdeR functions as a “trigger” to change its regulatory interaction
ith DcgM and MlrA. T hus , binding and hydr ol ysis of c-di-GMP
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Figure 3. Local c-di-GMP signaling in the DgcE–PdeR–DgcM–MlrA cascade of E. coli involves regulatory protein–protein interactions. (A) If DgcE is 
inacti ve, PdeR inacti vates both DgcM and the MerR-like transcription factor MlrA, which thereby form a transcriptionally inactive complex bound 
upstream of the csgD promoter. (B) Upon activation by RdcAB, DgcE produces c-di-GMP, which is bound and degraded by PdeR. This changes the 
interaction of PdeR with DgcM–MlrA in a manner that allows the latter complex to initiate transcription and DgcM to also synthesize c-di-GMP, 
which—in a positive feedback loop—contributes to k ee ping PdeR “busy” and, therefore, in a state where it does not inhibit DgcM–MlrA complex 
(Lindenberg et al. 2013 , Hengge 2016 ). Ho w ever, in a fine-tuning “internal” negative feedback loop, PdeR also prevents DcgM-produced c-di-GMP from 

binding to DgcM’s own I-site, which would tune down DgcM’s coactivation of MlrA as a transcription factor. T hus , PdeR combines major negative and 
fine-tuning positive functions in this complex system (Serra and Hengge 2019a ). Further details are provided in the text. 
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via the EAL domain of PdeR r elie v es its inhibition of the DgcM–
MlrA complex (Fig. 3 B). This results in a dual output activity, i.e.
the DNA-bound DgcM–MlrA complex stimulates csgD transcrip- 
tion, but DgcM also produces c-di-GMP, which provides a positive 
feedback by contributing to k ee ping PdeR in the “busy” state, in 

which it does not interfere with the function of the DgcM–MlrA 

complex in trancription initiation. This positive feedback is part 
of a bistable switch that plays a k e y role in the long-term com- 
mittment to extracellular matrix production of a subpopulation of 
cells during transition into stationary phase (Yousef et al. 2015 ). In 

a growing macrocolony biofilm the formation of matrix-free and 

matrix-producing subpopulations is spatially controlled by both 

metabolic gradients and this bistable switch and leads to the for- 
mation of a complex matrix arc hitectur e (Serr a et al. 2015 , Klauck 
et al. 2018 , Serra and Hengge 2019a ). 

Although being an active PDE, PdeR thus serves as the c-di- 
GMP-sensing effector in this signaling module . Moreo ver, it senses 
c-di-GMP gener ated specificall y by DgcE. This ha ppens in post- 
exponentiall y gr owing and/or earl y stationary phase cells, wher e
DgcE indeed makes the largest contribution to the dynamic global
pool of c-di-GMP (which is constantly drained by the master PDE
PdeH), but se v er al other DGCs are also active at the same time
(Sar enk o et al. 2017 ). Ne v ertheless, DgcE is the only one that con- 
trols how PdeR affects its target, i.e. the DgcM–MlrA complex, and 

thereby affects csgD transcription. The exact mechanism of how 

the membr ane-attac hed DgcE can specificall y contr ol the cytoso- 
lic PdeR–DgcM–MlrA complex is not fully understood yet, but it 
r equir es the low global intr acellular c-di-GMP concentr ation es- 
tablished by PdeH, thus indicating a local c-di-GMP source mode 
of action. DgcE seems able to bind to PdeR (Sar enk o et al. 2017 ),
whic h theor eticall y might allow a recruitment of PdeR or e v en the 
entire PdeR–DgcM–MlrA complex on the DNA to the membrane.
The need for specific signal input by DgcE can be bypassed by 
 strong artificial increase in the cellular c-di-GMP level, for in-
tance by a knock-out of PdeH or by ectopic ov er expr ession of an-
ther DGC. 

The PdeR–DgcM–MlrA system actually shows further regula- 
ory intricacies with nested positive and negativ e feed-bac k loops
Fig. 3 B). Besides providing for a positive feedback via its local
GC activity that pr e v ents PdeR fr om inhibiting DgcM–MlrA as
 transcription factor (see above), DgcM also acts as a direct co-
r anscriptional activ ator for MlrA and this activity does not de-
end on its DGC activity (Lindenberg et al. 2013 ). Ho w ever, this
otranscription activity seems negativ el y contr olled in an internal
eedback loop by c-di-GMP produced by DgcM binding to DgcM’s
wn I-site, which in turn is prevented by the presence of PdeR
ocall y degr ading this c-di-GMP (Serr a and Hengge 2019b )—this
eems an intriguing twist of the system, because it means that
hile PdeR is an ov er all str ong inhibitor for the transcriptional
ctivity of DgcM–MlrA, it also exerts a fine-tuning positiv e r ole
n locally preventing DgcM-produced c-di-GMP from saturating 
gcM’s I-site and thereby tuning down the activation of csgD tran-
cription by the DgcM–MlrA complex. Taken together, the com- 
lex regulation of the DgcE–PdeR–DgcM–MlrA circuit is another 
xample of a locall y contr olled system, but instead of just colocal-
zing a local source and sink of c-di-GMP with an effector/target
ystem, pr otein–pr otein inter actions hav e crucial r egulatory func-
ions and allow the emergence of nested local feedback loops for
 highly nonlinear fine-tuning of the system output. 

The Lap system of P. fluorescens is another intriguing example of
 c-di-GMP-regulated complex, in which the physical interaction 

f a specific DGC with the effector system has a regulatory impact
Fig. 4 ). La pA is an adhesiv e pr otein anc hor ed in the outer mem-
r ane, whic h can attach to various biotic and abiotic surfaces, and
hereby enables biofilm formation (Collins et al. 2020 ). It is se-
reted by a type I secretion system consisting of LapB, LapC, and
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Figure 4. Regulatory pr otein–pr otein inter actions in local c-di-GMP signaling in the biofilm-contr olling La p system of P. fluorescens . LapD is a 
membrane-associated bi-functional c-di-GMP-binding effector component. (A) In the c-di-GMP-bound state, LapD recruits the periplasmic protease 
LapG by direct interaction. This promotes biofilm formation by preventing proteolytic cleavage of the adhesine LapA, which thus remains cell 
surface-anc hor ed via its periplasmic plug domain and the outer membrane pore protein LapE. The c-di-GMP binding to LapA is synthesized 
specifically by the DGC GcbC, which requires ad diti ve acti vation by its binding of citrate and its direct interaction with LapD. T hus , La pD r ecruits and 
activates a “private” DGC for itself. (B) If LapD is in the c-di-GMP-free state, LapG is released and can cleave the plug domain of LapA, which 
consequentially gets lost from the cell surface. Further details are provided in the text. 
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apE (Hinsa et al. 2003 ). The N-terminal part of LapA folds into a
lobular plug or r etention domain, whic h tethers it inside its se-
r etion por e La pE, and ther eby within the outer membr ane, with
ts adhesive C-terminus facing outw ar ds (Smith et al. 2018 ). The
eriplasmic protease LapG controls the release of LapA from the
ell surface via the pr oteol ytic cleav a ge of the retention domain
f LapA (Boyd and O’Toole 2012 , Chatterjee et al. 2014 ). LapG it-
elf is regulated by the inner membr ane pr otein La pD, whic h can
equester LapG a wa y fr om its tar get (La pA), ther eby pr e v enting
he pr oteol ytic cleav a ge of its r etention domain and pr omoting
apA-dependent biofilm formation (Newell et al. 2011a ). LapD is
 c-di-GMP-binding effector, in which a catalytically inactive EAL
omain provides the binding site (Newell et al. 2009 ). Upon c-di-
MP binding, a conformational change of La pD, whic h is signaled
ia its HAMP domain, enables its periplasmic domain to sequester
a pG, whic h in turn protects LapA from cleavage (Newell et al.
011b ). 

The c-di-GMP that triggers this LapD-dependent cascade is pro-
uced locally by the DGC GcbC, whic h dir ectl y binds to LapD

Dahlström et al. 2015 ). But GcbC does not only colocalize with
apD—the intriguing twist here is that it is actuall y activ ated by
a pD via this dir ect inter action. This means that La pD “priv atizes”
his DGC not only by recruiting it into its immediate vicinity but
y making sure it is active nowhere else . T his local activation fur-
her enhances the specificity between a DGC and a particular c-
i-GMP-binding effector component. Furthermore, the interaction
etween GcbC and LapD shows a certain conditionality as it was
ound to be enhanced by the binding of citrate to the periplas-

ic CACHE domain of GcbC (Giacalone et al. 2018 ). In addition,
mong the 50 GGDEF and/or EAL domain-containing proteins of P.
uorescens , at least 15 were found to be able to interact with LapD
Dahlström and O’Toole 2017 ). While the exact input stimuli of

ost of these enzymes are not kno wn y et, the system that ap-
ears to emerge here is that of a k e y locall y c-di-GMP-contr olled
ffector/tar get system, i.e. La pD, whic h r ecruits its highl y specific
pri vate” DGCs de pending on a variety of input conditions . T his
 ultimodal str ategy sho ws ho w local c-di-GMP signaling might

lso link a particularly important cellular output response—such
s biofilm formation—to sensing a variety of environmental cues.

 he integr a tion of local and global c-di-GMP
ignaling in signaling networks
aintaining very low intracellular c-di-GMP concentrations via

he “master PDE” PdeH e v en when c-di-GMP-activ ated pr ocesses
re turned on is a crucial trait of E. coli . A loss of PdeH and the
 esulting uncontr olled c-di-GMP cr oss-talk—all activ e DGCs con-
ribute to the ele v ated c-di-GMP pool, whic h can now globall y and
ndiscriminatel y activ ate effector/tar geting systems—comes with
 fitness cost: the flagellar break protein YcgR is activated and the
fr system produces and secretes its exopolysaccharide product,
hich both lead to a motility defect (Girgis et al. 2007 , Junkermeier
nd Hengge 2021 ). Analogous findings were made in Salmonella ,
hich does not encode an Nfr homolog, but produces cellulose via

he Bcs system, which, in a �pdeH mutant strain, was also found
o inhibit bacterial motility (Zorraquino et al. 2013 ). T hus , both en-
eric bacteria str ongl y r el y on local signaling to be able to fine-tune
he activity of se v er al concomitantl y pr esent c-di-GMP-contr olled
ystems. Notably, this does not rule out the possibility that under
ertain conditions these bacteria might also ramp up their cellular
-di-GMP concentration by inducing and/or activating a strongly
ctive DGC and thereby switch from a local to a global signaling
ode.
Conv ersel y, maintaining a high global intracellular c-di-GMP

oncentration opens up the possibility of using locally acting
DEs. Such PDEs associated with a specific effector/target system
ould work as local sinks, which could locally de pri ve an associ-
ted c-di-GMP-binding effector component from its ligand, hence
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isolating it from the global high c-di-GMP pool. While such cases 
remain to be unequivocally identified in bacteria, this mechanism 

is reminiscent of signaling by cyclic nucleotide PDEs in eukaryotic 
systems (McCormick and Baillie 2014 , Kokkonen and Kass 2017 ,
Musheshe et al. 2018 ). On the other hand, a hyperinduced globally 
acting PDE ma y o verrun local signaling by a localized DGC. T hus ,
the Lap system in P. fluorescens can also be controlled by the glob- 
all y acting PDE Ra pA, whic h is induced at low phosphate le v els.
The PDE activity of RapA was found to str ongl y dr ain the ov er all 
cellular c-di-GMP pool, which may counteract local c-di-GMP pro- 
duction and activation of La pD and, ther efor e, r esult in the loss 
of La pA fr om the cell surface, whic h r educes initial attac hment 
and can result in the dispersion of already established biofilms 
(Newell et al. 2009 , Collins et al. 2020 ). 

Further complexity may arise from cellular c-di-GMP levels be- 
ing heterogeneous within a bacterial population. This has been 

demonstrated for C. crescentus , which modulates its c-di-GMP level 
along the cell-cycle (Christen et al. 2010 , Lori et al. 2015 , Kacz- 
marczyk et al. 2020 ) and P. aeruginosa , which maintains distinct c- 
di-GMP le v els in subpopulations of pr ogen y cells after the initial 
attachment to a surface (Armbruster et al. 2019 ). Novel methods 
that enable precise measurements of c-di-GMP at the single cell 
le v el ar e, ther efor e, a cruciall y needed tool to further study suc h 

cases of population heterogeneity (Zhou et al. 2016 , Halte et al.
2022 ). 

Taken together, local c-di-GMP signaling modes can explain 

how bacteria are able to regulate parallel output reactions in a 
highly specific manner. DGCs and/or PDEs can team up with spe- 
cific effector/target systems to precisely control their output re- 
actions. Modes of local and global signaling can be combined in 

complex netw orks, allo wing bacteria to dynamicall y switc h and 

ada pt to c hanging conditions. Giv en the mec hanistic v ersatility of 
c-di-GMP signaling and the multiplicity of the enzymes involved in
many bacterial species, it is highl y likel y that mor e cases of locall y
controlled signaling modules as well as intersections with other
nucleotide second messengers controlled circuits (Hengge et al.
2023 ) await to be discov er ed, especiall y beyond the curr entl y well
studied model organisms.
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