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Abstract 

Pr otein phosphor ylation is a uni v ersal mechanism r e gulating a wide r ange of cellular r esponses acr oss all domains of life. The an- 
ta gonistic acti vities of kinases and phosphatases can or c hestr ate the life cycle of an organism. The av aila bility of bacterial genome 
sequences, particularly Bacillus species, followed by proteomics and functional studies have aided in the identification of putati v e 
protein kinases and protein phosphatases, and their downstream substr ates. Sever al studies have established the role of phosphory- 
lation in different physiological states of Bacillus species as they pass through various life stages such as sporulation, germination, and 

biofilm formation. The most common phosphorylation sites in Bacillus proteins are histidine , aspartate , tyrosine , serine , threonine , 
and arginine r esidues. Pr otein phosphor ylation can alter pr otein acti vity, structural conformation, and pr otein–pr otein interactions, 
ultimately affecting the downstream pathways. In this re vie w, we summarize the knowledge av aila b le in the field of Bacillus signaling, 
with a focus on the role of protein phosphorylation in its physiological processes. 

Ke yw ords: Bacillus , phosphorylation, protein kinases, protein phosphatases, sporulation, germination, biofilm, virulence 
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Introduction 

The Bacillus genus comprises ∼300 annotated species, which are 
divided into different phylogenetic clusters based on 16S rRNA 

and evolutionary relationships (Ash et al. 1991 , Parte 2018 ). Mem- 
bers of the Bacillus genus ar e r od-sha ped, mostl y aer obic, or fac- 
ultativ e anaer obes, Gr am-positiv e spor e-forming bacteria. Two of 
the most studied clades in these clusters are the Bacillus subtilis 
and Bacillus cereus clades . T he subtilis clade comprises ten species 
including B . subtilis , B . am yloliquef aciens , B . aerophilus , B . pumilus , B .
atrophaeus , B. licheniformis , Bacillus sp. 586, Bacillus sp . 916, Bacillus 
sp . JS , and Bacillus sp . BT1B_CT2, and the pathogenic species such 

as B . anthracis , B . cereus , and B . thuringiensis are classified as part of 
the cereus clade (Rooney et al. 2009 , Bhandari et al. 2013 ). Among 
these , B . subtilis , commonly found in soil environments and plant 
roots, is the most characterized species. It is used as a model or- 
ganism to decipher physiological and regulatory mechanisms in 

all the Bacillus species (Vlamakis et al. 2013 , Harwood et al. 2018 ,
Ravikumar et al. 2018 , Richts et al. 2019 , Errington and Aart 2020 ).
Subtilis clade members have a wide range of industrial and med- 
ical applications owing to their phenotypic and genotypic varia- 
tions (Cui et al. 2018 , Harwood et al. 2018 , Jeze wska-Fr ac k owiak et 
al. 2018 , Su et al. 2020 ). 

The Bacillus life cycle is composed of three distinct phases: 
spore formation (the dormant stage), spore germination, and a 
r eplicating v egetativ e phase (Soule 1932 , Sella et al. 2014 ). Bacillus 
spores, formed under n utrition-de pri ved conditions, are metabol- 
icall y inactiv e entities that can remain viable for extended peri- 
Recei v ed 13 Mar c h 2023; revised 30 July 2023; accepted 1 August 2023 
© The Author(s) 2023. Published by Oxford Uni v ersity Pr ess on behalf of FEMS. All r
journals.permissions@oup.com 
ds (Graham-Smith 1930 , Khanna et al. 2020 ). These endospores
r e highl y r esistant to str ess conditions encounter ed in natur e
nd, ther efor e, can be found in a wide range of environments
ncluding water , air , and soil. Under fa vorable conditions , these
pores germinate into the metabolically acti ve vegetati ve form
Watabe 2013 , Br essuir e-Isoar d et al. 2018 , Christie and Setlo w
020 ). Pathogenic Bacillus species proliferate inside their verte- 
rate hosts (Nicholson et al. 2000 , Nicholson 2002 , Arora et al.
017a ). When pathogenic Bacilli infect their hosts, the spores ger-
inate and secrete toxins such as enterotoxin and emetic toxin,

s well as phospholipases and proteases that help the bacteria 
o survive in the host environment (Moayeri et al. 2015 , Sharma
t al. 2017 , Ehling-Schulz et al. 2019 , Enosi Tuipulotu et al. 2021 ).
nother survival strategy adopted by the members of this genus

s biofilm formation. A biofilm is a matrix of exopol ysacc harides,
roteins, and nucleic acids that acts as a shield and protects
he bacterium from various antibiotics and the host’s immune 
esponse (Hobley et al. 2015 , Hall and Mah 2017 , Huang et al.
020 , Shemesh and Ostrov 2020 ). The transition of Bacillus from
ne phase to another depends on environmental and nutritional 
onditions, whic h ar e sensed by the bacterial regulatory proteins.
he Bacillus regulatory netw ork inv olv es v arious sensory pr oteins
resent on the surface and their post-tr anslationall y modified
orms , particularly phosphorylation. T his r e vie w article focuses
n the role of protein phosphorylation events during transition- 
ng of Bacillus species between different stages as well as during
nfection in the human host. We tried to include the most r ele v ant
ights r eserv ed. For permissions, please e-mail: 
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rticles but ma y ha ve missed some studies due to limitations of
earch engine criteria and article length. 

Post-translational modifications (PTMs) play important roles
n providing the required proteomic diversity in bacteria, despite
maller genome sizes. PTMs such as phosphorylation, glycosyla-
ion, acetylation, and methylation influence almost all aspects of
ellular physiology (Ar or a et al. 2010 , 2021 , Higgins and Dworkin
012 , Sajid et al. 2015 , Manuse et al. 2016 , Mijakovic et al. 2016 ,
han et al. 2018 , Macek et al. 2019 , Bonne Kohler et al. 2020 , Sing-
al et al. 2020 , Wang and Cole 2020 ). Among these PTMs, protein
hosphorylation is one of the most widely documented and in-
 estigated modifications acr oss the bacterial system (Fig. 1 ). There
r e dedicated pr otein kinases and phosphatases that are catego-
ized based on the phosphate group transfer from ATP to spe-
ific amino acids, such as serine (Ser)/threonine (Thr) (Ser/Thr
rotein kinase-STK and Ser/Thr protein phosphatase-STP), ty-
osine (Tyr) (bacterial protein Tyr kinase-BY kinase and pro-
ein Tyr phosphatase-PTP), histidine (His)/aspartate (Asp) (two-
omponent system-TCS/His sensor kinase-phosphor elay), sr gi-
ine (Ar g) (Ar g kinase and Ar g phosphatase), cysteine (Cys) [phos-
hotr ansfer ase system (PTS) r egulated pr otein (suc h as EIIA)
hosphorylation of Cys residues using PEP as energy source], and
typical protein kinases that are unlike c har acterized kinases but
till possess kinase activity. The major phosphorylation systems
re shown in the Featured image (Hoch 2000 , Stock et al. 2000 ,
er eir a et al. 2011 , Ca pr a and Laub 2012 , Gr angeasse et al. 2012 ,
uhrmann et al. 2013 , Chao et al. 2014 , Deutscher et al. 2014 , Mi-
ako vic et al. 2016 , Elha wy et al. 2021 , Huang et al. 2021 , Zhang
t al. 2021 ). Inter estingl y, man y pr oteins ar e phosphorylated on
ultiple sites, as also identified in most phosphoproteome-based

tudies (Macek et al. 2007 , Elsholz et al. 2012 , Ravikumar et al.
014 , Birk et al. 2021 ). For example , 214 Ser/T hr/Tyr phosphosites
ere identified in 153 proteins (Birk et al. 2021 ) and 121 Arg phos-
hosites were identified in 87 proteins of Bacillus subtilis (Elsholz
t al. 2012 ). It also indicates promiscuous activities of se v er al ki-
ases , with o v erla pping specificity, and the primary r eason for the
allible connection between different studies. 

TCSs are ubiquitous among bacterial systems, consisting of two
roteins, a sensor His kinase (HK) and a response regulator (RR).
hen an external stimulus is sensed, the sensor HK is activated

y autophosphorylation of a conserved His residue . T his signal is
hen subsequently transferred to its cognate RR, which is usually a
r anscription factor, r esulting in differ ential alter ed gene expr es-
ion (Fabret et al. 1999 , Bijlsma and Gr oisman 2003 , Ca pr a and
aub 2012 , Groisman 2016 ). TCSs are known to be involved in var-
ous cellular pathways in Bacillus sp , such as stress response (Dar-

on et al. 2002 , Dhiman et al. 2014 , Diomande et al. 2014 , Mike
t al. 2014 , Groisman 2016 , Gupta et al. 2018 ), protease regulation
P er chat et al. 2011 , Gupta et al. 2017 ), sporulation (Stephenson
nd Hoch 2002 , Fujita and Losick 2003 , White et al. 2006 , Gopalani
t al. 2016 , Peng et al. 2017 ), metabolic pathways (Birk e y et al.
998 , Tanaka et al. 2003 , Repizo et al. 2006 , Geng et al. 2007 , My-
rs et al. 2016 , Aggarwal et al. 2017 , van den Esker et al. 2017 ),
ell wall regulation (Howell et al. 2003 , Dobihal et al. 2019 , Wu et
l. 2019 ), biofilm formation (Verhamme et al. 2007 , Stubbendieck
nd Straight 2017 , Zhou et al. 2018 ), antibiotic tolerance (Kesel et
l. 2013 , Dintner et al. 2014 , Zhang et al. 2015 , Koh et al. 2021 ),
nd pathogenesis (Duport et al. 2006 , Vetter and Sc hlie v ert 2007 ,
rillard et al. 2008 , Gohar et al. 2008 , Stauff and Skaar 2009 , van
chaik et al. 2009 ). 

Our understanding of phosphorylation e v ents at different
 esidues suc h as Ser , Thr , Tyr , Arg, or Cys has e volv ed ov er the
ast three decades. For example, the kinases responsible for Tyr
hosphorylation were named bacterial tyrosine (BY) kinases and
ere identified based on sequence homology with known Tyr ki-
ases, such as the YwqD/YwqE Tyr kinase and phosphatase pair

n B. subtilis (Mijakovic et al. 2003 , 2005 ). Subsequentl y, mor e suc h
airs were characterized in B. subtilis with roles predicted in var-

ous cellular pathways based on substrate identification in phos-
hoproteome studies (Mijakovic and Deutscher 2015 ). 

The importance of Ser/Thr phosphorylation was soon realized
nd with the advancement in genome sequencing and -omics
ec hnologies, v arious Ser/Thr kinases (STKs) and Ser/Thr phos-
hatases (STPs) were identified and c har acterized in B. subtilis and
ther microbes (Fischer et al. 1996 , Moszer 1998 , Obuchowski et
l. 2000 , Vijay et al. 2000 , Iwanicki et al. 2002 , Madec et al. 2002 ,
hakir et al. 2010 , Lima et al. 2011 , Per eir a et al. 2011 , Ar or a et al.
012 , Bidnenko et al. 2013 , Borriss et al. 2018 , Rajagopalan et al.
018 , Baros et al. 2020 ). Global phosphoproteome and in silico anal-
sis further helped in the identification of substrates regulated
y Ser/Thr phosphorylation (Levine et al. 2006 , Macek et al. 2007 ,
iller et al. 2009 , Ravikumar et al. 2014 , Pan et al. 2015 , Rosenberg

t al. 2015 , Ar or a et al. 2017b , Zhang et al. 2018 , Shi et al. 2020 ,
irk et al. 2021 ). The Bacillus genus encodes two classes of STKs
hat are categorized based on sequence homology and conserved
equence motifs . T hese are eukaryotic-like Ser/T hr kinases (eS-
Ks) or Hanks-type kinases and atypical STKs (non-eSTKs), and

wo-component kinases such as Ser/Thr kinases with specific sin-
le substrates (Pereira et al. 2011 , Arora et al. 2012 , Shi et al. 2014a ,
ijakovic et al. 2016 , Nguyen et al. 2016 , Stancik et al. 2018 , Zhang

t al. 2021 ). 
The global phosphoproteome of Arg phosphorylation in B.

ubtilis identified > 100 proteins with phosphorylated Arg sites
cr oss div erse classes of pr oteins involv ed in metabolism, cellular
rc hitectur e, sporulation, and v arious str ess-induced r esponses
Elsholz et al. 2012 , Schmidt et al. 2014 , Trentini et al. 2014 , Singh
t al. 2015 , Fuhrmann et al. 2016 , Mijakovic et al. 2016 , Zhou et
l. 2019 ). In the phosphoproteome study by Elsholz et al. ( 2012 ), of
he 87 proteins identified to be phosphorylated on Arg residues, 17
ere phosphorylated on multiple sites . T hese proteins were ClpC,
poB, AroA, MtnK, OdhA, BdhA, ComfA, ComGA, ComK, RpoC,
psM, GltA, Gmk, GroEL, GudB , MenB , and MtnA (Elsholz et al.
012 ). Inter estingl y, genetic deletion of Arg kinase McsB in B. an-
hracis caused alteration in vegetative cells and spore morphology,
efectiv e gr owth at ele v ated temper atur es, and r educed sporula-
ion and germination efficiencies (Singh et al. 2015 ). These studies
ignify the physiological r ele v ance of Arg phosphorylation in the
acillus species. 

In the following sections, we summarize the role of protein
hosphorylation during different stages and pathways in the Bacil-

us (Table 1 ). 

ellular architecture and growth 

he Gr am-positiv e bacterial cell wall is comprised mostly of mul-
ilayer ed peptidogl ycan sheets and teichoic acids that serve as a
r otectiv e barrier and help to maintain the bacterial shape and

ntegrity. Bacterial growth and cellular integrity is a dynamic pro-
ess that r equir es continuous hydr ol ysis of the cell wall to intro-
uce breaks for the accumulation of newly formed peptidogly-
an units into the cell wall (Vermassen et al. 2019 ). In B. subtilis ,
his controlled autolysis is carried out by endopeptidases such as
wlO and LytE, whic h ar e further r egulated by the WalRK TCS

Yama guc hi et al. 2004 , Salzber g et al. 2013 , Dobihal et al. 2019 ,
022 ). The WalRK regulon is mostly composed of genes encoding
utol ysins, autol ysin inhibitors, ABC tr ansporters, and genes in-
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F igure 1. Netw ork of protein phosphorylation in Bacillus . Protein phosphorylation in Bacillus regulates several aspects of their life cycle, including 
sporulation, germination, biofilm formation, protein synthesis, DNA regulation, cell arc hitectur e, str ess r esponses , and virulence . T he detailed 
r egulatory pr ocesses ar e discussed in the text along with the unique aspects of cr oss-talk and cr oss-phosphorylation within the kinases of differ ent 
classes. 
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p  
olv ed in teic hoic acid synthesis (Salzber g et al. 2013 ). Phosphory-
ation of the WalR RR at Asp53 by its cognate HK, WalK, blocks the
romoter of autolysin inhibitor iseA , thereby causing an increase

n the expression of these endopeptidases (Libby et al. 2015 , Do-
ihal et al. 2019 ). Mor eov er, m utant w alR bacilli hav e an L-sha ped
orphology and a complete loss of the bacterial cell wall, impli-

ating the role of WalR in cell wall morphogenesis (Dominguez-
ue v as et al. 2012 ). In B. anthracis , though the functional r ele v ance
f the WalRK TCS has not been well-explored, its expression is in-
uced in the presence of an inhibitor of cell wall synthesis, fos-
omycin (Dhiman et al. 2015 ). Furthermore, WalR has been shown
o bind with the promoter regions of eag (S-layer protein EA1), ftsE
ABC transporter), and kinB3 (HK) (Dhiman et al. 2014 ). Among
hese, EA1 is an important component of the S-layer surround-
ng the cellular envelope that imparts structural stability to the
ell wall (Chateau et al. 2020 , Fior av anti et al. 2022 ). Phospho-
ylation of WalR at Thr101 by PrkC, a membrane-localized eSTK
ith surface-exposed P AST A (peptidoglycan and Ser/Thr kinase-
ssociated) domain, is important for the regulation of cell wall
omeostasis during the stationary phase in B. subtilis (Libby et al.
015 ). The two-site phosphorylation of WalR at Asp53 and Thr101
y WalK and PrkC, r espectiv el y, enhances WalR activity and blocks
he expression of SasA, a protein involved in antibiotic tolerance
Libby et al. 2019 ) (Fig. 2 ). 

Lipoteichoic acid (L T A) is another important component of the
ell wall, i.e. threaded across peptidoglycan layers and is required
or optimal bacterial growth and physiology. Synthesis of L T A in
 . subtilis in volves four enzymes: LtaS, YfnI, YvgJ, and YqgS, which
re phosphorylated by PrkC (Pompeo et al. 2018a ). CpgA (YloQ), a
 ultidomain GTP ase, is another tar get of the PrkC/Pr pC pair that

lays an important role in the maintenance of bacterial shape and
e ptidoglycan de position in B. subtilis (Cladiere et al. 2006 , Absalon
t al. 2008 , 2009 ). Though the studies on CpgA phosphorylation
ack functional and genetic evidence, they suggest a possible link
etween peptidoglycan biogenesis and Ser/Thr phosphorylation
Fig. 2 ). 

In the v egetativ e sta ge, di vision at the se ptal r egion r esults
n the generation of two daughter cells termed v egetativ e cells.
hese v egetativ e cells display a specific r od-sha ped mor phology,
hich is mainly determined by various proteins associated with

he cell wall and cytoskeleton (Jones et al. 2001 , Errington and
u 2017 , Angeles and Scheffers 2021 ). MreB, an actin-like cy-

oskeletal protein is a key factor that determines the c har acter-
stic r od-sha pe of Bacilli , and the absence of mreB in B. subtilis al-
ers the localization of penicillin-binding protein (PBP1), result-
ng in bulging cell phenotype (Formstone and Errington 2005 ,
arballido-Lopez 2006 , Kawai et al. 2009 ). Inter estingl y, ov er ex-
ression of YvcK, a protein with a similar localization pattern
s MreB, was able to rescue the mreB mutant phenotype with
roper PBP1 localization (Gorke et al. 2005 , Foulquier et al. 2011 ).
er/Thr phosphorylation-mediated regulation of YvcK (Thr304)
y the PrkC/PrpC pair is shown to be critical for the r od-sha ped
or phology in mreB m utant cells of B. subtilis . A null m utant

tr ain of mreB ov er expr essing the phosphoablativ e m utant YvcK
Thr304Ala) exhibits a bulging-type phenotype with mis-localized
BP1. Ho w e v er, mreB m utant bacteria ov er expr essing the phos-
homimetic mutant YvcK (Thr304Glu) were able to r estor e r od-
ha ped mor phology (Foulquier et al. 2014 ). Another cell shape-
etermining protein, RodZ (YmfM), is a target of the PrkC/PrpC
air in B. subtilis , although its role and functional implication is
till unkno wn (Aly ahy a et al. 2009 , Ravikumar et al. 2014 , van
eilen et al. 2016 ) (Fig. 2 ). 

Ser/Thr phosphorylation of the cell division protein FtsZ is im-
ortant for efficient septum formation in prokaryotes (Garcia et
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Figure 2. Role of protein kinases in Bacillus cell development and growth. The schematic diagram shows multiple proteins being regulated by 
phosphorylation during general cell development and growth with four specific processes illustrated: cell morphogenesis, protein synthesis, DNA 

regulation, and metabolism. Different classes of kinases are involved in each process that targets the substrates, which are involved in multiple 
pathwa ys . Black solid arrows represent kinase-mediated substrate phosphorylation, red dotted arrows represent activation/upregulation, black lines 
with terminal bars r epr esent inhibition or downr egulation, and blac k dotted arrows represent regulatory links (either upregulation or downregulation). 
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al. 2016 , Manuse et al. 2016 , Hardt et al. 2017 , Maurya et al. 2018 ,
Rajpurohit et al. 2022 ). Interestingly, phosphoproteome analysis 
by Ravikumar et al. ( 2014 ) also identified FtsZ as a substrate of 
PrkC/PrpC in B. subtilis , and a study by our group reported sep- 
tation defects and upregulated ftsZ levels in a prkC deletion mu- 
tant strain in B. anthracis (Dhasmana et al. 2021 ). These reports 
ma y pro vide a functional connection between PrkC and the regu- 
lation of cell division machinery in Bacillus genus via phosphory- 
lation of FtsZ. In addition, a study on McsB Arg kinase (previously 
c har acterized as a Tyr kinase) in B. anthracis sho w ed attenuated 

growth, elongated cell morphology (elongated cells), and defec- 
ti ve se ptum formation in an mcsB null m utant str ain, signifying 
the importance of Arg phosphorylation in bacterial growth and 

de v elopment (Mattoo et al. 2008 , Singh et al. 2015 ). Furthermore,
a ne w famil y of pr otein kinases belonging to the ubiquitous bac- 
terial kinase family YdiB was shown to be important for normal 
bacterial growth (Karst et al. 2009 , Nguyen et al. 2017 ). 

Altogether, these studies highlight the widespread role of pro- 
tein phosphorylation in the regulation of cell morphogenesis and 

growth in the Bacillus genus (Fig. 2 ). 

Gene regulation 

Protein phosphorylation is important in the regulation of vari- 
ous genetic processes including replication, transcription initia- 
tion, DNA condensation, and repair, via the phosphorylation of 
DN A/RN A binding proteins (Gar cia-Gar cia et al. 2016 ). Phospho- 
roteomics and interactomics studies have identified several pro- 
eins in B. subtilis that are phosphorylated at Ser/Thr/Tyr residues
nd are part of the gene regulatory network (Ravikumar et al.
014 , Shi et al. 2014b , Rosenberg et al. 2015 ). For instance, phos-
horylation of a DNA single-stranded binding protein (Ssb) by the
Y-kinase PtkA (formerly known as YwqD) and the YorK exonucle-
se specific for single-stranded DNA is important for DNA binding
nd exonuclease activities, r espectiv el y (Mijak ovic et al. 2006 , Jers
t al. 2010 ) (Fig. 2 ). Inactivation of ptkA in B. subtilis causes the for-
ation of multiple nucleoids the and accumulation of additional 

enetic material in the cells, indicating the role of Tyr phosphory-
ation in DNA replication and cell cycle regulatory pathways (Pe-
ranovic et al. 2007 ). Several other proteins involved in DNA and
N A metabolism that w er e identified as the tar get of BY-kinases

PtkA or PtkB) based on interactome analysis include RecA (recom- 
inase), Di vIVA (cell di vision protein), MinD (cell-di vision regula-
or), SalA (negativ e r egulator of scoC expr ession, activ ator of PtkA
inase activity), PolA (DNA pol ymer ase I), RpoB (DNA-dir ected
NA pol ymer ase beta subunit), MutL (DNA mismatc h r epair pr o-
ein), and TkmA/TkmB (protein tyrosine kinase activator) (Shi et 
l. 2014b ). DivIVA is known to be regulated by protein phosphory-
ation in other bacterial species indicating that kinase-mediated 

egulation of cell division is conserved in diverse bacteria (Arora et
l. 2014 , Fleurie et al. 2014 , Lee et al. 2014 , Chaudhary et al. 2023 ).

The most studied Ser/Thr kinase and phosphatase pair in- 
olved in DNA regulation is the YabT kinase (Bidnenko et al. 2013 )
nd the SpoIIE phosphatase (Duncan et al. 1995 ). These two en-
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ymes are sporulation stage-specific and are critical to the devel-
pment and maintenance of the spore genome (discussed in the
porulation section). Tr anscriptional r egulators ar e another class
f DNA-binding proteins that are targets of phosphorylation net-
orks in the bacterial system (Dworkin 2015 , Kalantari et al. 2015 ).
he functional impact of Ser/Thr phosphorylation on the global
r anscriptional r egulators CodY and AbrB has been studied us-
ng phosphorylation site mutants and DNA-binding experiments.
hosphorylation of AbrB at Ser86 hinders its DNA binding ability,
eading to deregulation of target genes involved in the production
f exoprotease, sporulation, and competence de v elopment in B.
ubtilis (Soufi et al. 2010 , Kobir et al. 2014 ), while in both B. subtilis
nd B. anthracis , CodY phosphorylation was detected at a residue
Ser215) critical for its DNA binding activity (Joseph et al. 2005 ,

acek et al. 2007 , Joon et al. 2017 ). Furthermore, our recent study
n B. anthracis shows that CodY phosphorylation at Ser215 com-
letely abolishes DNA binding with the promoter region of one of

ts target genes, atxA, leading to defects in toxin synthesis (Gang-
al et al. 2022 ) (Fig. 2 ). Apart from these, protein phosphorylation
lso r egulates v arious pathwa ys in volved in bacterial competence ,
he ability to uptake DNA from the environment, and its subse-
uent incor por ation in the genome by specific pr otein c hannels
nd import machinery, leading to variations in the bacterial geno-
ype and phenotype (O’Connell et al. 2022 ). In B. subtilis , the TCS
Rs ComA and ComK are the most widely studied positive reg-
lators of various early and late competence genes, respectively

Weinr auc h et al. 1990 , Dubnau et al. 1994 , Maier 2020 ). ComK is
hown to be phosphorylated by Arg kinase McsB and dephospho-
ylated by cognate phosphatase ywlE. Further, in the ywlE mutant
f B. subtilis , ComK was found to be phosphorylated at six Argi-
ine sites (R65, R157, R161, R165, R186, and R19). In the ywlE mu-
ant, ComK-dependent gene expression was upregulated which
uggests ComK activity is positiv el y r egulated by Ar g phospho-
ylation (Elsholz et al. 2012 ). The phosphorylation status of an-
ther TCS RR, DegU, plays a critical role in the activation of com-
etence genes and assists in the binding of ComK during compe-
ence (Dahl et al. 1992 , Hamoen et al. 2003 ). 

ellular metabolism 

ellular metabolism plays a k e y role in bacterial growth and de-
elopment via the modulation of important processes depending
n the nutritional status and metabolic activity of the bacteria. In
acillus , metabolic changes help to drive cellular machinery down
o one of two paths, to produce either replicating vegetative cells
r dormant spores. Glucose serves as a common energy source for
eter otr ophic bacteria and its absence triggers the uptake of other
arbon sources, such as citrate , glutamine , pyruvate , or malate
Schilling et al. 2007 ). In B. subtilis , dedicated TCSs sense the pres-
nce of these additional carbon sources and thus increase the ex-
r ession of membr ane tr ansporters facilitating their cellular in-
ake . For example , CitST and GlnKL TCSs r egulate the expr ession
f Mg 2 + –citr ate tr ansporters and glutamine tr ansporters, r espec-
iv el y (Satom ur a et al. 2005 , Repizo et al. 2006 ). The presence of
itrate or glutamine causes autophosphorylation of the respective
Ks, CitS, or GlnK, follo w ed b y the activ ation of their r espectiv e
Rs, which in turn upregulate the expression of transporters in-
olved in the uptake of citrate or glutamine (Satom ur a et al. 2005 ,
epizo et al. 2006 ). 

In B. subtilis , in the absence of glucose as a major carbon source,
ytST TCS is r equir ed for the uptake of pyruv ate via inducing
he transcription of YsbA, a protein involved in the upregulation
f pyruvate transporters (van den Esker et al. 2017 ). Similarly, in
 minimal medium, the presence of malate as the sole carbon
ource activates the YufLM TCS. Phosphorylated YufM binds to
he promoter region of maeN and increases the surface expres-
ion of malate transporters to facilitate cellular growth on malate
Tanaka et al. 2003 ). In B. anthracis , PhoPR is another functional
CS, which is activated upon phosphate starvation. PhoP regu-

ates the expression of phosphate metabolism-associated genes,
.g. phoA and pst , which help to overcome the limiting phosphate
vailability (Aggarwal et al. 2017 ). A similar PhoPR TCS exists in B.
ubtilis , which is activated under phosphate starvation and stim-
lates the degradation of teichoic acid in the cell wall, releasing
hosphate ions, and hence fulfilling the metabolic need for phos-
hate (Pr a gai et al. 2004 , Myers et al. 2016 ). Furthermore, phos-
horylated PhoP dir ectl y incr eases the expr ession of another im-
ortant TCS called ResDE, which is important for aerobic as well
s anaer obic r espir ation during phosphate starv ation conditions
n B. subtilis (Birk e y et al. 1998 ) (Fig. 2 ). 

In B. subtilis , HPrK/P-mediated phosphorylation of the carbon-
ux-r egulating histidine pr otein Crh (a par alog of HPr) acts as a
 egulatory switc h in carbon metabolism (Landmann et al. 2012 ).
dditionally, PrkC phosphorylates four major metabolic enzymes,
amel y Tr ansaldolase (YwjH), Glutamine Synthetase (GlnA), Isoc-

tr ate Dehydr ogenase (Icd), and α-Acetolactate Decarboxylase
AlsD) (Pietack et al. 2010 ). Bacillus anthracis dual-specificity pro-
ein kinase (DSPK) PrkD phosphorylates pyruvate kinase (Pyk), an
nzyme that catalyzes the concluding step of gl ycol ysis, r esulting
n the inhibition of its specific activity (Ar or a et al. 2012 ). Pyk was
lso detected in the phosphoproteome study of B. subtilis (Macek
t al. 2007 ) (Fig. 2 ). Since pyk mutant in B. subtilis produce more
arbon dioxide and have a reduced growth rate (Fry et al. 2000 ),
he role of Pyk phosphorylation in the growth, metabolism, and
athogenesis of different Bacillus species needs to be studied fur-
her. 

Se v er al other r eports on B. subtilis have identified the metabolic
nzymes that are phosphorylated at Arg residues, indicating a
ossible role of the McsB/YwlE system in their regulation (Elsholz
t al. 2012 , Schmidt et al. 2014 , Trentini et al. 2016 , Zhou et al.
019 , Ogura 2020 ). A study by Ogura et al. ( 2004 ) sho w ed glucose-
ediated regulation of mcsB and ywlE expression in B. subtilis, sug-

esting that Arg phosphorylation plays a role in cellular growth
n glucose-containing media. McsB and YwlE mediate r e v ersible
rg phosphorylation of ClpCP protease and TsaD, a tRNA mod-

fication enzyme that regulates ylxR (a nucleoid-associated pro-
ein) expression through PylxS promoter. YlxR is known to regulate
 400 genes, indicating the importance of glucose mediated in-
uction of gene expression through McsB and YwlE (Ogura 2020 ).
nter estingl y, McsB has been shown to be involved in regulating
r otein turnov er of its substr ates, causing degr adation of anoma-

ous proteins through the ClpCP protease system, as discussed
ater in stress response section. B. subtilis McsB and its cognate
rg phosphatase YwlE w ere sho wn to reversibly phosphorylate
nd regulate Glutamate dehydrogenase GudB degradation in the
ell (Stannek et al. 2014 ). The redo x-sensiti ve modulator MgsR of
igB r egulon, contr ols the expr ession of genes involv ed in oxida-
ive or thiol-specific stress in B. subtilis . MgsR is phosphorylated
y McsB, which mediates its degradation through Clp proteases
Lilge et al. 2020 ) (Fig. 2 ). Hajdusits et al. ( 2021 ) delineated that un-
er stress conditions McsB forms a closed octamer-like compart-
ent, whic h interconv erts with monomers and other oligomers

n a phosphorylation dependent manner. Inter estingl y, the activ e
ites in the octamer ar e sequester ed and only phosphorylate un-
olded proteins that can enter the compartment, thus mediat-
ng their degr adation. Contr aril y, dimerized McsB can phospho-
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rylate its substrates and regulate their activity (Hajdusits et al.
2021 ). Additional metabolic studies sho w ed that PtkA-mediated 

phosphorylation of a Ugd family protein—UDP glucose dehydro- 
genase, is important for its catal ytic activ ation in B. subtilis (Mi- 
jakovic et al. 2003 , Petranovic et al. 2009 ) (Fig. 2 ). A similar PtkA- 
dependent phosphorylation mechanism activates aspartate semi- 
aldeh yde deh ydr ogenase (Asd), conv erting aspartyl phosphate to 
aspartyl semialdehyde and inorganic phosphate (Jers et al. 2010 ).
In different species of Bacillus , the role of UDP glucose dehydro- 
genase is implicated in the production of exopolysaccharides and 

cell wall organization, while Asd is involved in amino acid biosyn- 
thesis (Mijakovic et al. 2004 , Jakobsen et al. 2009 , Naerdal et al.
2011 ). In B. subtilis , PtkA has been shown to regulate the cellular 
localization of enzymes r equir ed for carbon metabolism, namely 
Ldh (Lactate dehydrogenase) and Eno (Enolase) (Jers et al. 2010 ).
Phosphorylation of Eno by PrkC also affects its cellular localiza- 
tion and expression in B. anthracis (Virmani et al. 2019 ). Addition- 
ally, phosphorylation of Pgm by PrkC regulates its activity, indicat- 
ing that PrkC r egulates gl ycol ysis at multiple steps (Virmani et al.
2023 ) (Fig. 2 ). 

Protein phosphorylation can indirectly regulate metabolic en- 
zymes through phosphorylation-mediated activation or inhibi- 
tion of various transcriptional regulators. In B. subtilis , PtkA- 
mediated phosphorylation of a transcriptional regulator FatR, in- 
volved in the metabolism of pol yunsatur ated fatty acids, abr o- 
gates its DNA binding ability consequently leading to the dere- 
pression of the fatR-cyp102A3 operon (Derouiche et al. 2013 ). PtkA- 
mediated phosphorylation of another transcriptional regulator, 
SalA, r epr esses scoC (an a prE r epr essor) and activ ates the expres- 
sion of a B. subtilis exopr otease, AprE (Der ouic he et al. 2015 ). AprE 
is an important metabolic enzyme , i.e . r equir ed by growing bac- 
teria for the supply of nutrients via extr acellular pr otein degr a- 
dation. In different Bacillus species, AprE synthesis is regulated 

by v arious tr anscriptional r egulators including CodY, AbrB , DegU ,
ScoC, Hpr, SinR, and SalA that are in turn regulated by protein 

phosphorylation e v ents (Ogur a et al. 2004 , Der ouic he et al. 2015 ,
Barbieri et al. 2016 , Liu et al. 2020 , Zhou et al. 2021 , Zolfaghari 
Emameh et al. 2022 ). T hese studies , ther efor e, suggest a functional 
correlation between metabolism and protein phosphorylation. 

Protein synthesis 

The optimal functioning of protein synthesis machinery is vital 
for cell survival and growth. Protein synthesis comprises of three 
basic steps: initiation, elongation, and termination. After initia- 
tion, there is a multistep elongation cycle involving three major 
elongation factors , EF-Tu, EF-Ts , and EF-G (Xu et al. 2021 ). These 
ar e highl y conserv ed pr oteins that ar e essential for the survival of 
bacteria. EF-Tu is a GTPase that has diverse functional roles rang- 
ing fr om tr anslation to pathogenesis and can interact with a vari- 
ety of macromolecules including RNA, nucleotides, and other pro- 
teins (Krab and Parmeggiani 2002 , Maracci and Rodnina 2016 , Har- 
vey et al. 2019 ). It alternates between active (GTP-bound) and in- 
activ e (GDP-bound) states, whic h is r esponsible for accur ate selec- 
tion of aminoac yl-tRN A and its binding to the ribosome (Bourne 
et al. 1991 , Schmeing et al. 2009 , Sajid et al. 2011a , Talav er a et al.
2018 ). These states of EF-Tu are controlled by EF-Ts, the guanine 
nucleotide exchange factor. EF-G is also an essential GTPase that 
translocates the ribosomes along the translating mRNA (Rodnina 
et al. 1997 , Agirr ezabala and Fr ank 2009 ). 

PrkC/Pr pC-dependent r e v ersible phosphorylation of the elon- 
gation factors EF-G and EF-Tu has been widel y r eported in the 
Bacillus genus (Gaidenko et al. 2002 , Levine et al. 2006 , Shah et al.
008 , Absalon et al. 2009 , Shah and Dworkin 2010 , Ar or a et al. 2013 ,
017 ). Ribosome-associated proteins have also been shown to be
he targets of Ser/Thr phosphorylation in B. subtilis (Absalon et al.
009 , Pompeo et al. 2012 ). For example, the ribosome associated
TPase CpgA is phosphorylated by PrkC in B. subtilis . Mutation of

he phosphorylated residue Thr166 decreases the GTPase activity 
f CpgA as well as its affinity to 30S ribosomal subunits . T he Bacil-

us str ains expr essing the CpgA-Thr166Ala v ariant show gr owth
efects and exhibit a curly morphology, indicating the importance 
f ribosome-associated protein phosphorylation in maintaining B.
ubtilis growth and morphology (Pompeo et al. 2012 ) (Fig. 2 ). 

Bacillus sp. also utilize secondary messengers known as alar- 
ones or hyperphosphorylated (p)ppGpp nucleosides for protein 

ynthesis during nutrient deprivation (Bange and Bedrunka 2020 ).
hese alarmones act as a cue for starving bacteria to shut down
arious essential cellular pathwa ys , such as transcription and
NA r eplication, ther eby helping them to conserve their energy

esources (Potrykus and Cashel 2008 , Steinchen and Bange 2016 ,
ourse et al. 2018 ). In B. subtilis , the cellular le v el of these alar-
ones is determined by dedicated (p)ppGpp synthetases such as 

asA (small alarmone synthetase A) (Nanamiya et al. 2008 ), which
re known to be regulated by Ser/Thr phosphorylation (Libby et al.
019 ). The expression of sasA is regulated by the WalR transcrip-
ion factor, a component of the WalRK TCS. Inter estingl y, WalR
tself is regulated by PrkC/PrpC-mediated reversible phosphoryla- 
ion, resulting in further activation of WalR activity and repression
f sasA expression (Libby et al. 2019 ). T hus , the protein synthesis
achinery in B. subtilis is subjected to regulation by phosphoryla-

ion, either dir ectl y by phosphorylation of tr anslational factors or
y (p)ppGpp-mediated inhibition (Fig. 2 ). 

porulation 

he process of spore formation and r e viv al pr ovides an excel-
ent model for understanding the de v elopmental pr ocesses in the
acterial system. During sporulation, the entire Bacillus metabolic 
athways are reset with the help of various regulatory modifica-
ions such as protein phosphorylation to form a dormant spore
Errington 2003 , Hoch 2017 , Khanna et al. 2020 ). In B. subtilis , initi-
tion of sporulation is triggered by adv erse envir onmental condi-
ions , such as , nutritional stress , oxygen tension, or redox changes.
hese signals are per ceived b y KinA-E HKs, which phosphorylate
po0A, the master regulator of sporulation (Fig. 3 ) (LeDeaux and
rossman 1995 , LeDeaux et al. 1995 , Jiang et al. 1999 , Fujita and
osick 2005 , Aguilar et al. 2010 ). The activation of Spo0A is man-
ged by a phosphorelay cascade emanating from Kin HKs (Jiang
t al. 2000 ). For example, KinA-mediated phosphor elay involv es
po0F, Spo0B, and Spo0A (Burbulys et al. 1991 ). Activated Spo0A, in
urn, r epr esses the expression of AbrB, a transcription repressor of
porulation (Str auc h et al. 1990 ). On the other hand, phosphatases
apA and Spo0E reset Spo0F and Spo0A to an unphosphorylated
tate (Ohlsen et al. 1994 , Perego et al. 1994 , Perego 2001 ). In B. an-
hracis , out of nine sensor HKs, five have been characterized and
hown to initiate sporulation via this classic phosphorelay (Brun- 
ing et al. 2005 ). Apart from these Kin HKs, two functional TCSs,
AS1213–1214 and BAS0540–0541, are characterized in B. anthracis 
ith a possible role in sporulation (Gopalani et al. 2016 , Gupta

t al. 2018 ). The BAS1214 HK senses o xidati v e str ess and phos-
horylates its cognate RR, BAS1213. The phosphorylated RR thus 

ncr eases its expr ession and that of sporulation kinase D, which
auses a reduction in sporulation efficiency (Gupta et al. 2018 ).
n the BAS0540–0541 TCS, the ov er expr ession of the BAS0540 RR
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Figure 3. Role of protein kinases during sporulation in Bacillus . The schematic diagram shows several pathways being regulated by phosphorylation 
during sporulation. Every pathway involves multiple proteins’ activity regulated through phosphorylation. Black solid arrows represent 
kinase-mediated substrate phosphorylation, red dotted arrows represent activation or upregulation, and black lines with terminal bars represent 
inhibition or downregulation. 
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auses a reduction in spore counts, although the molecular mech-
nism is still unknown (Gopalani et al. 2016 ). 

The significance of TCSs is not limited to the initiation of sporu-
ation, they are also involved in later stages of sporulation in-
luding for espor e engulfment and mother cell l ysis . In B . anthracis ,
ytSR TCS functions by dissipating proton motive force, acting as
 signal for the induction of lrgAB and clhAB 2 tr anscription, whic h
an affect sporulation efficiency and cell viability during the sta-
ionary growth phase (Chandramohan et al. 2009 ). In B. thuringien-
is , the LytSR TCS is induced by the mother cell compartment
igma factor, SigE. Deletion of l ytS-l ytR causes defects in for espor e
ngulfment by the mother cell. LytSR can induce the expression
f a cell wall hydr olase, SpoIIP, howe v er, the exact mec hanism of
his regulation is not known (Peng et al. 2017 ). T hus , multiple TCSs
re important for controlling sporulation (Fig. 3 ). 

The importance of Ser/Thr phosphorylation in context of
porulation in B. subtilis has been studied and r e vie wed exten-
iv el y (Pompeo et al. 2016 ). Activation of prespore specific RNA
ol ymer ase (SigF) gene by Ser phosphorylation was one of the first
iscov er ed examples of regulatory Ser phosphorylation in B. sub-
ilis (Min et al. 1993 ). This is ac hie v ed by the proteins present in
he same operon: SpoIIAB (anti-SigF), SpoIIAA (anti-anti-SigF), and
poIIE (serine phosphatase). SpoIIAB binds and inactivates SigF,
hile phosphorylation of SpoIIAA by SpoIIAB at a serine residue

esults in the release of SigF from the complex (Duncan and Losick
993 , Clarkson et al. 2004 ). 

As cell-type-specific transcription factors are activated during
iffer ent sporulating sta ges, the expr ession of specific kinases and
hosphatases is also triggered during sporulation, indicating their
 equir ement during this process (Kroos et al. 1999 , Piggot and
ilbert 2004 ). For example, among the four c har acterized Hanks

amily Ser/Thr kinases in B. subtilis , the expression of YabT and
rkA peaks during sporulation initiation (Bidnenko et al. 2013 ,
an et al. 2015 ). In B. subtilis , PrkA was shown to phosphorylate
 60-kDa protein in the crude extract at a Ser residue, but its
unctional r ele v ance r emained inconclusiv e due to lac k of in-vivo
ata in the absence of this protein (Fischer et al. 1996 ). Later, the
ole of PrkA was linked to the sporulation process due to defec-
ive sporulation in prkA null mutant strain, possibly due to the
ownr egulation of spor e-specific tr anscription factor σK (Yan et
l. 2015 ) (Fig. 3 ). Inter estingl y, another inde pendent stud y in B.
ubtilis r e v ealed sequence similarity of PrkA with ATP-dependent
r otease famil y pr oteins and PrkC-mediated r egulation of PrkA
rotease activity w as sho wn to be critical for the initiation of the
porulation process (Zhang et al. 2022 ). The expression of YabT
inase during sporulation initiation is r equir ed for the de v elop-
ent and maturation of bacterial endospores in B. subtilis (Bid-

enko et al. 2013 ). DNA binding proteins such as RecA, RacA, YabA,
nd single-stranded DNA binding proteins (Ssb) are the targets of
abT kinase (Bidnenko et al. 2013 , Shi et al. 2014b , Derouiche et al.
016 , Gar cia-Gar cia et al. 2016 , 2018 ) (Fig. 3 ). Among these, RecA (a
NA recombinase), and RacA (a chromosome-anchoring protein),
r e involv ed in maintaining the c hr omosomal integrity of the de-
 eloping spor e (Bidnenk o et al. 2013 , Shi et al. 2014b , Ramirez-
uadiana et al. 2016 ), while YabA is crucial for replication initi-
tion during sporulation (Noir ot-Gr os et al. 2006 , Garcia Garcia
t al. 2018 ). Bacillus subtilis has two Ssb proteins, SsbA and SsbB,
hat are implicated in various pathways related to genome main-
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tenance and natural competence (Lindner et al. 2004 , Yadav et al.
2013 , 2014 , P asc halis et al. 2017 ). Mass spectrometry (MS) anal- 
ysis r e v ealed a nov el phosphorylation site (Thr38) on the SsbA 

in B. subtilis (Der ouic he et al. 2016 ), whic h was pr e viousl y found 

to be phosphorylated on Tyr82 (Mijakovic et al. 2006 ) and Arg76 
residues (Elsholz et al. 2012 ). This phosphorylation was primar- 
ily mediated by YabT, which enhanced the cooperative binding to 
single-str anded DNA (Der ouic he et al. 2016 ). RecA is an SOS repair 
protein that plays an important role in bacterial DNA damage re- 
pair pathways (Nahrstedt et al. 2005 , Million-Weaver et al. 2015 ,
Torres et al. 2019 ). The deletion mutant of yabT and nonphospho- 
rylatable mutant of RecA in B. subtilis exhibits same phenotype of 
increased sensitivity to DNA damage, indicating its role in DNA 

integrity maintenance (Bidnenko et al. 2013 ). 
YabA negativ el y r egulates r eplication initiation by decreasing 

cooper ativ e binding of replication initiator DnaA to DNA (Noirot- 
Gros et al. 2006 , Schenk et al. 2017 ). Phosphorylation of YabA 

by YabT kinase causes enhanced sporulation in B. subtilis , possi- 
bl y corr elating with decr eased DNA r e plication and cell di vision 

(Gar cia Gar cia et al. 2018 ) (Fig. 3 ). YabT also phosphorylates the 
tr ansition-phase tr anscriptional r egulator AbrB, whic h is impor- 
tant for sporulation (Kobir et al. 2014 ). AbrB phosphorylation abro- 
gates its DNA binding to the promoter of Spo0E, which is essential 
for maintaining the le v el of the active form of Spo0A-P (Molle et al.
2003 , Shafikhani and Leighton 2004 ) (Fig. 3 ). YabT also phosphory- 
lates EF-Tu, leading to decreased GTP hydrolysis and stabilization 

of interaction with the ribosome . T his results in downregulation of 
protein synthesis by causing a halt in the protein elongation cycle 
in the cells undergoing a dormant state (Per eir a et al. 2015 ). Fur- 
thermore, the functional implication of Ser/Thr phosphorylation 

in the context of sporulation has not been well-explored in the 
pathogenic Bacillus species. A recent report on B. anthracis demon- 
strated complete inhibition of the sporulation process in the ab- 
sence of the STP PrpN (Gangwal et al. 2022 ). In a nutshell, these 
studies indicate the critical role of Ser/Thr phosphorylation in the 
sporulation pathway. 

Bacillus spores have a multilayered structure consisting of ex- 
osporium (present in only a few species), a spore coat, cortex, and 

the core wall (Khanna et al. 2020 ). The spore coat is a thick sieve- 
like protein layer that protects the endospore. In B. subtilis , CotH,
an atypical kinase present in the inner layer of the spore coat reg- 
ulates the assembly of spore coat proteins (Naclerio et al. 1996 ,
Nguyen et al. 2016 , Scott and Newton 2016 ). CotH in B. subtilis and 

B. cereus acts as a kinase, phosphorylating two other spore coat 
proteins (CotB and CotG) on Ser r esidues, whic h is essential for ef- 
ficient spore coat assembly (Nguyen et al. 2016 , Freitas et al. 2020 ,
Di Gregorio Barletta et al. 2022 ). Mor eov er, phosphorylation le v- 
els of CotB and CotG b y CotH w ere sho wn to be sensitive to ther- 
mal variations, with higher efficiency at lo w er temper atur e (25 ◦C) 
than at higher temper atur e (42 ◦C) (Isticato et al. 2020 , Di Gregorio 
Barletta et al. 2022 ). This makes CotH-mediated phosphorylation 

of CotB and CotG essential for proper spore coat morphogenesis 
(Fig. 3 ). Exosporium, an irr egular-sha ped layer consisting of hair- 
like projections is present in the outer layer of spore coat and is 
r equir ed for interaction with host cells and the surrounding envi- 
ronment (Bozue et al. 2007 , Stewart 2015 , Wang et al. 2016 ). In B.
anthracis , ExsB, a CotG homolog present at the basal layer, is essen- 
tial for stable attachment of exosporium to the spore coat. ExsB 

was found to be the highly phosphorylated exosporium protein,
with at least 14 of its 19 Thr residues modified in its central re- 
gion. This phosphorylation e v ent is speculated to be controlled by 
a homolog of CotH, as occurs in the case of B. subtilis (McPherson 

et al. 2010 , Freitas et al. 2020 ). Besides this, the deletion strain of 
csB Arg kinase in B. anthracis sho w ed defects in sporulation, in
ddition to cell growth and germination, confirming the role of
rg phosphorylation during the sporulation process (Singh et al.
015 ) (Fig. 3 ). 

ermination 

he process of germination involves the pr ogr essiv e metabolic
wakening of the dormant spore by r eactiv ation of major biologi-
al processes including cell growth and protein synthesis machin- 
ry. This phenomenon is triggered by stim uli suc h as nutrient ger-
inants that are sensed by surface receptors on the spore mem-

r ane and involv e the tempor al expr ession of about 30% of the
acterial genome as studied in the model or ganism B. subtilis (K ei-
ser et al. 2007 ). Bacterial kinases are reported to be important in
pore germination. The Ser/Thr kinase PrkC with surface-exposed 

 AST A domain, is a crucial germinant r eceptor, whic h mediates
he m ur ope ptide (small pe ptide fr a gments r eleased fr om gr ow-
ng bacterial membranes)-dependent germination process in B.
ubtilis (Shah et al. 2008 , Shah and Dworkin 2010 , Squeglia et al.
011 ) (Fig. 4 ). Furthermore, PrkC-mediated induction of the se-
r etory peptidogl ycan hydr olase YocH ensur es the av ailability of
 ur opeptides during the germination process by digestion of the

urrounding bacterial peptidoglycan (Shah and Dworkin 2010 ).
utant spores lacking prkC sho w ed a murope ptide-de pendent de-

ective germination profile in B. subtilis and B. anthracis (Shah et al.
008 ). 

Following signal acquisition to exit dormancy, the protein ma- 
 hinery is activ ated to stim ulate the gr owth of metabolicall y ac-
iv e v egetativ e cells (Sinai et al. 2015 , Xing and Harper 2020 ). The
ranslation factor EF-G is identified as a common substrate of
rkC/PrpC (Fig. 4 ), and its phosphorylation is important in the
 egulation of pr otein synthesis during germination in B. subtilis
Gaidenko et al. 2002 , Shah et al. 2008 , Shah and Dworkin 2010 ). As

entioned, the surface-exposed P AST A domain of PrkC can sense
 ur opeptides, whic h activ ate PrkC and help in spore germination.
ctivated PrkC, in turn, transmits the signal inside the germinat- 

ng spore and phosphorylates EF-G. This signaling module sug- 
ests the role of PrkC in exiting dormancy and facilitating spore
ermination through protein synthesis (Shah et al. 2008 ). Another
ranslation factor, EF-Tu, was also identified as a common sub-
trate of the PrkC/PrpC pair in B. subtilis and B. anthracis , though
he functional r ele v ance of this phosphorylation is still unknown
Absalon et al. 2009 , Ar or a et al. 2013 ) (Fig. 4 ). 

Arg phosphorylation also plays an important role during spore 
ermination in B. subtilis (Zhou et al. 2019 ). A transposon-based
enetic screen in B. subtilis sho w ed that genetic disruption of the
rg phosphatase gene ywlE results in severe germination defects 

Zhou et al. 2019 ). In this study, the significance of Arg phosphory-
ation in spore germination was also corroborated by an acceler- 
ted germination process in the absence of Arg kinase-McsB. Fur-
hermor e, Ar g phosphopr oteome of spor es identified 18 pr oteins,
ncluding the translation factor Tig and housek ee ping sigma fac-
or SigA. The impact of Arg phosphorylation on these two proteins
n the context of germination was assessed by using phospho-

imetic and phosphoablative mutants and germination defects 
er e observ ed in Tig (Arg45Asp) and SigA (Arg365Asp) mutants.
he study sho w ed arginine dephosphorylation of Tig and SigA as
n important regulatory step for the re-establishment of bacterial 
r anscriptional and tr anslational mac hinery by enabling Tig asso-
iation with ribosomes and SigA activation during the germina- 
ion process (Zhou et al. 2019 ). Interestingly, the deletion of mcsB
n B. anthracis leads to reduced germination efficiency, thus high-
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Figure 4. Role of protein kinases during spore germination in Bacillus . The schematic diagram shows multiple proteins regulated by phosphorylation 
during the spore germination process . T he phosphorylation of these proteins is shown by black solid arrows. Red dotted arrows represent 
activ ation/upr egulation, and blac k lines with terminal bars r epr esent inhibition/downr egulation. 
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ighting a strain-specific role of McsB in spore germination (Singh
t al. 2015 ). 

Apart from the protein synthesis pathway, the germina-
ion of bacterial spor es involv es the r epr ogr amming of cellular

etabolism. In fact, various studies have shown glycolytic en-
ymes as a target of Ser/Thr phosphorylation in B. subtilis and
. anthracis (Ar or a et al. 2012 , Rosenber g et al. 2015 , Virmani et
l. 2019 ). In B. anthracis , phosphorylation of a gl ycol ytic enzyme,
nolase , by PrkC pla ys an important r ole in spor e germination by
odulation of enolase activity, expression, and cellular localiza-

ion (Virmani et al. 2019 ) (Fig. 4 ). 
In another class of atypical STKs, the Bacillus spore coat pro-

ein CotH was shown to be important during germination in B.
ubtilis (Naclerio et al. 1996 ). CotH-mediated Ser phosphorylation
f two other spore coat proteins, CotB and CotG, is an essential
 equir ement for spor e germination (Nguyen et al. 2016 ). Although
he mechanistic aspects of the observed germination defect have
ot been explored yet, it would be interesting to investigate the
unctional r ele v ance of CotH in the Bacillus genus owing to the
resence of its orthologs across different genera including spore-
orming bacteria and e v en eukaryotic species (Nguyen et al. 2016 )
Fig. 4 ). 

iofilm 

iofilm is a multicellular structure with complex cellular differen-
iation that helps bacteria to deal with external stresses such as
 utrient de pri vation, antibiotics, and low oxygen tension, allowing
hem to survive in adverse conditions (Hoiby et al. 2010 , Kostakioti
t al. 2013 , Yin et al. 2019 , Arnaouteli et al. 2021 ). As mentioned
efore , B . subtilis has five HKs (KinA–E) that autophosphorylate
pon sensing environmental signals and regulate Spo0A phos-
horylation (Burbulys et al. 1991 ). Apart from inducing sporula-
ion, Spo0A is known to be vital in the formation of biofilm under
ow oxygen conditions, and deletion of spo0A restricts the cells to
 monolayer pattern rather than a three-dimensional structure
Hamon and Lazazzera 2001 , Mielich-Suss and Lopez 2015 ). Also,
hile KinA primaril y contr ols sporulation, KinC-mediated activ a-

ion of Spo0A is mainly linked to biofilm formation (Shemesh et
l. 2010 , Devi et al. 2015 ). With the aid of mathematical model-
ng, the activation of Spo0A by KinC was shown to be dependent
n the bacterial growth phase and concentration of KinA (Chen
t al. 2022 ). Another HK, KinD is reported to possess both kinase
nd phosphatase activities and is activated by lipoprotein Med
Aguilar et al. 2010 , Banse et al. 2011 ). KinD-mediated phospho-
elay fine-tunes Spo0A phosphorylation levels, thus becoming a
witch to trigger either sporulation or biofilm formation (Aguilar
t al. 2010 ). Small molecule inducers including l -malic acid re-
eased by tomato roots activate KinD, hence triggering the tran-
cription of matrix-producing genes leading to bacterial biofilm
ormation on tomato roots (Chen et al. 2012 ). A combination of
l ycer ol and manganese is also reported to initiate biofilm forma-
ion via specifically activating KinD-mediated signaling (Shemesh
nd Chai 2013 ). Also, in B. subtilis biofilm defects in spo0A mutants
er e r escued by m utations in abrB tr anscription factor, suggesting

hat Spo0A-mediated r epr ession of abrB is essential for biofilm for-
ation (Hamon and Lazazzera 2001 ). 
In B. subtilis , the CssRS TCS stabilizes the biofilm by limiting

he expression of the repressor tasA , thereby increasing the pro-
uction of the extr acellular matrix, whic h is crucial for success-
ul biofilm formation (Steinberg et al. 2020 ). Also, the deletion of
ssRS causes a sharp increase in the population of motile bacteria
Steinberg et al. 2020 ). Even after the biofilm is formed, another
CS, DegS-DegU induces the secretion of YIT toxin within the
iofilm to destroy sensitive cells and attack any incoming com-
etitor cells (K oba yashi and Ikemoto 2019 ). DegSU also controls
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the expression of extracellular proteases and enzymes that are 
crucial for biofilms (K oba yashi 2007 ). In rhizobacterium , B. amy- 
loliquef aciens , the ResDE TCS is r e ported to sense o xygen de pri va- 
tion. It triggers biofilm formation by increasing the expression of 
terminal oxidases (Zhou et al. 2018 ). Apart from histidine kinases,
Ser/Thr kinases also regulate biofilm formation and maintenance 
(Fig. 5 ). 

The formation of biofilm, as alread y mentioned, de pends on en- 
vironmental cues to which the bacteria are exposed. These cues 
are sensed by surface proteins that mediate proper colonization.
T he Ser/T hr kinase PrkC, which possesses a surface-exposed sen- 
sor domain is crucial for biofilm formation. Inter estingl y, pr kC 

deletion in B. anthracis also leads to the abrogation of biofilm for- 
mation. Mechanistic insights on the signaling pathway mediated 

by Ser/Thr phosphorylation driving biofilm formation in B. an- 
thracis have emerged from the linkage of PrkC and one of its sub- 
str ates, the Gr oEL c ha per one (Ar or a et al. 2017b ). Gr oEL has also
been shown to be involved in biofilm formation in various other 
organisms like Mycobacteria and Streptococci (Ojha et al. 2005 , Yin 

et al. 2019 ). MS studies r e v ealed Gr oEL as one of the substr ates 
of PrkC, and ov er expr ession of native GroEL resulted in partial re- 
sumption of biofilm formation in a biofilm-defective prkC deletion 

strain (Fig. 5 ) (Arora et al. 2017b ). Furthermore, phosphorylation of 
YabA by Ser/Thr kinase YabT negativ el y r egulates biofilm forma- 
tion by increasing the cellular level of Spo0A-P, the k e y regulator of 
genes involved in biofilm formation and sporulation (Garcia Gar- 
cia et al. 2018 ). Although the mechanism of tyrosine phosphory- 
lation in biofilm formation is still unknown, null mutant strains 
of ptkA and ptpZ sho w ed an altered biofilm phenotype in B. sub- 
tilis (Kiley and Stanley-Wall 2010 ). The biofilm formed in these 
conditions sho w ed loss of “fruiting bodies” for sporulation and 

the absence of typical biofilm complex radial structures . T he rea- 
son for this phenotype was attributed to the defective sporulation 

efficiency of the bacterial cells that were growing in the biofilm 

colony. Complete loss of biofilm formation was observed in the 
str ains lac king both the BY kinases, ptkA and ptkB (Gerwig et al.
2014 ). Apart from this, flagellar motility of several Bacillus species 
that helps the bacteria to swim and slide across surfaces is often 

linked to biofilm initiation and de v elopment (Houry et al. 2010 ,
Guttenplan and Kearns 2013 , Liaqat et al. 2018 , Li et al. 2022 ). In- 
hibition of motility promotes biofilm formation and in B. subtilis ,
flagellar motility and swarming properties of the bacteria are reg- 
ulated by the phosphorylation status of the transcriptional regu- 
lator DegU by its cognate HK, DegS (Verhamme et al. 2007 , Mur- 
ray et al. 2009 ). Altogether, these studies indicate the centr al r ole 
of protein phosphorylation during biofilm formation in Bacillus 
(Fig. 5 ). 

Str ess r esponse 

Bacterial populations encounter v arious str essful conditions 
throughout their life cycle ranging from alterations in tempera- 
tur e, pH, osmol ytes, nutrient deficiency, and exposur e to antibi- 
otics . To combat this , bacteria ha v e e volv ed sophisticated str ess 
r esponses that involv e a wide r ange of cellular and mor phological 
changes (Marles-Wright and Lewis 2007 , Ultee et al. 2019 , Cheng- 
Guang and Gualerzi 2020 ). This section pr esents curr ent knowl- 
edge on the role of protein phosphorylation during stress condi- 
tions in Bacillus sp. including activation of SigB, the master regu- 
lator of gener al str ess r esponse (GSR) via a pr otein phosphoryla- 
tion cascade involving Rsb (Regulator of sigma B) family proteins 
(Fig. 6 ). 
Pr otein Ar g phosphorylation in the Bacillus is primarily linked to
he maintenance of ov er all pr otein quality by regulated proteoly-
is of misfolded or a ggr egated pr oteins during str ess conditions
Mijakovic et al. 2016 ). This is ac hie v ed by a r egulatory system
hat involves McsB (Arg kinase)-mediated inhibition of CtsR (stress 
 esponse tr anscriptional r egulator) r epr essor activity, activ ation
f the ClpCP pr oteol ytic mac hinery, and phospho-Ar g ta gging of
he misfolded proteins (Fuhrmann et al. 2009 , Elsholz et al. 2011 ,
 ao et al. 2012 , T rentini et al. 2016 ). The kinase activity of McsB

s further modulated by its r epr essor CtsR, binding of phospho-
r g pol ypeptides at its catal ytic site, ClpC (str ess r esponse-r elated
TP ase, AAA + superfamil y), McsA (Ar g kinase activ ator pr otein),
nd finally by the activity of its cognate Arg phosphatase (YwlE)
Kirstein et al. 2005 , 2007 , Elsholz et al. 2011 , 2012 , Fuhrmann et al.
013 , Suskiewicz et al. 2019 ). Strains lacking mcsB and clpC in B. an-
hracis show growth defects at ele v ated temper atur e (43 ◦C) (Singh
t al. 2015 ). The importance of Arg phosphorylation in stress re-
ponse pathw ays w as demonstrated b y the global phosphopro-
eome of the B. subtilis Arg phosphatase (ywlE) mutant strain.
hospho-Ar g sites wer e detected in pr oteins involv ed in GSR (con-
r olled by SigB), suc h as str ess on the cell env elope by antibiotics
nd osmolarity changes, heat shock, cold shock, and o xidati ve
tress (Elsholz et al. 2012 ). Given the widespread role of Arg phos-
horylation in bacterial stress response, another Arg phosphopro- 
eome study, focusing specifically on heat and o xidati v e str ess,
dentified k e y bacterial stress RRs such as CtsR, GroEL, ClpC, and
lpP as targets of Arg phosphorylation in B. subtilis (Schmidt et
l. 2014 ). Furthermore, the YwlE phosphatase is inactivated dur-
ng o xidati v e str ess conditions as a r egulatory mec hanism for the
nduction of str ess-r elated genes and McsB-mediated Ar g phos-
horylation (Fuhrmann et al. 2016 ). These studies highlight the

mportance of protein Arg phosphorylation during stress condi- 
ions in Bacillus . 

The documented role of Tyr phosphorylation in Bacillus stress 
athwa ys , on the other hand, is limited to only a few studies . T he
 ha per one pr otein DnaK (Hsp70 famil y pr otein) is a widel y studied
eat shoc k pr otein, i.e. a member of c ha per one mac hinery acti-
ated during stress conditions and is also reported to be a target of
rotein phosphorylation in other bacteria (Sherman and Goldberg 
993 , Seeger et al. 1996 , Peake et al. 1998 , Mayer and Bukau 2005 ,
oncarati and Scarlato 2017 , Rigo et al. 2020 ). DnaK was identi-
ed as a substrate in Ser/Thr/Tyr phosphoproteomes (Eymann et 
l. 2007 ). Later, it was identified that PtkA/PtpZ-mediated regula-
ion of DnaK by phosphorylation at a Tyr residue was responsible
or controlling its chaperone activity, which affects survival of B.
ubtilis under heat shock conditions. (Shi et al. 2016 ). Deletion mu-
ants of two low molecular weight Tyr phosphatases, YwlE (also an
rg phosphatase) and YkfJ sho w ed reduced bacterial resistance to
thanol stress in B. subtilis , suggesting their possible roles in gen-
r ating r esistance to str ess (Musumeci et al. 2005 ). 

Various environmental stresses encountered by bacteria acti- 
ate specific TCSs. Two different TCS can activate the same set of
ownstr eam tar get genes. One such example is the Heme sensing
CS (HssRS) and the HssRS-interfacing TCS (HitRS) in B. anthracis

Mike et al. 2014 , Pi et al. 2020 ). Alterations in cell envelope in-
egrity activates HitRS, that in turn interacts with HssRS and co-
rdinate heme and cell env elope str ess r esponse (Mike et al. 2014 ).
imilarly, the HssRS and HitRS TCSs exist in B. thuringiensis , which
ndir ectl y contr ol the gr owth in the pr esence of heme thr ough the
nc har acterized oper on hrmXY (Sc hmidt et al. 2016 ). 

In B. subtilis , adaptation to cold temperature is achieved by
he DesKR TCS. DesK (HK) senses the ordered lipid pattern in
he membrane and autophosphorylates, follo w ed b y DesR (RR)
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Figure 5. Role of protein kinases in Bacillus biofilm formation. Biofilm formation in bacteria is a complex process and requires regulation at several 
steps . T he figure is a schematic representation of phosphorylation-mediated regulation of biofilm formation in bacteria. As shown, different classes of 
kinases and their substrates are required for biofilm formation. Black solid arrows represent kinase-mediated substrate phosphorylation, red dotted 
arr ows r epr esent activ ation/upr egulation, and blac k lines with terminal bars r epr esent inhibition/downr egulation. 
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hosphorylation (Albanesi et al. 2004 , Abriata et al. 2017 ). Active
hospho-DesR then binds to the promoters of genes involved in
he synthesis of the fatty acid desaturase DesA (Cybulski et al.
004 ). DesK also responds to changes in pH; acidic pH breaks hy-
rogen bonds in the helix connecting the DesK tr ansmembr ane
omain to the cytosolic domain, and thus abolishes the DesK-
ependent synthesis of unsaturated acids , pro viding rigidity to
he bacilli (Bortolotti et al. 2020 ). Apart from temperature and pH
ensing, DesKR is highly expressed in low-pressure conditions in
. subtilis strain WN1106 (Fajardo-Cavazos et al. 2012 ). In B. cereus ,
daptation to a cold environment occurs by higher expression of
nsaturated fatty acid to maintain membrane fluidity at a lo w er
emper atur e (Diomande et al. 2014 ). The CasKR TCS activates the
xpression of fatty acid desaturase DesA under cold conditions
y ceasing r epr ession of the desA promoter (Diomande et al. 2015 ,
016 ). 

In B. anthracis , a novel TCS named the Envelope Disruption Sys-
em EdsRS is critical for managing the stress induced by targocil,
n inhibitor that targets the cell envelope (Laut CL 2020 ). Com-
r omised membr ane integrity is detected by EdsS (HK), which
esults in its autophosphorylation and subsequent phosphory-
ation of EdsR (RR). Phosphorylated EdsR binds and activates
he promoter of the B AS1661–B AS1663 operon encoding the car-
iolipin synthase ClsT for the repair of the cell envelope in
ar gocil-exposed v egetativ e cells. Exposur e of Bacillus spor es to
argocil is reported to be highly toxic, as spore outgrowth re-
uir es r a pid membr ane gener ation (Laut CL 2020 ). In B. thuringien-
is , the YvqEC and YvcPQ TCSs sense disturbances in the cell
nv elope and pr ovide r esistance a gainst the cell wall tar geting
ompounds vancomycin and bacitracin, respectively (Zhang et
l. 2015 , 2016 ). In B. subtilis , the LiaSR TCS manages the exoge-
ous stress induced by the presence of peptide antibiotics target-

ng cell wall synthesis (bacitr acin, nisin, v ancomycin, and r amo-
lanin) (Mascher et al. 2004 , Kesel et al. 2013 ). The LiaR-dependent
romoter liaI is expressed during the transition from the expo-
ential to stationary phase, suggesting an additional sensor sig-
al for LiaS, other than antibiotics (Jordan et al. 2006 , 2007 ). In
. subtilis , BceRS is a dedicated TCS that responds to the pres-
nce of bacitracin via its specific binding to BceB (permease)
Ohki et al. 2003 , Dintner et al. 2014 ). BceS (HK) works in coor-
ination with BceB (permease) and the le v el of BceS (HK) au-
ophosphorylation is dependent on the BceA-bacitracin complex
Dintner et al. 2014 ). 

WalRK plays an important role in cell wall homeostasis under
hysiological conditions in B. subtilis . Apart from this, WalRK is
qually important for growth and cell proliferation under heat
tress (Takada et al. 2018 ). WalK (HK) is activated upon heat stress
nd its activity is negativ el y modulated by two membrane pro-
eins WalH and WalI (Takada et al. 2018 ). The presence of WalH
nd WalI is crucial to avoid ov er expr ession of downstream en-
opeptidase genes, thus avoiding cell l ysis. Ev en in B. anthracis , the
xpression of WalRK is induced either by temperature or in the
resence of the bactericidal drug fosfomycin, an inhibitor of cell
all synthesis (Dhiman et al. 2015 ). In B. subtilis , the CssRS TCS

s important in managing secretion stress, which happens when
isfolded pr oteins accum ulate outside the membr ane and inter-

ere with protein secretion. This inefficient protein secretion is de-
ected by CssRS, which then increases the expression of the chap-
r onic pr oteases HtrA and HtrB (Westers et al. 2006 , Noone et al.
012 ). 
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Figur e 6. Ser/T hr phosphorylation in the activation of the SigB ( σ B ) regulon. In unstressed conditions, the RsbT kinase forms a complex with other Rsb 
famil y pr oteins (RsbS anta gonist and RsbR coanta gonist with its par alogues). Upon envir onmental str ess, the RsbT kinase phosphorylates RsbS and 
RsbR with its paralogues at Ser/Thr residues and is released from the complex. RsbT then interacts with the RsbU phosphatase resulting in its 
activation and dephosphorylation of a downstream antagonist, RsbV, which is further regulated by RsbW-mediated phosphorylation. 
Unphosphorylated RsbV dissociates the σ B –RsbW kinase complex by binding to RsbW, thereby releasing σ B , which in turn associates with RNA 

Pol ymer ase and activates σ B regulon gene expression. The RsbX phosphatase resets the entire stressosome machinery by dephosphorylation of RsbS 
and RsbR. Under energy-deficient conditions, a separate pathway is activated involving dissociation of another complex comprised of the RsbP 
phosphatase and a stress RR, RsbQ. The released RsbP results in the dephosphorylation of RsbV, which triggers downstream signaling pathwa ys . 
During cold stress, bacteria respond by triggering another independent pathway involving RsbW. The complex of RsbW and σB modulates the 
expression of genes regulated by σ B . 
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Another bacterial GSR involves the activation of sigma factor,
SigB (master regulator of GSR), which regulates the expression of 
over 100 genes in B. subtilis during stress conditions (Haldenwang 
and Losick 1979 , Bernhardt et al. 1997 , Hecker and Völker 1998 ).
Activation of the SigB regulon is achieved by a signaling cascade 
that in volves Ser/T hr phosphorylation of Rsb (regulator of sigma 
factor) famil y pr oteins comprising TCS suc h as Ser/Thr kinases 
(RsbT and RsbW); PP2C-type phosphatases (RsbP, RsbX, and RsbU); 
antagonists (RsbS and RsbV), and coantagonists (RsbRA, RsbRB,
RsbRC, and RsbRD) (Price et al. 2001 , Hecker et al. 2007 , Rodriguez 
Ayala et al. 2020 ). 

In normal conditions , Ser/T hr kinase RsbW phosphorylates 
the antagonist RsbV, causing its inactivation and also acts as 
a negativ e r egulator of SigB that bloc ks its binding to the RNA 

pol ymer ase cor e enzyme (Alper et al. 1996 , Yang et al. 1996 ,
Rodriguez Ayala et al. 2020 ). Envir onmental str ess conditions 
(acid/ethanol/salt) trigger dephosphorylation of RsbV by RsbU. 
RsbU is activated by interacting with RsbT Ser/Thr kinase that 
acts as a mediator and conveys envir onmental str ess signals to 
initiate the downstream signaling. In the absence of stress, RsbT 

is entr a pped in a 25S m ultipr otein oligomeric complex consist- 
ing of RsbS (antagonist) and RsbRAs (coantagonist) and its par- 
alogues such as YkoB (RsbRB), YojH (RsbRC), YqhA (RsbRD), and 

YtvA (Akbar et al. 2001 , Chen et al. 2003 , Kim et al. 2004a ). Un- 
der stress conditions, RsbT phosphorylates RsbRA, which facil- 
itates phosphorylation of RsbS. Then RsbT is r eleased fr om the 
omplex, thus activating RsbU (Chen et al. 2004 , Kim et al. 2004b ).
cti vated RsbU de phosphorylates RsbV, which then binds to the
sbW kinase (RsbV–RsbW), thereby dissociating the RsbW–SigB 

omplex. The SigB r eleased fr om the complex binds to RNA poly-
er ase, thus activ ating the SigB r egulon (Dufour and Haldenwang

994 ). This signaling pathway is reset by RsbX STP that dephos-
horylates RsbS and RsbRA, and serves as a fine-tuning mecha-
ism resulting in the sequestration of RsbT in the stressosome 
omplex (Yang et al. 1996 , Price et al. 2001 , Chen et al. 2004 ). Fur-
hermore, the absence of the RsbX protein in the B. subtilis system
 esults in uncontr ollable activ ation of the SigB regulon (Voelker et
l. 1997 ) (Fig. 6 ). Under energy stress conditions (glucose, oxygen,
nd phosphate starvation), RsbV dephosphorylation is mediated 

y a complex of RsbP phosphatase and RsbQ hydrolase, thus acti-
ating the SigB regulon (Vijay et al. 2000 , Brody et al. 2001 ). In the
ase of cold shock, the signaling pathw ay w orks independently
f RsbP, RsbU, and RsbV. The degree of stability of the RsbW–SigB
omplex regulates the silencing or transcription of str ess-r elated
enes (Brigulla et al. 2003 ) (Fig. 6 ). 

In B. cereus , SigB activation is achieved by a protein complex
omprising RsbK (sensor kinase), RsbW (kinase), RsbV (antago- 
ist), and RsbY (phosphatase). Following stress conditions, the 
ensor kinase RsbK phosphorylates and activates RsbY, which in 

urn dephosphorylates the RsbV antagonist. Unphosphorylated 

sbV sequesters RsbW (a negative regulator of SigB), thus activat-
ng the SigB regulon (van Schaik et al. 2005 , de Been et al. 2010 ). 
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irulence 

hile the majority of Bacillus species are nonpathogenic, a few
f them belonging to the B. cereus group are known to cause
isease in animals and humans (Ehling-Schulz et al. 2019 ). The
athogenicity of this group is attributed to two major factors-
ecreted toxins or capsule . T hese factors are paramount for the
urvival of the bacteria inside the host, and thus it is important
o study the network that regulates their synthesis for the de-
elopment of novel prophylactics (Moayeri et al. 2015 ). In B. an-
hracis , the most studied pr otein, whic h is involved in the synthe-
is of toxins and capsule is the master virulence regulator, AtxA
Anthrax toxin activator) (Fouet 2010 , McCall et al. 2019 ). T he B .
nthracis null mutant of atxA is avirulent in the mouse model
f infection (Dai et al. 1995 ). Furthermore, the cellular level of
txA decides the fate of associated pathways and thereby mod-
lates the pathogenic cycle. High le v els of AtxA in the cell are
onduci ve to to xin gene expression while inhibiting sporulation
n B. anthracis (Dale et al. 2018 ). The global transcriptional regula-
ors CodY and AbrB regulate the synthesis of AtxA (Str auc h et al.
005 , v an Sc haik et al. 2009 , Gangwal et al. 2022 ), and are them-
elv es tar geted by Ser/Thr phosphorylation mac hinery (Macek et
l. 2007 , Kobir et al. 2014 ). This regulation is achieved either by
irect binding of the transcriptional regulator to the promoter re-
ion of the toxin-producing genes (Dale et al. 2012 , Chateau et
l. 2013 ) or by an unknown post-translational mechanism (van
chaik et al. 2009 ). 

In the nonpathogenic B. subtilis , phosphorylation of AbrB at a
er residue inhibits its DNA binding property (Kobir et al. 2014 ),
hereas in B. anthracis , CodY phosphorylation at a Ser residue ab-

ogates its DNA binding to the atxA promoter, leading to deple-
ion of toxin proteins (Gangwal et al. 2022 ). In B. anthracis , PTS-

ediated phosphorylation of AtxA at conserved His residues in
he PRD domain (PTS-regulated domain) regulates its activity and
ffects toxin synthesis (Tsv etanov a et al. 2007 , Raynor et al. 2018 ).
nter estingl y, PTS pr oteins HPr and Enzyme I were also shown to
e r equir ed for atxA expr ession and their deletion m utant B. an-
hracis strain sho w ed defecti ve to xin production and atten uated
irulence in an animal model of anthrax (Bier et al. 2020 ). More
 ecentl y, another STP—Pr pN w as sho wn to regulate AtxA synthe-
is via phosphorylation-mediated regulation of CodY DNA binding
ctivity. CodY was confirmed as a target of the PrkC and PrpN and
he null mutant strain of prpN demonstrated a significant reduc-
ion in anthrax toxins and AtxA. Functional implication of PrpN-

ediated dephosphorylation on CodY activity was examined us-
ng phosphomimetic and phosphoablative CodY mutants. While
hosphorylation of CodY at a Ser r esidue r esulted in complete
bolishment of its DNA-binding ability at the atxA promoter re-
ion, unphosphorylated CodY was reported as a positive regulator
f anthrax toxins (Gangwal et al. 2022 ). This highlights the impor-
ance of protein Ser/Thr and His phosphorylation in maintaining
he optimum AtxA level for toxin production (Fig. 7 ). 

Toxin biosynthesis is often correlated with carbon sources in
athogenic bacteria (Poncet et al. 2009 , Chiang et al. 2011 ). In Bacil-

us sp., this is mediated by a carbon catabolite protein (CcpA) and
hosphotr ansfer ase system (PTS) component, HPr, via the clas-
ical carbon catabolite r epr ession (CCR) mec hanism (Khan and
anerjee-Bhatnagar 2002 , Lorca et al. 2005 , Singh et al. 2008 ). Hpr

s phosphorylated by Hpr Kinase (Poncet et al. 2004 , Choi et al.
006 ) and PrkC (Macek et al. 2007 , Pietack et al. 2010 ). While the
unctional r ele v ance of phosphorylation b y PrkC is still unkno wn,
he phosphorylation by Hpr kinase plays an important role in

odulating Hpr activity and binding to CcpA, resulting in differ-
ntial expression of multiple genes in B. subtilis (Blencke et al. 2003 ,
eutscher et al. 2014 ) (Fig. 7 ). 
Chain formation is another factor that contributes to the viru-

ence of bacteria including B. anthracis by helping the pathogen to
 v ade the host immune response (Moller et al. 2012 , Rodriguez et
l. 2012 , Prashar et al. 2013 , Jouvion et al. 2016 ). In B. anthracis , prkC
eletion results in severe defects in chain formation as compared
o wild type strain, indicating the role of PrkC in the regulation of
hain length in B. anthracis (Dhasmana et al. 2021 ). Earlier stud-
es have also shown that B. anthracis lacking the prkC/prpC pair
ho w ed impaired survival within macrophages and attenuated
irulence in an animal model (Shakir et al. 2010 ). These studies
rovide a possible regulatory link between Ser/Thr phosphoryla-
ion and virulence via chain formation in B. anthracis . 

When B. anthracis infects its host, it secretes lethal and edema
oxins, whic h tar get smooth m uscle cells and epithelial cells, ex-
cerbating the infection. The BrrAB TCS regulates the expression
f these toxins during infection. Deletion of any one of the com-
onents of BrrAB causes downregulation of atxA and a signif-

cant reduction in the toxin-producing ability of the pathogen,
hus decreasing the virulence (Vetter and Schlievert 2007 ). In ad-
ition to exotoxins, secreted proteases facilitate the infection via
egrading the host tissue and mobilizing the bacteria inside the
ost (Chung et al. 2006 ). A novel TCS encoded by BAS2109–2108
 egulates the expr ession of eight intr acellular and extr acellular
roteases (Gupta et al. 2017 ). Activated BAS2108 (HK) transfers
he phosphate group to its cognate RR, BAS2109, which binds to
he promoters of many proteases, such as metalloendopeptidase,
acillol ysin, and se v er al Ser pr oteases; fe w of these pr oteases ar e

n volved in pathogenesis . Additionally, the expression of BAS2109
RR) increases in the presence of carbon dioxide or nutritional
tress (Gupta et al. 2017 ) (Fig. 7 ). 

The food-borne pathogen B. cereus has a TCS, ResDE, which con-
rols the production of hemolysin BL and nonhemolytic entero-
oxins under anaerobic conditions, thus controlling levels of viru-
ence (Duport et al. 2006 ). ResE responds to the acidic environment
nd oxygen limitation in the gut and helps bacteria to secrete ex-
racellular toxins to establish infection (Duport et al. 2006 ). YvfTU
CS controls the expression of a major pleiotropic virulence gene
egulator, PlcR in B. cereus (Gohar et al. 2008 , Brillard et al. 2008 ). Al-
hough plcR expression is decreased in yvfTU mutant bacilli, there
r e onl y minor differ ences r eported in the expr ession of the plcR
egulon (Brillard et al. 2008 ). 

ross-talk and cross-phosphorylation 

 r ecent sur ge in the number of pr otein–pr otein inter actome and
hosphoproteome studies of bacterial systems including that of
acillus hav e r e v ealed m ultisite phosphorylation of se v er al pr o-
eins by different kinases . T hese kinases exhibit promiscuous ac-
ivity and can phosphorylate each other as well as have com-

on substr ates, ther eby contributing to the biological complex-
ty, adding another regulatory layer to the protein phosphory-
ation network in the bacterial system (Lin et al. 2009 , Chao et
l. 2010 , Kobir et al. 2011 , Baer et al. 2014 , Shi et al. 2014a , b ,
illett and Crosson 2017 , Pinas et al. 2018 , Shen et al. 2020 ).

o differentiate these two regulatory netw orks, w e have used
he term “cross-talk” to define phosphorylation and dephos-
horylation of a substrate at multiple amino acid residues by
ifferent kinases/phosphatases and “cross-phosphorylation” to
efine phosphorylation/dephosphorylation between different ki-
ases/phosphatases (Fig. 8 ). 
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Figure 7. Role of protein kinases in Bacillus virulence. The pathways associated with virulence are activated in pathogenic species such as B. anthracis . 
T hese pathwa ys follow specific signals during the infection sta ge within the host, whic h activ ate a unique set of signaling e v ents emanating usuall y 
from surface-bound kinases and phosphatases . T he schematic shows these specific proteins and their interacting partners, which carry out the 
indicated functions. Black solid arrows represent kinase-mediated substrate phosphorylation, red dotted arrows represent activation/upregulation, 
and black lines with terminal bars represent inhibition/downregulation. 
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In B. subtilis , an interaction network linking different classes 
of protein kinases/phosphatases was generated using yeast two- 
hybrid interactome studies and in-vitro kinase assays (Shi et al.
2014a , b ). A dir ect inter action was pr edicted between Ser/Thr 
kinase-YabT and BY-kinase/PTP PtkB and cognate Phosphatase 
PtpZ. An indir ect inter action was also observ ed via TkmA (the spe- 
cific modulator for BY-kinase PtkA) between YabT and another 
BY-kinase , PtkB. T he two BY-kinases , PtkA and PtkB show possi- 
ble cr oss-inter action thr ough the PtkA-modulator TkmA. Also, the 
Tyr phosphatase PtpZ interacts with TkmA and PtkA. RsbT, a two- 
component-like Ser/Thr kinase regulating the stressosome com- 
plex of B. subtilis interacts with BY-kinase/phosphatase PtkA/PtpZ 

and Ser/Thr kinase PrkD. DegS, an HK, w as sho wn to be phospho- 
rylated by Ser/Thr kinases including interacts with the PrkD and 

YabT/SpoIIE pair (Jers et al. 2011 , Shi et al. 2014a , b ). 
Furthermor e, cr oss phosphorylation among the kinases has 

been defined by categorizing the kinases into two broad classes.
The first class consists of PrkD, PrkC, YabT, and PtkA kinases that 
can autophosphorylate and phosphorylate other kinases. Among 
these, PrkC, PrkD, and YabT show intermolecular phosphoryla- 
tion, while YabT and PtkA can cr oss-phosphorylate eac h other.
Also, PrkC can phosphorylate PtkA near its autophosphorylating 
site . T he other class includes PtkA and two-component Ser/Thr 
kinases such as RsbW and SpoIIAB, which are phosphorylated 

by other Ser/Thr kinases. Additionally, HPr kinase/phosphorylase 
(PTS component) is phosphorylated by PrkD, PrkC, and PtkA, while 
RsbT interacts with PrkD, and YabT (Shi et al. 2014a ). Another 
example of cross-phosphorylation involves phosphorylation of 
TCS proteins DegS (HK) and WalR (RR) by STKs. Phosphoryla- 
tion of DegS by STKs (PrkD and YabT) at the Ser76 residue en- 
hances the phosphotransfer to DegU (RR) and was found to be 
important in the regulation of competence development, com- 
plex colony formation, and swarming (Macek et al. 2007 , Jers et 
l. 2011 ). Furthermore, PrkC-mediated phosphorylation of WalR 

RR) at Thr101 regulates the expression of genes involved in cell
 all metabolism (Libb y et al. 2015 ). These studies suggest differ-

nt kinase classes work in tandem in a network and illustrate the
iological complexity of cross-phosphorylation in Bacillus genus 
Fig. 8 ). 

Inter estingl y, in a high-thr oughput experiment, m ultisite phos-
horylation of substrates was predicted with different classes of 
inases/phosphatases . For example , RecA is phosphorylated by 
abT, PtkA and Arg kinase (Soufi et al. 2010 , Elsholz et al. 2012 ,
idnenko et al. 2013 , Shi et al. 2014b ). Phosphorylation of SalA
 y PtkA w as also validated b y an in-vitro kinase assay (Der ouic he
t al. 2015 ). Another phosphopr oteome study r eported phospho-
ylation of known substrates of Tyr kinase PtkA such as aspar-
ate semialdehyde dehydrogenase (Asd), Enolase (Eno), and YjoA 

t Ser/Thr residues (Jers et al. 2010 , Ravikumar et al. 2014 ). Out
f these, Eno was identified as a substrate of the McsB/YwlE pair
n an Arg phosphoproteome analysis (Schmidt et al. 2014 ). In B.
nthracis Eno was also shown to be phosphorylated at Ser/Thr 
esidues by PrkC (Virmani et al. 2019 ). This PrkC-mediated mul-
isite phosphorylation of Eno imprints phenotypic memory in B.
nthracis spores and is important for spore germination. The global 
r anscriptional r egulator AbrB is also phosphorylated at Ser and
yr residues. Phosphorylation at the Ser residue is mediated by
TKs (PrkC/PrkD/YabT), while Tyr phosphorylation was detected 

n the B. subtilis phosphoproteome (Kobir et al. 2014 , Ravikumar et
l. 2014 ). 

Cross-talk among B. subtilis phosphorylation pathways involve 
sb (SsbA and SsbB) r equir ed for DNA r eplication that ar e phos-
horylated by PtkA and McsB (Mijakovic et al. 2006 , Elsholz et al.
012 ). Inter estingl y, SsbA is also phosphorylated by Ser/Thr ki-
ases (PrkD, PrkC, and most efficiently by YabT), which aids in
he cooper ativ e binding of SsbA tetr amers to DNA (Der ouic he
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(A)

(B)

Figure 8. Cross-talk and cross-phosphorylation in Bacillus . (A) Cross-talk network representing multisite phosphorylation of proteins by different 
classes of kinases and phosphatases in Bacillus . A pr otein–pr otein inter action netw ork w as cr eated using Cytosca pe 3.8.2 softwar e. Inter action among 
different kinases/phosphatases and their substrates are represented with colored nodes and colored lines. STK/STP: Ser/Thr kinase and phosphatase, 
BY-K/PTP: Bacillus Tyr kinase and phosphatase, and Hpr K: Hpr kinase. Among the kinases depicted in the figur e, onl y PrkC and PrpC have validated 
substrates in both B. anthracis and B. subtilis (labeled BA in parentheses). (B) The cross-phosphorylation network between kinases is shown by a 
pr otein–pr otein inter action network. Differ ent classes of kinases and phosphatases ar e r epr esented by color ed nodes, and inter action among differ ent 
kinases/phosphatases are determined by colored arrows and lines. Blue arrows represent validated in-vitro assa ys , pink lines indicate 
phosphopr oteome v alidations, and or ange lines denote y east tw o-hybrid interactions betw een bait and pr ey. Arr ows point to the tar get pr oteins that 
are phosphorylated. 
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t al. 2016 ). Another example of cr oss-talk involv es phosphory-
ation of a PTS protein, Hpr, at multiple residues. Phosphoryla-
ion at Ser residues is mediated by either a bifunctional ATP de-
endent Hpr kinase/phosphorylase (Reizer 1989 ) or Ser/Thr ki-
ase/phosphatase pair PrkC/PrpC (Singh et al. 2007 , Pietack et
l. 2010 ), while phosphorylation at His is catalyzed by another
TS protein, Enzyme I (Reizer 1989 ). Phosphorylation of Hpr at
he Ser/Thr/Tyr residues was also observed in phosphoproteome
tudies of B. subtilis (Ravikumar et al. 2014 , 2018 ) (Fig. 8 ). 

Ar g phosphopr oteome anal ysis identified se v er al substr ates
uc h as Gr oEL, DegU, and the elongation factors EF-Tu and EF-
 in B. subtilis that were previously shown to be phosphorylated
t other residues (described in above sections), indicating multi-
ite phosphorylation and possible cross-talk among the different



Gangwal et al . | 19 

 

 

 

 

 

 

M
p
b  

a  

d  

v
2  

l  

e  

a
b  

s
p
i

 

o
2  

p  

i  

p  

a  

p  

s  

a  

s
w  

a  

e
g

 

a  

e  

a  

e  

p
b  

fi  

n

A
W  

i  

C
t  

w

C

R
A  

 

A  

 

A  

 

A  
families of kinases (Elsholz et al. 2012 , Schmidt et al. 2014 , Tren- 
tini et al. 2014 ). EF-Tu and EF-G were also identified as targets of 
Tyr phosphorylation in the B. subtilis germinating spore phospho- 
pr oteome (Rosenber g et al. 2015 ). 

Compared to B . subtilis , B . anthracis has lost some Tyr ki- 
nases during e volution. Consequentl y, two unique DSPKs, PrkD,
and PrkG, were identified in B. anthracis , belonging to different 
classes defined on the basis of their tar get r esidues. PrkD be- 
longs to “dual-specificity tyrosine phosphorylation-regulated ki- 
nase” (DYRK), which autophosphorylates on Ser , Thr , and Tyr but 
phosphorylates its substrates only on Ser and Thr. PrkG was iden- 
tified as a bonafide DSPK that can autophosphorylate and mediate 
substrate phosphorylation on Ser/T hr/Tyr residues . Interestingly, 
the STP PrpC also exhibits dual specificity (Ar or a et al. 2012 ). It can 

dephosphorylate both PrkD and PrkG, in addition to PrkC (Obu- 
chowski et al. 2000 , Shakir et al. 2010 ). 

Conclusions and future directions 

In this r e vie w, we assessed the role of protein phosphorylation in 

different life stages of Bacillus species (Table 1 ). Bacillus sp. have 
the ability to metamorphosize into different forms such as spores,
v egetativ e cells, or biofilms, which is vital for their survival in 

the environment or in the host. The shift in metabolic needs be- 
tween these stages is a complex process (Fouet and Mock 2006 ,
Tan and Ramamurthi 2014 , Christie and Setlow 2020 , Setlow and 

Christie 2020 ). Besides basic control of gene expression, PTMs 
such as phosphorylation, provide an additional layer of regula- 
tion. Over the years, the importance of His/Asp and Ser/Thr/Tyr 
protein phosphorylation has been unraveled in different cellular 
pathwa ys . Mor e r ecentl y, phosphorylation of other residues in- 
cluding Lys, Arg, and Cys have also been discov er ed. Genetic r egu- 
lation extends beyond the identification of direct signaling path- 
wa ys , as many of these phosphorylation events are controlled by 
more than one phosphorylation scheme, as discussed in the cross- 
talk section. 

Most of the early research on the role of protein phosphory- 
lation was performed using the model organism B. subtilis (Coz- 
zone 1988 , Perego et al. 1989 , Mukai et al. 1990 ). Over the years,
it has been established that protein phosphorylation schemes are 
ubiquitous throughout the Bacillus species, though some members 
of the Cereus clade have lost some Tyr kinases and gained dual- 
specificity protein kinases that can perform the function of both 

Ser/Thr and Tyr protein phosphorylation (Arora et al. 2012 ). 
Of the different phosphorylation systems , early disco veries em- 

phasized the role of His/Asp-based TCSs in sensing environmen- 
tal stress and regulating cellular behavior, while recent advances 
in this field indicate that Ser/Thr/Tyr/Arg protein phosphorylation 

ma y pla y an e v en lar ger r ole . T hough man y phosphorylated pr o-
teins have been recognized in recent literature, our understanding 
of upstream sensing stimuli is still limited. Among the Ser/Thr 
protein kinases, the role of muropeptides as sensory signals to 
PrkC is w ell-established (Dw orkin and Shah 2010 , Squeglia et al.
2011 , Pompeo et al. 2018b ). Recent studies on the PrkC homolog 
PknB in Mycobacterium tuberculosis indicate that lipid moieties can 

also be sensory signals (Kaur et al. 2019 ). Further work is needed 

to understand if in addition to m ur opeptides, lipid II, can also act 
as sensing signals to PrkC. These studies show that protein kinase 
signaling in Bacillus species is highly evolved and regulated by spe- 
cific sensory signals. 

Recent advancement in the MS techniques have facilitated 

incr ease in phosphopr oteome studies . T hey r ange fr om non- 
specific simple gel-based studies to more specific and complex 
S studies . Impro ved phosphopeptide enrichment methods cou- 
led with novel MS-based systemic approaches provides a better 
lueprint of the global phosphoproteome (Liu et al. 2021 , Paulo
nd Schweppe 2021 , Pina et al. 2021 , Xiao et al. 2023 ). An in-depth
escription of these techniques is beyond the scope of this re-
iew but has been reported elsewhere (Engholm-Keller and Larsen 

013 , Ed Dudley 2014 , Yague et al. 2020 ). Importantly, phosphory-
ation at specific residues in a protein differs in lability, stoichiom-
try, and abundance . For instance , compared to phosphorylation
t other residues, phospho-Asp/His and Arg are relatively unsta- 
le (Gonzalez-Sanchez et al. 2013 , Huang et al. 2021 ). For this rea-
on, enrichment and phosphoproteome studies on Asp/His/Arg 
hosphorylation are challenging and extensive research is needed 

n this field. 
Unlike protein kinases, there is limited literature on the role

f cognate protein phosphatases in cellular processes (Kennelly 
002 , Sajid et al. 2015 ). Also, man y r egulatory mec hanisms of
hosphatases have been reported. For example, in M. tuberculosis ,

n a feedback loop system, PstP (homolog of B. anthracis PrpC) is
hosphorylated by its cognate kinases PknA and PknB, causing its
ctivation, though a similar mode of regulation has not been re-
orted in Bacillus (Sajid et al. 2011b ). The phosphatases of stresso-
ome complexes are also shown to be regulated by a similar mech-
nism (Misra et al. 2019 ). The existing liter atur e also suggests that
imilar to eukaryotes, a cross-talk and cross-phosphorylation net- 
ork is also present in the bacterial systems and might provide
nother layer of regulation for phosphorylation pathwa ys , thus
nabling the efficient regulation of principal processes such as 
ro wth, DN A repair, cellular metabolism, and stress response. 

In conclusion, phosphorylation is the k e y regulator of e v ery
spect of Bacillus life, yet information about what triggers these
 v ents and how they maintain control over different pathways
nd cross-talk with each other is somewhat limited. Having sev-
r al conserv ed pr ocesses, the Bacillus species ar e one of the best
rokaryotic model systems utilized to study various aspects of 
acterial physiology (Getz et al. 2019 ). Continued studies in this
eld can help to unr av el mor e bacterial signaling systems and
etworks. 
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