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Abstract

Biofilms can be viewed as tissue-like structures inwhichmicroorganisms are organized

in a spatial and functional sophisticatedmanner. Biofilm formation requires theorches-

tration of a highly integrated network of regulatory proteins to establish cell differenti-

ation and production of a complex extracellularmatrix. Here, we discuss the role of the

essential Bacillus subtilis biofilm activator RemA. Despite intense research on biofilms,

RemA is a largely underappreciated regulatory protein. RemA forms donut-shaped

octamers with the potential to assemble into dimeric superstructures. The presumed

DNA-binding mode suggests that RemA organizes its target DNA into nucleosome-

like structures, which are the basis for its role as transcriptional activator. We discuss

how RemA affects gene expression in the context of biofilm formation, and its regula-

tory interplay with established components of the biofilm regulatory network, such as

SinR, SinI, SlrR, and SlrA.We emphasize the additional role of RemA played in nitrogen

metabolism and osmotic-stress adjustment.
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INTRODUCTION

Most microorganisms live in biofilms, microbial assemblages encased

in a self-produced extracellular matrix.[1–5] A biofilm is often regarded

as a form of a multicellular organism,[6–8] where the microbial com-

munity possesses properties and characteristics not identifiable when

one studies a given microorganism in isolation.[5] Biofilms can be

found essentially in every niche on Earth occupied by microorgan-

isms and can be formed on solid surfaces, at liquid-air/gas interfaces,

and under conditions where the cells are completely submerged.[9]

Biofilms pose considerable challenges for humans through their for-

mation onmedical devices (e.g., catheters) and through their increased

resistance to anti-microbial agents.[10] On the other hand, biofilms

can also be exploited in biotechnology for the production of commer-

cially valuable compounds, in plant protection, wastewater treatment,
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and bioremediation.[11–13] Given the eco-physiological, medical and

biotechnological importance of microbial biofilms, it is not surprising

that considerable efforts have beenmade over the years to unravel the

genetic and cellular events leading to and during biofilms formation,

and those occurring during their dispersal.

Within the biofilm, genetically identical cells can form functionally

distinct cell types.[14] A common denominator of microbial biofilms

is their encasement in an extracellular polymeric substance matrix

(EPS) that typically consists of polysaccharides, secreted proteins,

and extracellular DNA.[1,15] This matrix forms the “house/city” of

the cells that actively create the biofilm.[4,16,17] The EPS provides

mechanical stability, contributes to water retention, and increases

tolerance against disinfectants and antibiotics.[18] Cells encased in

the EPS can take advantage of the close proximity to their neighbors

through the acquisition, exchange, and recycling of nutrients and
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stress protectants.[19,20] The cells can benefit via division of labor

during biofilmmatrix production,[21] and by integrating their collective

behavior through the synthesis of signaling molecules (e.g., quorum

sensing)[22] and potassium-dependent electric currents,[23–25] pro-

cesses that will also allow the timely production of virulence factors

by pathogenic microorganisms.[21] Moreover, biofilms also facilitate

horizontal gene transfer between the cells via conjugation, trans-

duction and transformation, as biofilms cannot only be formed by

members of a single microbial species but can also comprise multi-

species assemblages.[26,27] Furthermore, different chemical (e.g.,

oxygen, water, salt, and nutrients) and mechanical gradients formed

within the biofilm generate heterogeneousmicroenvironments leading

to special cellular adaptation responses of the individual cell.[20,23] In

contrast to single cells, a biofilm can be seen as a collection of highly

differentiated microorganisms that cooperate for the common good

of the population through interconnected cellular responses and

developmental programs. However, there is also intense competition

betweenmembers of the biofilm.[27,28]

BIOFILM-FORMATION BY BACILLUS SUBTILIS

Nondomesticated Bacillus subtilis isolates as model
systems for biofilm formation

One of themicroorganisms that has been intensively studied in biofilm

research is B. subtilis, a Gram-positive, spore-forming bacterium ubiq-

uitously found in terrestrial and marine ecosystems.[29,30] Ecophysio-

logically, the ability of B. subtilis to form biofilms on plant roots[31,32]

provides the cells with access to a rich supply of nutrients present in

root exudates and osmostress relieving compounds.[33,34] Biofilm for-

mation on roots is also a major trait required for the ability of B. sub-

tilis to promote plant growth and protect plants from disease-causing

microorganisms.[31,32,35]

In 1877, Ferdinand Cohn reported the isolation and initial micro-

biological characterization of B. subtilis.[36] Already in this descrip-

tion, Cohn pointed to the multicellular nature of B. subtilis cultures, an

attribute which he carefully documented in the drawing of this hall-

mark publication.[7,36] However, the knowledge about themulticellular

natureofB. subtiliswasnotwidely appreciated, as the approachusedby

bacterial geneticists to study the physiology and development of this

spore-forming microorganism required the isolation of “well-defined”

single colonies. As a consequence, B. subtilis got domesticated to labo-

ratory conditions, where the formation of “sticky” colonies (= produc-

ing the biofilm relevant EPS) was a rather undesirable trait for genetic

analysis.[14] Because of this evolution in the laboratory, all B. subtilis

strains widely used for physiological and genetic studies[37] accumu-

lated mutations that negatively affected, or even abrogated, biofilm

formation.[38–40] Hence, it was widely assumed that B. subtilis cannot

form biofilms.

Game changing was the approach taken by the groups of Roberto

Kolter and Richard Losick (both at HarvardUniversity, USA)when they

introduced a nondomesticated isolate of B. subtilis, the ancestral strain

NCIB3610, as a model system for biofilm formation.[38] This isolate,

and related strains more readily accessible to genetic analysis,[41] can

form structured macrocolonies on solid surfaces, and film-like struc-

tures at liquid-air interfaces (Figures 1A, B). The idea that nondomes-

ticatedB. subtilis isolates[39,41,42] werewell-suited for biofilm research,

gave the field an enormous boost, scientific progress that has been

lucidly described in several truly outstanding reviews.[14,21,43–46] This

allows us to only briefly describe here the core elements of the genet-

ically highly complex regulatory circuits shaping biofilm formation in

B. subtilis. Into this context of cellular differentiation by B. subtilis into

biofilms, we can now place the crucial role of the transcriptional acti-

vator protein RemA,[47,48] whose crystal structure has recently been

elucidated.[49]

B. subtilis biofilm formation: Core regulatory circuits
and cellular physiology

Three loci (epsA-epsO, tapA-sipW-tasA, bslA) are at the core of biofilm

formation of B. subtilis as they encode the enzymes and proteins

to produce the extracellular matrix.[14,21,43,44,46] The 15 genes com-

prising the epsA-epsO operon encodes the enzymes for the synthe-

sis of the exopolysaccharide component of the matrix.[38] The tapA-

sipW-tasA operon encodes an extracellular protein (TasA) that forms

long fibers, while TapA serves as an anchoring and assembly pro-

tein for TasA. SipW is a type I signal peptidase, processing the N-

terminal signal peptides of both TapA and TasA during their secretion

across the cytoplasmic membrane.[50] BslA, the product of the mono-

cistronic bslA gene, is a biofilm surface layer protein that functions as a

hydrophobin.[14,43,45]

Crucial to the cellular differentiation of B. subtilis is the response

regulator protein Spo0A,[51] a transcription factor present all the

time. Spo0A can be phosphorylated (Spo0A∼P) by various kinases to

promote DNA-binding. Five histidine kinases with partially overlap-

ping functions mediate the phosphorylation of Spo0A. Four of these

(KinA, KinB, KinC, KinD) are embedded in the cytoplasmic membrane

(Figure 1C), while the remaining kinase (KinE) is a cytoplasmic pro-

tein. The output generated by these kinases is transmitted through a

multi-protein comprising phosphorelay to Spo0A.[51,52] The degree of

Spo0A phosphorylation varies in response to environmental and cel-

lular cues,[53] which allows Spo0A∼P to determine cell fate[14,44] Low

levels of Spo0A∼P induce the expression of operons encoding tox-

ins allowing B. subtilis to turn into a cannibal to secure unusual food

sources,[54] while intermediate levels trigger biofilm formation.[53]

High levels of Spo0A∼P promote formation of desiccation- and stress

resistant spores. Sporulation is themeasure of last resort to ensure the

long-term survival of theB. subtilispopulationwhen thenutrient supply

has been completely exhausted.[14,43,55,56]

No single Kin kinase is solely responsible for biofilm formation as

their individual contribution to this differentiation process changes

in response to varying growth conditions.[57–59] The cues triggering

biofilm formation are not completely understood, but KinC plays an

import role in this process.[57,60,61] Its kinase activity is regulated by

surfactin, a motility-related lipopeptide produced by B. subtilis and also

other bacteria.[62] Surfactin inserts into the cytoplasmic membrane
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F IGURE 1 Architecture of the B. subtilis biofilm and the influence of the RemA transcriptional regulator on its formation. (A) Biofilm formation
on solid surfaces and liquid-air interfaces. 10-μl of liquid pre-cultures of the undomesticated B. subtilis strain NCIB3610 and its mutant derivatives
were spotted either onto the surface ofMSgg agar plates[38] or used to inoculateMSgg liquidmedium distributed in 6-well micro-plates. The
biofilm-forming cells were grown for three days at 30◦C andwere then imagedwith a digital reflex camera (D5600, Nikon). The following isogenic
set of B. subtilis strains were used to visualize the formation of macrocolonies and pellicles: NCIB3610 [remA+ sinR+],[38] DS2679 ([remA::TnYLB
neoR] sinR+),[47] DS859 [remA+ sinR::kanR],[71] TMB468 (remA::TnYLB neoR) sinR::spcR) (T. Hoffmann). (B) Scheme of a trans-sectional cut through a
biofilmmacro-colony and osmotically driven water fluxes influencing biofilm expansion. This figure was adapted with permission from a figure
originally published by Bremer and Krämer (2019).[108] (C) Simplified overview of the regulatory network underlying biofilm formation in B.
subtilis. The core genetic elements of B. subtilis biofilm formation and the influence of the RemA transcriptional activator protein on cellular
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and thereby causes leakage of the major cellular cation, potassium.

This process stimulates KinC activity and thus results in increased cel-

lular Spo0A∼P levels.[58,59] In turn, through its DNA-binding activ-

ity, Spo0A∼P enhances the production of SinI, an antagonist of the

SinR repressor. SinR is the central regulator of biofilm formation in

B. subtilis.[63] SinR represses the transcription of the operons/genes

(epsA-epsO, tapA-sipW-tasA, and bslA) required for the production of

the extracellularmatrix through its binding to the respective operators

(Figure 1C). Increased SinI production leads to the sequestration of the

SinR repressor into a SinI/SinR complex unable to bind DNA. As a con-

sequence, biofilm formation is promoted (Figure 1C).[14,43,44]

However, SinI is not the only antagonist of SinR. SlrR is also able

to interact with SinR with high affinity, and as such is thought to act

similar to SinI. Moreover, the SlrR/SinR complex is able to bind DNA

and to repress the transcription of genes required for motility and cell

division (Figure 1C).[64] Therefore, the cellular level of SlrR is criti-

cal for the decision of whether a cell is motile or sessile, a prerequi-

site for biofilm formation.[64–67] Besides SinI and SlrR, SlrA seems also

to act as a repressor of SinR, albeit the functional consequences are

less clear.[64,65] Taken together, biofilm formation by B. subtilis relies

on a highly tunable signaling and response network, which enables

the integration of multiple external and internal cues with SinR in its

center.[14,43] However, as shown in previous work,[63] and as visual-

ized in Figure 1A, deletion of the sinR repressor gene does not abro-

gate biofilm formationbyB. subtilis. This leaves open thepossibility that

other factor(s) are needed as positive activator(s) for biofilm formation

once SinR is removed.

RemA: A CRUCIAL PLAYER IN BIOFILM
FORMATION

Discovery of RemA

Onset of biofilm formation by B. subtilis is hallmarked by a cellular

switch from amotile state to a sessile cell form that can adhere to vari-

ous types of surfaces.[14,32,35,43] Motile cells are characterized by flag-

ella, which are rotary motor structures enabling the movement of B.

subtilis through liquids and on semisolid surfaces.[68,69] This process is

influenced by the EpsE protein that not only functions as a glycosyl-

transferase participating in EPS synthesis,[43] but also restricts rota-

tion of the flagellar motor.[70–72] Because SinR represses epsA-epsO

transcription,[63,73,74] increased EpsE synthesis in a sinR mutant indi-

rectly leads to nonmotile B. subtilis cells.[70,71]

Daniel B. Kearns and his team (Indiana University, USA) set up a

suppressor screen to search for second-site mutants that can over-

come the EpsE-mediated block in cell motility. Using transposonmuta-

genesis, two genetically unlinked insertion mutations in previously

uncharacterized B. subtilis genes were recovered that were named

remA and remB (rem: regulators of extracellular matrix).[47] RemA is

a phylogenomically broadly conserved 89-amino-acid protein, while

RemB is a more narrowly conserved 81-amino-acid protein. Disrup-

tion of either gene reduced the transcription of the epsA-epsO operon

in a sinR mutant strain and thereby decreased the cellular levels of

the motility inhibitor EpsE to a degree that the flagellum-dependent

cell motility was restored. Concomitantly, biofilm formation was abro-

gated (Figure 1A).[47,48] In addition to the epsA-epsO and tapA-sipW-

tasA operons, expression of bslA, the structural gene for the BslA

hydrophobin,[75,76] is also under the control of the RemA.[48] Impor-

tantly, remA mutations are epistatic to a genetic disruption of sinR. In

other words, even when the central biofilm operons epsA-epsO and

tapA-sipW-tasA are expressed at high levels in the absence of the SinR

repressor, RemA is strictly required for biofilm formation both on solid

surfaces andat liquid-air interfaces (Figure1A).[47] Hence, there canbe

no doubt that RemA serves as a central transcriptional activator pro-

tein for the expression of those genes that are at the core of biofilm

formation by B. subtilis.

Microarray expression studies suggested further regulatory roles of

RemA for the cellular physiology of B. subtilis.[48] By comparing the

transcriptional profile of cells with an intact remA gene with that of

an isogenic remA mutant strain, 70 genes were found to be affected

by the loss of RemA. Of these, transcription of 51 genes were acti-

vated by RemA, while that of 19 genes was inhibited (see Tables 1 and

2 in reference[48]). Among those genes whose transcriptional activity

was inhibited by RemA were twelve genes that are functionally asso-

ciated with motility and chemotaxis, including hag, the structural gene

of flagellin.[69,72] Notably, all these twelve genes are members of the

σD-regulon.[77] Three functionally relatedgroups could readily be iden-
tified among those 51 genes that required RemA for optimal genes

expression. Besides the14genes associatedwithbiofilm formation, the

products of 11 genes are involved in the development of osmotic stress

resistance, and 26 genes are associated with nitrogenmetabolism (see

Table 1 in reference [48] and our text below).

Although RemAwas discoveredmore than 10 years ago, its genetic,

biochemical, and structural analysis lags far behind in comparison with

other key components of the regulatory network controlling biofilm

formation by B. subtilis.[14,43,44] This is rather surprising because RemA

is the only regulator of biofilm formation in B. subtilis that is essential

for activating this cellular differentiation process. The recent report on

the structural and biochemical analysis of RemA[49] now provides new

incentives to further explore the role of this central biofilm regulator in

B. subtilis.Moreover, genome-wide transcriptional data suggest awider

role for RemA in cellular physiology of B. subtilis,[48] thereby opening

new avenues for research.

differentiation and osmotic tolerance. The genetic and biochemical regulatory circuits leading to the switch from planktonic motile cells to biofilms
have been detailed in previously reported comprehensive reviews.[14,43,44] Cellular adaptation of B. subtilis to high osmolarity surroundings can
occur through the import of various types of osmostress protectants (e.g., glycine betaine, carnitine) via theOpuA, OpuB, andOpuCABC transport
systems,[110] and RemA positively affects the transcription of the corresponding operons.[48]
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RemA: a transcriptional activator with unique
structural features

RemA is a small protein of only 89 amino acids with no apparent

DNA binding motif, or domain, that can be deduced from its amino

acid sequence.[47,48] Key to the successful structure determination of

RemA by X-ray crystallography was the use of the homologue from

the thermophilic bacteriumGeobacillus thermodenitrificans, as biochem-

ical and structural analysis of the recombinant B. subtilis protein was

hampered by its low solubility.[49] In solution, RemA forms an octamer

in which each of the eight subunits assembles in a donut-like struc-

ture (Figure 2A). Depending on protein concentration, both in solu-

tion and within the crystal, two RemA octamers can assemble into

a dimeric superstructure, giving the visual impression of a double-

donut (Figure 2B). A positively charged outer surface is created by

three closely spaced arginines on each monomer of the RemA double-

donut structure. (Figures 2A, B). Removal of the side chains of these

arginines through site-directed mutagenesis to alanine residues abol-

ished DNA-binding and the functionality of RemA as an activator for

biofilm formation.[49]

The structural analysis of RemA showed that two adjacent sub-

units within the octamer possess significant structural similarity in its

presumed DNA-binding region to LytTR-type DNA-binding domains

(Figure 2C). These motifs are frequently found in multidomain, two

component response regulators.[78–80] LytTR domains typically bind

to specific DNA sites through the major groove side of their target

DNA.[78] Superimposition of the structure of a DNA-bound LytTR

domain present in the C-terminus of the response regulator AgrA

(AgrA_C) from Staphylococcus aureuswith a dimer of RemA gives a first

impression of how RemA could bind DNA. This structural compari-

son shows that the surface-exposed arginines in the loop region of

RemA[49] match well with the position of DNA bound by the LytTR-

domain present in AgrA[78] (Figure 2C). The exact mechanism of DNA

binding to RemA awaits further clarification. However, one RemA

octamer might accommodate up to four DNA-binding motifs at the

same time, which would than lead to a wrapping of the DNA around

the RemA octamer (Figure 2D).

The DNA-binding capacity of RemA could further increase because,

as mentioned above, two RemA octamers can form a functionally rel-

evant double donut superstructure (Figures 2B, D).[49] In this config-

uration, RemA would be able to recognize up to eight DNA-binding

motifs. Consequently, this would lead to a DNA-wrapping around the

RemA octamer in a pattern similar to that observed for DNAwrapping

in archaeal/eukaryotic nucleosomes (Figure 2E),[81–83] or in a fashion

resembling that suggested for microbial AsnC/LrpC-type regulatory

proteins (Figure 2F).[84–86].

The idea thatRemAwrapsDNA is supportedby theobservation that

it binds to unusually longDNA targets ranging from246up to 290 base

pairs. TheseDNAsegments contain consecutive, butweakly conserved

consensus sequences that are AT-rich.[48] The length of the DNA tar-

gets would be sufficient to wrap twice around the double donut super-

structure of RemA (Figures 2B, D). The AT-rich nature of the DNA tar-

gets of RemA is important to enable amaximal degree ofDNAbending,

because AT-rich DNAs are well known for their bending abilities.[87]

Thus, it is becoming evident that the RemA protein forms octameric

rings that can assemble into a superstructure formed by two such

rings.[49] RemA requires a series of individual, direct repeat binding

sites with a weak consensus (AGNAAAA), which should cooperatively

enable the binding of RemA to its target DNA.[48]

The structural analysis of RemA predicts eight DNA binding

sites when two RemA octamers form a double donut structure

(Figure 2B).[49] However, this prediction is not met by DNAse foot

printing analysis at the Peps, Ptap, and Popu promoters, safely reveal-

ing only six protected regions (Figures 3A, C).[48] The reason for this

discrepancymight simply be the result of the N-terminal maltose bind-

ing protein (MBP)-tag used to increase solubility of the RemA protein

used for the in vitro foot printing analysis.[48] We could recently show

that tags present at N-terminus of the protein affect its ability to form

its double donut superstructure,[49] which consequently would affect

the number of observable footprints. Hence, future structural studies

are needed to further clarify the exact details of the unusual way of

DNA binding by RemA-type transcription factors. It is most urgent in

this context to obtain a crystal structure of RemA with bound target

DNA.

Integration of RemA into the transcriptional
regulatory circuits shaping biofilm formation

How is the DNA-binding activity of RemA regulated? Loss of the SinR

repressor derepresses the expression of the genes central for biofilm

formation.[63,73,88] Despite this, RemA is strictly required for this cel-

lular differentiation process, as a remA mutation is epistatic to a sinR

mutation (Figure 1A).[48] This finding establishes the critical role of

RemA for the entire biofilm forming process, and points to an inter-

play between SinR and RemA. In vitro transcription assays employ-

ing σA-containing RNA polymerase (RNAP) holoenzyme and purified

RemA as a hybrid maltose-binding protein fusion consolidated this

idea.[48] These experiments show that SinR can abolish the RemA-

dependent transcription of Peps and PtapA promoters when present

on linear templates. Therefore, SinR can be viewed as an anti-activator

of RemA.[48]

RemA and SinR share overlapping binding motifs at the PepsA

and the PtapA regions (Figure 3A)[48] In both cases, the weakly con-

served RemA binding sites, which were identified by DNaseI protec-

tion assays,[48] partly overlap with the highly defined DNA recogni-

tion motifs of SinR (Figure 3A). At both promoters, two separately

spaced SinR operators are present. To accommodate this finding, it has

been suggested that the dimeric SinR protein might form a tetramer

that could lead to loop formation of the target DNA (Figure 3B).[74,88]

WhenSinRbinds at thepromoter of the epsA-epsOoperon, the−10and

−35promoter core elements couldpossibly still allow interactionswith

RNAP, while they are probably prevented through a DNA loop poten-

tially formed by SinR at PtapA (Figure 3A). The known RemA and SinR

binding sites differ between the PepsA and the PtapA promoter regions

(Figure 3A; compare the upper and lower panels). While the positions of
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F IGURE 2 RemA is an unusual DNA binding protein. (A) Two views on the structure of the RemA octamer, which forms a donut-like
structure.[49] The eight monomers within the octamer are alternately colored in blue and green. The positions of the arginines 50, 51, and 53,
which are required for DNA binding,[49] are marked in red. (B) Structure of the dimer of the RemA octamer. The color code is as described in
Figure 2A. (C) The structural arrangement of twomonomers (left side) is reminiscent to the LytTR-type DNA-binding domain found in a variety of
bacterial transcriptional regulators,[78,79] such as those found at the C-terminus of the AgrA response regulator from S. aureus[78] (right side). The
positions of the three arginines required for DNA binding by RemA[49] are indicated by red dots. (D) Superimposition of the structures of eight
AgrA C-terminal domains bound to DNA (PDB-ID: 3BS1) onto (RemA)16 (PDB-ID: 7BM2). The AgrA-C domains were excluded from the figure for
reasons of clarity; only the DNA (orange) is shown. (E) Structure of the nucleosomewith the histone proteins (different colors) bound to DNA
(orange) (PDB-ID: 2F8N). (F) Structure of the AsnC-type transcriptional regulator LrpC from B. subtilis (green; PDB-ID: 2CFX) superimposedwith
the PH1519 domain bound to DNA (PDB-ID: 2E1C). The PH1519 domain was excluded from the figure for reasons of clarity; the DNA is shown in
orange
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F IGURE 3 Transcriptional activation by RemA. (A) Scheme of the PepsA and PtapA promoter regions. The positions of RemA, SinR, and the
−35 and−10 promoter regions are indicated in blue, red, and yellow, respectively. “Y” represents an unspecified pyrimidine base. (B) Hypothetical
mechanism of the regulatory interplay of SinR (red) and RemA (blue). Note: The DNA is drawn as a cartoon and is only thought to illustrate
different topologies, which we speculate to be induced by RemA and SinR. (C) Scheme of the PopuA regulatory region indicating RemA binding
motifs in blue and the−35 and−10 boxes of the promoter are shown in yellow. The grey box indicates the binding site of a yet to be identified
hypothetical regulator of RemA binding, whichmight act like the SinR repressor. (D) Organismic distribution and genetic neighborhood of remA
(blue). yloC (dark grey) encodes for an endonuclease,[120] gmk (green) encodes for guanylate kinase converting GMP into GDP in an
ATP-consumingmanner,[118] and rpoZ (light grey) encodes for the omega subunit of the RNA polymerase.[119]
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binding sites for RemA and SinR localize upstream of the −35 box of

the σA-type PepsA promoter, the positions of two of the SinR binding

sites are found downstream of the −10 box at PtapA. The functional

consequences of the differences in the location of the binding sites

are unknow. However, inspection of the positions of SinR and RemA

binding sites at the PepsA and the PtapA promoter regions suggests

that molecular differences exist in the interplay of RemA and its anti-

activator SinR. The only experimental evidence supporting this idea

is that SinR abolished all RemA-dependent protections and enhance-

ments during theDNaseI footprint analysis at PepsA, while thatwasnot

the case for PtapA.[48] These experiments might suggest that SinR is

able to occlude RemA from the PepsA promoter, while eventually being

able to bind simultaneously with RemA at PtapA.

How might RemA and its anti-activator SinR act together at the

molecular level? SinR interacts as a tetramer with its target DNA

through its N-terminal Helix-turn-Helix (HTH) domain (Figure 3B, left

side).[74,88,89] The HTH-domain of SinR inserts into the major groove,

and SinR can make base-specific interactions with a maximum of

five bases out the seven base-pairs long consensus motif.[74] In con-

trast, RemA forms octamers and a double octameric superstructure; it

requires a series of individual, direct repeat binding sites with a weak

consensus (AGNAAAA). This feature of its specific target sites is per-

haps compensated for by cooperative binding of RemA.[48,49] More-

over, structural and biochemical evidence suggests that RemA is able

to bend and wrap DNA in a way similar to nucleosomes (see above;

Figure 3B, right side). These two highly different ways of DNA-binding

used by the RemA and SinR proteins might lead to an altering of the

DNA topology of the given promoter region, and as such change the

expression of the respective genes.[90,91] However, further studies are

required to critically assess this idea.

SinR, which seems to be constitutively produced at low levels

throughout growth, is regulated by its antagonist SinI. SinI is expressed

at low levels during vegetative growth and at higher levels during

sporulation, because it is under the control of the sporulation response

regulator, Spo0A.[92,93] However, upon activation of Spo0A, a subset

of cells within the population expresses sinI at much higher levels,[64]

thereby leading to biofilm formation. Besides SinI, SlrR also acts as

repressor of SinR,[94,95] and the SlrR/SinR complex represses genes

involved in flagellar biosynthesis and cell separation.[64,65] Moreover,

SlrA also seems to act as a antagonist of SinR. Taken together, these

data suggest that the DNA-binding of the SinR repressor is tightly

regulated via these three antagonists (Figures 1C and 3B). This cre-

ates a complex molecular framework between RemA, SinR and its

antagonists, as well as genetic feedback loops fostered by these

interactions.[64–67,95] However, without RemA, this complex regula-

tory network leading to biofilm formation is going to fail, because

RemA seems to ensure the “correct” DNA topology to activate the

respective promoters for the operons/genes at the core of biofilm for-

mation by B. subtilis (Figure 1C). How RemA executes this important

function is subject to future research. Moreover, it is important to

understand how the RemA-induced hypothesized topological changes

of its DNA targets impacts transcription activation through RNAP. Fur-

thermore, we need to understand whether other regulatory factors

are involved, and whether the action of RemAmight differ at different

target promoters. Finally, it is unclear whether, when and how RemA

releases its target DNA and whether this process is driven by concen-

trations of “free” SinR, or additional factors (Figure 3B).

How is DNA-binding of RemA or target gene
selection regulated?

In B. subtilis, remA is expressed from two promoters. One of these is

positionedup-streamof the yloC-remA-gmk-rpoZgene cluster,while the

second promoter is present in front of remA.[47,96] Notably, the tran-

scription of remA is not under SinR control, ruling out the possibility

that the epistatic nature of remAmutations over those of sinR gene dis-

ruptions is caused by transcriptional effects.[47] Data derived from a

comprehensive genome-wide transcriptional profiling ofB. subtilis cells

grownunder awide spectrumof conditions suggest that the expression

of the remA structural gene does not strongly vary.[96,97] These find-

ings suggest that the RemA protein is probably present in rather con-

stant levels in planctonic and sessile cells. Hence, the transcriptional

control of remA does not seem to be the major factor shaping its role

in biofilm formation.[47,48] Collectively, the available transcriptional

data pointedly raise the question how the timing of DNA-binding by

RemA, and hence transcriptional activation of biofilm genes, is deter-

mined, and how the selection of its target genes is accomplished. Cur-

rently, one can only speculate about the underlying molecular deter-

minants for these processes, but posttranslational modifications, bind-

ing of lowmolecularmass effectormolecules, and interactions ofRemA

with other proteins come tomind.

FUNCTIONS OF RemA BEYOND THE BIOFILM

Roles of RemA in nitrogen metabolism

A surprisingly large number of members (26 genes) of the RemA regu-

lon are functionally associated with nitrogen metabolism as revealed

by transcriptional profiling of remA+ and remA mutant strains.[48]

Prominent RemA-responsive operons were those for the import and

utilization of purine bases (e.g., pucA-E and pucJ-L) that can be used

by B. subtilis either for nucleotide synthesis or as source of nitrogen.

The pucA-E and pucJ-LM operons are jointly controlled by the PucR

regulatory protein.[98] Likewise, nitrate and ammonium transporter

genes, such as nasA, and those for the nitrate reductase are mem-

bers of the RemA-regulon as well.[48,99] Furthermore, the transcrip-

tional activity of the gene encoding the L-asparaginase AnsZ, which

converts L-asparagine into aspartate and ammonia,[100] was activated

by RemA as well.[48] This was also true for genes encoding urease,[48]

an enzyme which enables B. subtilis to use urea as alternative nitro-

gen source.[101] Notably, the transcriptional data derived from the

RemA microarrays[48] correlate nicely with the comprehensive tran-

scriptional profiling study of Nicolas et al. (2012), where all the afore-

mentioned genes are highly expressed in B. subtilis cells grown in the
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biofilm-promoting MSgg medium.[97] Taken together, these data imply

that RemA plays an important role in activating genes central to the

nitrogen metabolism of B. subtilis. However, to this end no further

molecular or genetic data are available. It should be noted in this con-

text that gene expression underlying the nitrogen stress response of

developing B. subtilis strains are contributors to organize cellular dif-

ferentiation with the biofilm in space and time.[102]

Adjusting to high osmolarity incurred cellular stress

Bacterial biofilms present a special osmotic environment for each par-

ticipating cell, because the sugar components of the EPS generates

osmotic pressure and affect water distribution, retention and the abil-

ity of the biofilm to repair structural disruptions.[45,103–107] The senor-

kinase KinD (Figure 1C) is involved in detecting matrix components,

and as a result of its signaling activity negatively affects matrix gene

expression at high osmolarity.[103] Furthermore, the air-exposed sur-

face of the B. subtilis biofilm is covered by the hydrophobin BslA,

thereby endowing it with Teflon-like attributes (Figure 1B).[45,75,76]

Consequently, these physical cues modulate and shape the growth

of the entire biofilm,[104,105] and require osmostress adaptative

responses by individual cells.[108,109] An important observation from

the transcriptional profiling experiments[48] was therefore that RemA

can also act at osmotically regulated promoters of operons encod-

ing central components (OpuA, OpuB, OpuC) of the cellular B. sub-

tilisosmostress adjustment response.[109,110] The opuA, opuB, and opuC

operons encode ABC-transporters[110] for the import of a broad range

of osmostress protectants (e.g., glycine betaine), the so-called compat-

ible solutes.[108,111] These organic osmolytes are widely found in the

soil and are present also in plant root exudates.[33,34,112] Their accu-

mulation stimulates growth of B. subtilis under osmotically unfavor-

able environmental conditions.[109,110] Osmotic stress can originate

from ionic (e.g., NaCl, KCl), but also from non-ionic compounds, such

as sugars, which are highly abundant in the biofilm matrix.[113] For yet

unknown reasons, sugars are particular strong inducers of opu gene

expression when comparedwith iso-osmotic solutions of ions.[114]

RemA has so far only been studied at the osmostress-responsive

promoter of opuA, encoding the major importer for the compatible

solute glycine betaine in B. subtilis.[110] RemA binds in a repeating pat-

tern at the osmoregulated σA-type opuA promoter,[114] as observed for

the PepsA and the PtapA promoter regions (Figure 3C).[48] However,

in comparison with the corresponding regulatory regions of PepsA and

the PtapA, the mapped RemA binding sites at PopuA are positioned

further upstream of the −35 region (compare: Figures 3A and C).[114]

Binding of SinR to the PopuA has so-far not been reported, raising

the question whether a yet unidentified repressor for the genetic con-

trol of the opuA promoter exists (Figure 3C). While no system-specific

repressor or activator for opuA is known, GbsR-type repressors, mem-

bers of the MarR-family, control the expression of the opuB and opuC

operons.[115–117] Collectively, these findings suggest that RemA plays

an important – yet poorly understood role – during the osmostress

response of B. subtilis through its influence on osmotically regulated

operons (opuA, opuB, opuC) encoding high-affinity importers for a

wide spectrumof growth-promoting compatible solutes.[109,110] While

RemA has been shown to bind to the PopuA regulatory region,[48] its

influence on the genes for themajor osmostress protectant import sys-

tems of B. subtilis[109,110] requires further molecular and physiological

studies specifically in the frameworkof biofilm formation.[110] Further-

more, the question whether RemA serves as a general osmoregulatory

transcription factor coordinating the cellular response by B. subtilis to

high osmolarity surroundings needs to be answered as well.[108,109]

CONCLUSIONS AND FUTURE DIRECTIONS

RemA plays an essential role for biofilm formation of B. subtilis, but the

importance of this transcriptional activator has long been overlooked.

This unusual DNA-binding protein can form octamers with the ability

to form a dimeric superstructure. As such, RemA has the potential to

wrapDNAaround its positively charged outer surface and thereby cre-

ate nucleosome-like structures. These structures will alter local DNA

topology andhence should affect geneexpression.While a basic under-

standing for the role of RemA in controlling EPS production is emerg-

ing, the molecular underpinnings for its role in osmostress adaptation

and nitrogenmetabolism are still elusive.

In all bacteria possessing remA, this gene always colocalizes with

gmk encoding guanylate kinase (Figure 3D), a central enzyme of the

guanosine-triphosphate (GTP) biosynthesis pathway.[118] However,

the physiological relevance of the conserved remA-gmk genetic archi-

tecture is unclear but it should be noted that these two genes are co-

expressed in B. subtilis[48] along with rpoZ, the omega-subunit of the

RNA-polymerase.[119] Moreover, remA is present in many bacteria,[48]

albeit no studies on its function exist outside of B. subtilis. Interestingly,

some of the species that possess remA-type genes do not possess iden-

tifiable matrix genes in their sequenced genomes,[48] implying a wider,

yet to be fully defined, role of the RemA regulatory protein inmicrobial

physiology.

We expect that the recently elucidated structure of the RemA tran-

scriptional activator will serve as a starting point for further mecha-

nistic studies of this protein and its multifaceted roles in B. subtilis and

beyond.

ACKNOWLEDGMENTS

We thank Daniel B. Kearns (Indiana University, Bloomington, IN, USA)

for inspiring discussions on the genetics of RemA and for generously

providing bacterial strains. We appreciate the help of Vickie Koogle

in the language editing of our manuscript. E.B. is grateful to Anke

Becker (SYNMIKRO; University of Marburg) for her kind hospitality

and assistance. E.B. and G.B. thank the Deutsche Forschungsgemein-

schaft (DFG) for funding through the Collaborative Research Coun-

cil CRC 987 (SFB 987). G.B. acknowledges the Max Planck Society for

financial support through aMax-Planck-Fellowship.

CONFLICT OF INTEREST

The authors declared no conflict of interest.



10 of 13 BREMER ET AL.

AUTHORS CONTRIBUTIONS

E.B. and G.B. wrote the manuscript with contributions from all other

authors. E.B., T.H., F.D., P.D., and G.B. designed and drew the figures. All

authors read and approved themanuscript for submission.

DATA AVAILABILITY STATEMENT

Does not apply as no new data were generated for this manuscript.

ORCID

ErhardBremer https://orcid.org/0000-0002-2225-7005

TamaraHoffmann https://orcid.org/0000-0002-5218-8506

FelixDempwolff https://orcid.org/0000-0002-7788-8445

PatriciaBedrunka https://orcid.org/0000-0002-9984-5518

Gert Bange https://orcid.org/0000-0002-7826-0932

REFERENCES

1. Flemming, H. C., & Wuertz, S. (2019). Bacteria and archaea on Earth

and their abundance in biofilms. Nature Reviews Microbiology, 17(4),
247–260. https://doi.org/10.1038/s41579-019-0158-9

2. van Wolferen, M., Orell, A., & Albers, S. V. (2018). Archaeal biofilm

formation.Nature ReviewsMicrobiology, 16(11), 699–713. https://doi.
org/10.1038/s41579-018-0058-4

3. Davey, M. E., & O’Toole, G. A. (2000). Microbial biofilms: From

ecology to molecular genetics. Microbiology and Molecular Biology
Reviews, 64(4), 847–867. https://doi.org/10.1128/MMBR.64.4.847-

867.2000

4. Watnick, P., & Kolter, R. (2000). Biofilm, city of microbes. Journal of
Bacteriology, 182(10), 2675–2679. https://doi.org/10.1128/JB.182.
10.2675-2679.2000

5. Flemming, H. C., Wingender, J., Szewzyk, U., Steinberg, P., Rice, S.

A., & Kjelleberg, S. (2016). Biofilms: An emergent form of bacterial

life. Nature Reviews Microbiology, 14(9), 563–575. https://doi.org/10.
1038/nrmicro.2016.94

6. Shapiro, J. A. (1998). Thinking about bacterial populations as multi-

cellular organisms. Annual Review of Microbiology, 52, 81–104. https:
//doi.org/10.1146/annurev.micro.52.1.81

7. Aguilar, C., Vlamakis,H., Losick, R., &Kolter, R. (2007). Thinking about

Bacillus subtilis as a multicellular organism. Current Opinion in Micro-
biolog, 10(6), 638–643. https://doi.org/10.1016/j.mib.2007.09.006

8. Serra, D. O., & Hengge, R. (2021). Bacterial multicellularity: The

biology of Escherichia coli building large-ccale biofilm communities.

Annual Review ofMicrobiology, 75, 269–290. https://doi.org/10.1146/
annurev-micro-031921-055801

9. Dergham, Y., Sanchez-Vizuete, P., Le Coq, D., Deschamps, J., Bridier,

A., Hamze, K., & Briandet, R. (2021). Comparison of the genetic

fatures Involved in Bacillus subtilis bofilm formation using multi-

culturing approaches. Microorganisms, 9(3), 633. https://doi.org/10.
3390/microorganisms9030633

10. Cruz, A., Condinho, M., Carvalho, B., Arraiano, C. M., Pobre, V., &

Pinto, S. N. (2021). The two weapons against bacterial biofilms:

Detection and treatment. Antibiotics (Basel), 1482(12). https://doi.
org/10.3390/antibiotics10121482

11. Muhammad, M. H., Idris, A. L., Fan, X., Guo, Y., Yu, Y., Jin, X., Qiu, J.,

Guan, X., &Huang, T. (2020). Beyond risk: Bacterial biofilms and their

regulating approaches. Frontiers in Microbiology, 11, 928. https://doi.
org/10.3389/fmicb.2020.00928

12. Balan, B., Dhaulaniya, A. S., Varma, D. A., Sodhi, K. K., Kumar, M.,

Tiwari, M., & Singh, D. K. (2021). Microbial biofilm ecology, in sil-

ico study of quorum sensing receptor-ligand interactions and biofilm

mediated bioremediation. Archives of Microbiology, 203(1), 13–30.
https://doi.org/10.1007/s00203-020-02012-9

13. Mukherjee,M., &Cao, B. (2021). Engineering controllable biofilms for

biotechnological applications. Microbial Biotechnology, 14(1), 74–78.
https://doi.org/10.1111/1751-7915.13715

14. Vlamakis, H., Chai, Y., Beauregard, P., Losick, R., & Kolter, R.

(2013). Sticking together: Building a biofilm the Bacillus subtilis

way.Nature ReviewsMicrobiology, 11(3), 157–168. https://doi.org/10.
1038/nrmicro2960

15. Costerton, J. W., Cheng, K. J., Geesey, G. G., Ladd, T. I., Nickel, J. C.,

Dasgupta, M., & Marrie, T. J. (1987). Bacterial biofilms in nature and

disease. Annual Review of Microbiology, 41, 435–464. https://doi.org/
10.1146/annurev.mi.41.100187.002251

16. Karygianni, L., Ren, Z., Koo, H., & Thurnheer, T. (2020). Biofilm

matrixome: Extracellular components in structured microbial com-

munities. Trends Microbiol, 28(8), 668–681. https://doi.org/10.1016/
j.tim.2020.03.016

17. Serra, D. O., Richter, A. M., Klauck, G., Mika, F., & Hengge, R. (2013).

Microanatomy at cellular resolution and spatial order of physiolog-

ical differentiation in a bacterial biofilm. mBio, 4(2), e00103-00113.
https://doi.org/10.1128/mBio.00103-13

18. Nadar, S., Khan, T., Patching, S. G., & Omri, A. (2022). Develop-

ment of antibiofilm therapeutics strategies to overcome antimicro-

bial drug resistance. Microorganisms, 10(2), 303. https://doi.org/10.
3390/microorganisms10020303

19. Kapfhammer, D., Karatan, E., Pflughoeft, K. J., &Watnick, P. I. (2005).

Role for glycine betaine transport in Vibrio cholerae osmoadaptation

andbiofilm formationwithinmicrobial communities.Applied and envi-
ronmental microbiology, 71(7), 3840–3847. https://doi.org/10.1128/
AEM.71.7.3840-3847.2005

20. Diaz-Pascual, F., Lempp, M., Nosho, K., Jeckel, H., Jo, J. K., Neuhaus,

K., Hartmann, R., Jelli, E., Hansen, M. F., Price-Whelan, A., Dietrich, L.

E., Link, H., & Drescher, K. (2021). Spatial alanine metabolism deter-

mines local growth dynamics of. Escherichia coli colonies. eLIFE, 10,
e70794. https://doi.org/10.7554/eLife.70794

21. van Gestel, J., Vlamakis, H., & Kolter, R. (2015). Division of labor

in biofilms: The ecology of cell dfferentiation. Microbiology Spec-
trum, 3(2), MB-0002-2014. https://doi.org/10.1128/microbiolspec.

MB-0002-2014

22. Spacapan, M., Danevcic, T., Stefanic, P., Porter, M., Stanley-Wall, N.

R., & Mandic-Mulec, I. (2020). The ComX quorum sensing peptide

of Bacillus subtilis afects biofilm formation negatively and sporula-

tion positively. Microorganisms, 8(8), 1131. https://doi.org/10.3390/
microorganisms8081131

23. Liu, J., Martinez-Corral, R., Prindle, A., Lee, D. D., Larkin, J., Gabalda-

Sagarra, M., Garcia-Ojalvo, J., & Süel, G. M. (2017). Coupling

between distant biofilms and emergence of nutrient time-sharing.

Science, 356(6338), 638–642. https://doi.org/10.1126/science.

aah4204

24. Prindle, A., Liu, J., Asally, M., Ly, S., Garcia-Ojalvo, J., & Suel, G. M.

(2015). Ion channels enable electrical communication in bacterial

communities. Nature, 527(7576), 59–63. https://doi.org/10.1038/
nature15709

25. Bavaharan, A., & Skilbeck, C. (2022). Electrical signalling in prokary-

otes and its convergence with quorum sensing in Bacillus. Bioessays,
e2100193. https://doi.org/10.1002/bies.202100193

26. da Silva, R. A. G., Afonina, I., & Kline, K. A. (2021). Eradicating biofilm

infections:Anupdateon current andprospective approaches.Current
Opinion in Microbiology, 63, 117–125. https://doi.org/10.1016/j.mib.

2021.07.001

27. Luo, A.,Wang, F., Sun, D., Liu, X., & Xin, B. (2021). Formation, develop-

ment, and cross-species interactions in biofilms. Frontiers inMicrobiol-
ogy, 12, 757327. https://doi.org/10.3389/fmicb.2021.757327

28. Kraigher, B., Butolen, M., Stefanic, P., & Mandic Mulec, I. (2022).

Kin discrimination drives territorial exclusion during Bacillus subtilis

swarming and restrains exploitation of surfactin. The Isme Journal,
16(3), 833–841. https://doi.org/10.1038/s41396-021-01124-4

https://orcid.org/0000-0002-2225-7005
https://orcid.org/0000-0002-2225-7005
https://orcid.org/0000-0002-5218-8506
https://orcid.org/0000-0002-5218-8506
https://orcid.org/0000-0002-7788-8445
https://orcid.org/0000-0002-7788-8445
https://orcid.org/0000-0002-9984-5518
https://orcid.org/0000-0002-9984-5518
https://orcid.org/0000-0002-7826-0932
https://orcid.org/0000-0002-7826-0932
https://doi.org/10.1038/s41579-019-0158-9
https://doi.org/10.1038/s41579-018-0058-4
https://doi.org/10.1038/s41579-018-0058-4
https://doi.org/10.1128/MMBR.64.4.847-867.2000
https://doi.org/10.1128/MMBR.64.4.847-867.2000
https://doi.org/10.1128/JB.182.10.2675-2679.2000
https://doi.org/10.1128/JB.182.10.2675-2679.2000
https://doi.org/10.1038/nrmicro.2016.94
https://doi.org/10.1038/nrmicro.2016.94
https://doi.org/10.1146/annurev.micro.52.1.81
https://doi.org/10.1146/annurev.micro.52.1.81
https://doi.org/10.1016/j.mib.2007.09.006
https://doi.org/10.1146/annurev-micro-031921-055801
https://doi.org/10.1146/annurev-micro-031921-055801
https://doi.org/10.3390/microorganisms9030633
https://doi.org/10.3390/microorganisms9030633
https://doi.org/10.3390/antibiotics10121482
https://doi.org/10.3390/antibiotics10121482
https://doi.org/10.3389/fmicb.2020.00928
https://doi.org/10.3389/fmicb.2020.00928
https://doi.org/10.1007/s00203-020-02012-9
https://doi.org/10.1111/1751-7915.13715
https://doi.org/10.1038/nrmicro2960
https://doi.org/10.1038/nrmicro2960
https://doi.org/10.1146/annurev.mi.41.100187.002251
https://doi.org/10.1146/annurev.mi.41.100187.002251
https://doi.org/10.1016/j.tim.2020.03.016
https://doi.org/10.1016/j.tim.2020.03.016
https://doi.org/10.1128/mBio.00103-13
https://doi.org/10.3390/microorganisms10020303
https://doi.org/10.3390/microorganisms10020303
https://doi.org/10.1128/AEM.71.7.3840-3847.2005
https://doi.org/10.1128/AEM.71.7.3840-3847.2005
https://doi.org/10.7554/eLife.70794
https://doi.org/10.1128/microbiolspec.MB-0002-2014
https://doi.org/10.1128/microbiolspec.MB-0002-2014
https://doi.org/10.3390/microorganisms8081131
https://doi.org/10.3390/microorganisms8081131
https://doi.org/10.1126/science.aah4204
https://doi.org/10.1126/science.aah4204
https://doi.org/10.1038/nature15709
https://doi.org/10.1038/nature15709
https://doi.org/10.1002/bies.202100193
https://doi.org/10.1016/j.mib.2021.07.001
https://doi.org/10.1016/j.mib.2021.07.001
https://doi.org/10.3389/fmicb.2021.757327
https://doi.org/10.1038/s41396-021-01124-4


BREMER ET AL. 11 of 13

29. Earl, A. M., Losick, R., & Kolter, R. (2008). Ecology and genomics of

Bacillus subtilis. Trends Microbiol, 16(6), 269–275. https://doi.org/10.
1016/j.tim.2008.03.004

30. Mandic-Mulec, I., Stefanic, P., & van Elsas, J. D. (2015). Ecology of

Bacillaceae.Microbiology Spectrum, 3(2), TBS-0017-2013. https://doi.
org/10.1128/microbiolspec.TBS-0017-2013

31. Allard-Massicotte, R., Tessier, L., Lecuyer, F., Lakshmanan, V., Lucier, J.

F., Garneau, D., Caudwell, L., Vlamakis, H., Bais, H. P., & Beauregard, P.

B. (2016). Bacillus subtilis early colonization of Arabidopsis thaliana

roots involves multiple chemotaxis receptors. mBio, 7(6), e01664-
01616. https://doi.org/10.1128/mBio.01664-16

32. Blake, C., Christensen, M. N., & Kovacs, A. T. (2021). Molecular

aspects of plant growthpromotion andprotection byBacillus subtilis.

Molecular Plant-Microbe Interactions, 34(1), 15–25. https://doi.org/10.
1094/MPMI-08-20-0225-CR

33. Bashir, A., Hoffmann, T., Kempf, B., Xie, X., Smits, S. H., & Bremer,

E. (2014). The plant-derived compatible solutes proline betaine and

betonicine confer enhanced osmotic and temperature stress toler-

ance to Bacillus subtilis. Microbiology (Reading, England), 160, 2283–
2294. https://doi.org/10.1099/mic.0.079665-0

34. Shrestha, M., Compton, K. K., Mancl, J. M., Webb, B. A., Brown, A.

M., Scharf, B. E., & Schubot, F. D. (2018). Structure of the sensory

domain of McpX from Sinorhizobium meliloti, the first known bac-

terial chemotactic sensor for quaternary ammonium compounds.

Biochemical Journal, 475(24), 3949–3962. https://doi.org/10.1042/
BCJ20180769

35. Beauregard, P. B., Chai, Y., Vlamakis, H., Losick, R., & Kolter, R. (2013).

Bacillus subtilis biofilm induction by plant polysaccharides. Proceed-
ings of the National Academy of Sciences of the United States of America,
110, E1621-E1630. https://doi.org/10.1073/pnas.1218984110

36. Cohn, F. (1877). Untersuchungen über Bacterien. IV. Beiträge zur

Biologie der Bacillen. Beiträge zur Biologie der Pflanzen, (7), 277–308.
37. Zeigler, D. R., Pragai, Z., Rodriguez, S., Chevreux, B., Muffler, A.,

Albert, T., Bai, R.,Wyss,M., & Perkins, J. B., (2008). The origins of 168,

W23, and other Bacillus subtilis legacy strains. Journal of Bacteriology,
190(21), 6983–6995. https://doi.org/10.1128/JB.00722-08

38. Branda, S. S., Gonzalez-Pastor, J. E., Ben-Yehuda, S., Losick, R., &

Kolter, R. (2001). Fruiting body formation by Bacillus subtilis. Pro-
ceedings of the National Academy of Sciences of the United States
of America, 98(20), 11621–11626. https://doi.org/10.1073/pnas.

191384198

39. McLoon, A. L., Guttenplan, S. B., Kearns, D. B., Kolter, R., & Losick,

R. (2011). Tracing the domestication of a biofilm-forming bacterium.

Journal of Bacteriology, 193(8), 2027–2034. https://doi.org/10.1128/
JB.01542-10

40. Gallegos-Monterrosa, R., Mhatre, E., & Kovacs, A. T. (2016). Spe-

cific Bacillus subtilis 168 variants form biofilms on nutrient-rich

medium.Microbiology (Reading),162(11), 1922–1932. https://doi.org/
10.1099/mic.0.000371

41. Konkol, M. A., Blair, K. M., & Kearns, D. B. (2013). Plasmid-encoded

ComI inhibits competence in the ancestral 3610 strain of Bacillus

subtilis. Journal of Bacteriology, 195(18), 4085–4093. https://doi.org/
10.1128/JB.00696-13

42. Kraigher, B., Butolen, M., Stefanic, P., & Mandic Mulec, I. (2021).

Kin discrimination drives territorial exclusion during Bacillus subtilis

swarming and restrains exploitation of surfactin. THE ISME JOURNAL,
833–841, https://doi.org/10.1038/s41396-021-01124-4

43. Arnaouteli, S., Bamford, N. C., Stanley-Wall, N. R., & Kovacs, A.

T. (2021). Bacillus subtilis biofilm formation and social interac-

tions. Nature Reviews Microbiology, 19(9), 600–614. https://doi.org/
10.1038/s41579-021-00540-9

44. Cairns, L. S., Hobley, L., & Stanley-Wall, N. R. (2014). Biofilm forma-

tion by Bacillus subtilis: New insights into regulatory strategies and

assemblymechanisms.MolecularMicrobiology, 93(4), 587–598. https:
//doi.org/10.1111/mmi.12697

45. Arnaouteli, S., MacPhee, C. E., & Stanley-Wall, N. R. (2016). Just in

case it rains: Building a hydrophobic biofilm the Bacillus subtilis way.

Current Opinion in Microbiology, 34, 7–12. https://doi.org/10.1016/j.
mib.2016.07.012

46. Mielich-Süss, B., & Lopez, D. (2015). Molecular mechanisms involved

in Bacillus subtilis biofilm formation. Environmental Microbiology,
17(3), 555–565. https://doi.org/10.1111/1462-2920.12527

47. Winkelman, J. T., Blair, K. M., & Kearns, D. B. (2009). RemA (YlzA) and

RemB (YaaB) regulate extracellular matrix operon expression and

biofilm formation in Bacillus subtilis. Journal of Bacteriology, 191(12),
3981–3991. https://doi.org/10.1128/JB.00278-09

48. Winkelman, J. T., Bree, A. C., Bate, A. R., Eichenberger, P., Gourse, R. L.,

& Kearns, D. B. (2013). RemA is a DNA-binding protein that activates

biofilm matrix gene expression in Bacillus subtilis.Molecular Microbi-
ology, 88(5), 984–997. doi: https://doi.org/10.1111/Mmi.12235

49. Hoffmann, T., Mrusek, D., Bedrunka, P., Burchert, F., Mais, C. N.,

Kearns, D. B., Altegoer, F., Bremer, E., & Bange, G. (2021). Struc-

tural and functional characterizationof thebacterial biofilmactivator

RemA. Nature Communication, 12(1), 5707. https://doi.org/10.1038/
s41467-021-26005-4

50. Romero, D., Vlamakis, H., Losick, R., & Kolter, R. (2011). An acces-

sory protein required for anchoring and assembly of amyloid fibres in

B. subtilis biofilms. Molecular Microbiology, 80(5), 1155–1168. https:
//doi.org/10.1111/j.1365-2958.2011.07653.x

51. Molle, V., Fujita, M., Jensen, S. T., Eichenberger, P., Gonzalez-Pastor, J.

E., Liu, J. S., & Losick, R. (2003). The Spo0A regulon of Bacillus subtilis.

Molecular Microbiology, 50(5), 1683–1701. doi: 3818 [pii]
52. Burbulys, D., Trach, K. A., & Hoch, J. A. (1991). Initiation of sporula-

tion in B. subtilis is controlled by a multicomponent phosphorelay.

Cell, 64(3), 545–552.
53. Chastanet, A., & Losick, R. (2011). Just-in-time control of Spo0A syn-

thesis in Bacillus subtilis by multiple regulatory mechanisms. Jour-
nal of Bacteriology, 193(22), 6366–6374. https://doi.org/10.1128/JB.
06057-11

54. Gonzalez-Pastor, J. E., Hobbs, E. C., & Losick, R. (2003). Cannibal-

ismby sporulating bacteria. Science,301(5632), 510–513. https://doi.
org/10.1126/science.1086462

55. Riley, E. P., Schwarz,C.,Derman,A. I., & Lopez-Garrido, J. (2020).Mile-

stones in Bacillus subtilis sporulation research. Microb Cell, 8(1), 1–
16. doi: 10.15698/mic2021.01.739

56. Popp, P. F., & Mascher, T. (2019). Coordinated cell death in iso-

genic bacterial populations: Sacrificing some for the benefit of many?

Journal of Molecular Biology, 431(23), 4656–4669. https://doi.org/10.
1016/j.jmb.2019.04.024

57. McLoon, A. L., Kolodkin-Gal, I., Rubinstein, S. M., Kolter, R., & Losick,

R. (2011). Spatial regulation of histidine kinases governing biofilm

formation inBacillus subtilis. Journal of Bacteriology,193(3), 679–685.
https://doi.org/10.1128/JB.01186-10

58. Lopez, D., Fischbach, M. A., Chu, F., Losick, R., & Kolter, R. (2009).

Structurally diverse natural products that cause potassium leak-

age trigger multicellularity in Bacillus subtilis. Proceedings National
Academy of Science USA, 106(1), 280–285. https://doi.org/10.1073/
pnas.0810940106

59. Grau, R. R., de Ona, P., Kunert, M., Lenini, C., Gallegos-Monterrosa,

R., Mhatre, E., Vileta, D., Donato, V., Hölscher, T., Boland,W., Kuipers,

O. P., & Kovacs, A. T., (2015). A duo of potassium-responsive histidine

kinases govern themulticellular destinyofBacillus subtilis.mBio,6(4),
e00581. https://doi.org/10.1128/mBio.00581-15

60. Devi, S. N., Vishnoi, M., Kiehler, B., Haggett, L., & Fujita, M. (2015).

In vivo functional characterization of the transmembrane histidine

kinase KinC in Bacillus subtilis. Microbiology (Reading), 161(Pt 5),

1092–1104. https://doi.org/10.1099/mic.0.000054

61. Chen, Z., Srivastava, P., Zarazua-Osorio, B., Marathe, A., Fujita, M.,

& Igoshin, O. A. (2022). Bacillus subtilis histidine kinase KinC acti-

vates bofilm formation by controlling heterogeneity of single-cell

https://doi.org/10.1016/j.tim.2008.03.004
https://doi.org/10.1016/j.tim.2008.03.004
https://doi.org/10.1128/microbiolspec.TBS-0017-2013
https://doi.org/10.1128/microbiolspec.TBS-0017-2013
https://doi.org/10.1128/mBio.01664-16
https://doi.org/10.1094/MPMI-08-20-0225-CR
https://doi.org/10.1094/MPMI-08-20-0225-CR
https://doi.org/10.1099/mic.0.079665-0
https://doi.org/10.1042/BCJ20180769
https://doi.org/10.1042/BCJ20180769
https://doi.org/10.1073/pnas.1218984110
https://doi.org/10.1128/JB.00722-08
https://doi.org/10.1073/pnas.191384198
https://doi.org/10.1073/pnas.191384198
https://doi.org/10.1128/JB.01542-10
https://doi.org/10.1128/JB.01542-10
https://doi.org/10.1099/mic.0.000371
https://doi.org/10.1099/mic.0.000371
https://doi.org/10.1128/JB.00696-13
https://doi.org/10.1128/JB.00696-13
https://doi.org/10.1038/s41396-021-01124-4
https://doi.org/10.1038/s41579-021-00540-9
https://doi.org/10.1038/s41579-021-00540-9
https://doi.org/10.1111/mmi.12697
https://doi.org/10.1111/mmi.12697
https://doi.org/10.1016/j.mib.2016.07.012
https://doi.org/10.1016/j.mib.2016.07.012
https://doi.org/10.1111/1462-2920.12527
https://doi.org/10.1128/JB.00278-09
https://doi.org/10.1111/Mmi.12235
https://doi.org/10.1038/s41467-021-26005-4
https://doi.org/10.1038/s41467-021-26005-4
https://doi.org/10.1111/j.1365-2958.2011.07653.x
https://doi.org/10.1111/j.1365-2958.2011.07653.x
https://doi.org/10.1128/JB.06057-11
https://doi.org/10.1128/JB.06057-11
https://doi.org/10.1126/science.1086462
https://doi.org/10.1126/science.1086462
https://doi.org/10.15698/mic2021.01.739
https://doi.org/10.1016/j.jmb.2019.04.024
https://doi.org/10.1016/j.jmb.2019.04.024
https://doi.org/10.1128/JB.01186-10
https://doi.org/10.1073/pnas.0810940106
https://doi.org/10.1073/pnas.0810940106
https://doi.org/10.1128/mBio.00581-15
https://doi.org/10.1099/mic.0.000054


12 of 13 BREMER ET AL.

responses. mBio, e0169421. https://doi.org/10.1128/mbio.01694-

21

62. Rahman, F. B., Sarkar, B., Moni, R., & Rahman, M. S. (2021). Molecu-

lar genetics of surfactin and its effects on different sub-populations

of Bacillus subtilis.Biotechnology Reports, 32, e00686. https://doi.org/
10.1016/j.btre.2021.e00686

63. Kearns, D. B., Chu, F., Branda, S. S., Kolter, R., & Losick, R. (2005). A

master regulator for biofilm formation by Bacillus subtilis.Molecular
Microbiology, 55(3), 739–749. https://doi.org/10.1111/j.1365-2958.
2004.04440.x

64. Chai, Y., Kolter, R., & Losick, R. (2009). Paralogous antirepressors act-

ing on the master regulator for biofilm formation in Bacillus sub-

tilis.MolecularMicrobiology,74(4), 876–887. https://doi.org/10.1111/
j.1365-2958.2009.06900.x

65. Kobayashi, K. (2008). SlrR/SlrA controls the initiation of biofilm for-

mation in Bacillus subtilis.Molecular Microbiology, 69(6), 1399–1410.
https://doi.org/10.1111/j.1365-2958.2008.06369.x

66. Chai, Y., Kolter, R., & Losick, R. (2010). Reversal of an epigenetic

switch governing cell chaining in Bacillus subtilis by protein insta-

bility. Molecular Microbiology, 78(1), no–no. https://doi.org/10.1111/
j.1365-2958.2010.07335.x

67. Chai, Y., Norman, T., Kolter, R., & Losick, R. (2010). An epigenetic

switch governing daughter cell separation in Bacillus subtilis. Genes,
& Develop, 24(8), 754–765. https://doi.org/10.1101/gad.1915010

68. Kearns, D. B. (2010). A field guide to bacterial swarming motility.

Nature Reviews Microbiology, 8(9), 634–644. https://doi.org/10.1038/
nrmicro2405

69. Schuhmacher, J. S., Thormann, K. M., & Bange, G. (2015). How bac-

teria maintain location and number of flagella? Fems Microbiology
Review, 39(6), 812–822. https://doi.org/10.1093/femsre/fuv034

70. Blair, K. M., Turner, L., Winkelman, J. T., Berg, H. C., & Kearns, D.

B. (2008). A molecular clutch disables flagella in the Bacillus sub-

tilis biofilm. Science, 320(5883), 1636–1638. doi: https://doi.org/10.
1126/Science.1157877

71. Guttenplan, S. B., Blair, K. M., & Kearns, D. B. (2010). The EpsE flagel-

lar clutch is bifunctional and synergizeswith EPS biosynthesis to pro-

moteBacillus subtilis biofilm formation.PLoSGenet,6(12), e1001243.
https://doi.org/10.1371/journal.pgen.1001243

72. Guttenplan, S. B., &Kearns, D. B. (2013). Regulation of flagellarmotil-

ity during biofilm formation. Fems Microbiology Review, 37(6), 849–
871. https://doi.org/10.1111/1574-6976.12018

73. Milton, M. E., Draughn, G. L., Bobay, B. G., Stowe, S. D., Olson, A. L.,

Feldmann, E. A., Milton, M. E., Draughn, G. L., Bobay, B. G., Stowe, S.

D.,Olson, A. L., Feldmann, E. A., Thompson, R. J.,Myers, K.H., Santoro,

M. T., Kearns, D. B., & Cavanagh, J. (2020). The solution structures

and interaction of SinR and SinI: Elucidating themechanism of action

of the master regulator switch for biofilm formation in Bacillus sub-

tilis. Journal of Molecular Biology, 432(2), 343–357. https://doi.org/10.
1016/j.jmb.2019.08.019

74. Newman, J. A., Rodrigues, C., & Lewis, R. J. (2013). Molecular basis of

the activity of SinR protein, themaster regulator of biofilm formation

in Bacillus subtilis. Journal of Biological Chemistry, 288(15), 10766–
10778. https://doi.org/10.1074/jbc.M113.455592

75. Hobley, L., Ostrowski, A., Rao, F. V., Bromley, K. M., Porter, M.,

Prescott, A. R., MacPhee, C. E., van Aalten, D. M. F., & Stanley-Wall,

N. R. (2013). BslA is a self-assembling bacterial hydrophobin that

coats the Bacillus subtilis biofilm. Proceedings National Academy of Sci-
ence USA,110(33), 13600–13605. doi: https://doi.org/10.1073/Pnas.
1306390110

76. Kobayashi, K., & Iwano, M. (2012). BslA(YuaB) forms a hydropho-

bic layer on the surface of Bacillus subtilis biofilms.Molecular Micro-
biology, 85(1), 51–66. https://doi.org/10.1111/j.1365-2958.2012.

08094.x

77. Serizawa, M., Yamamoto, H., Yamaguchi, H., Fujita, Y., Kobayashi, K.,

Ogasawara, N., & Sekiguchi, J. (2004). Systematic analysis of SigD-

regulated genes in Bacillus subtilis by DNA microarray and North-

ern blotting analyses. Gene, 329, 125–136. https://doi.org/10.1016/
j.gene.2003.12.024

78. Sidote, D. J., Barbieri, C. M., Wu, T., & Stock, A. M. (2008). Struc-

ture of the Staphylococcus aureusAgrA LytTRdomain bound toDNA

reveals a beta foldwith anunusualmodeof binding. Structure (London,
England), 16(5), 727–735. https://doi.org/10.1016/j.str.2008.02.011

79. Nicod, S. S., Weinzierl, R. O., Burchell, L., Escalera-Maurer, A., James,

E. H., &Wigneshweraraj, S. (2014). Systematic mutational analysis of

the LytTR DNA binding domain of Staphylococcus aureus virulence

gene transcription factor AgrA. Nucleic Acids Res, 42(20), 12523–
12536. https://doi.org/10.1093/nar/gku1015

80. Proutiere, A., duMerle, L., Perichon, B., Varet, H., Gominet, M., Trieu-

Cuot, P., & Dramsi, S. (2021). Characterization of a four-component

regulatory system controlling bacteriocin production in Streptococ-

cus gallolyticus. mBio, 12(1). https://doi.org/10.1128/mBio.03187-

20

81. Bowerman, S., Wereszczynski, J., & Luger, K. (2021). Archaeal chro-

matin ‘slinkies’ are inherently dynamic complexes with deflected

DNA wrapping pathways. eLIFE, 10, e6587. https://doi.org/10.7554/
eLife.65587

82. Laursen, S. P., Bowerman, S., & Luger, K. (2021). Archaea: The final

frontier of chromatin. Journal of Molecular Biology, 433(6), 166791.
https://doi.org/10.1016/j.jmb.2020.166791

83. Cutter, A. R., &Hayes, J. J. (2015). A brief reviewof nucleosome struc-

ture. FEBS Lett, 589(20 Pt A), 2914–2922. https://doi.org/10.1016/j.

febslet.2015.05.016

84. Leonard, P. M., Smits, S. H., Sedelnikova, S. E., Brinkman, A. B., de

Vos, W. M., van der Oost, J., Rice, D. W., & Rafferty, J. B. (2001).

Crystal structure of the Lrp-like transcriptional regulator from the

archaeon Pyrococcus furiosus. EMBO J, 20(5), 990–997. https://doi.
org/10.1093/emboj/20.5.990

85. Shrivastava, T., & Ramachandran, R. (2007). Mechanistic insights

from the crystal structures of a feast/famine regulatory protein from

Mycobacterium tuberculosisH37Rv.Nucleic Acids Res,35(21), 7324–
7335. https://doi.org/10.1093/nar/gkm850

86. Kumarevel, T., Nakano, N., Ponnuraj, K., Gopinath, S. C., Sakamoto, K.,

Shinkai, A., Kumar, P. K. R., Yokoyama, S., & Yokoyama, S. (2008). Crys-

tal structure of glutamine receptor protein from Sulfolobus toko-

daii strain 7 in complex with its effector L-glutamine: Implications of

effector binding in molecular association and DNA binding. Nucleic
Acids Res, 36(14), 4808–4820. https://doi.org/10.1093/nar/gkn456

87. Rohs, R., West, S. M., Sosinsky, A., Liu, P., Mann, R. S., & Honig, B.

(2009). The role of DNA shape in protein-DNA recognition. Nature,
461(7268), 1248–1253. https://doi.org/10.1038/nature08473

88. Colledge, V. L., Fogg, M. J., Levdikov, V. M., Leech, A., Dodson, E. J., &

Wilkinson,A. J. (2011). Structure andorganisationof SinR, themaster

regulator of biofilm formation in Bacillus subtilis. Journal of Molecu-
lar Biology, 411(3), 597–613. https://doi.org/10.1016/j.jmb.2011.06.

004

89. Cervin, M. A., Lewis, R. J., Brannigan, J. A., & Spiegelman, G. B. (1998).

The Bacillus subtilis regulator SinR inhibits spoIIG promoter tran-

scription in vitro without displacing RNA polymerase. Nucleic Acids
Res, 26(16), 3806–3812. https://doi.org/10.1093/nar/26.16.3806

90. Dorman, C. J. (1996). Flexible response: DNA supercoiling, tran-

scription and bacterial adaptation to environmental stress. Trends
Microbiol, 4(6), 214–216. https://doi.org/10.1016/0966-842X(96)

30015-2

91. Dorman, C. J., & Dorman, M. J. (2016). DNA supercoiling is a funda-

mental regulatory principle in the control of bacterial gene expres-

sion. Biophysical Reviews, 8, 209–220.
92. Hamon,M.A., & Lazazzera, B.A. (2001). The sporulation transcription

factor Spo0A is required for biofilm development in Bacillus subtilis.

Molecular Microbiology, 42(5), 1199–1209. https://doi.org/10.1046/j.
1365-2958.2001.02709.x

https://doi.org/10.1128/mbio.01694-21
https://doi.org/10.1128/mbio.01694-21
https://doi.org/10.1016/j.btre.2021.e00686
https://doi.org/10.1016/j.btre.2021.e00686
https://doi.org/10.1111/j.1365-2958.2004.04440.x
https://doi.org/10.1111/j.1365-2958.2004.04440.x
https://doi.org/10.1111/j.1365-2958.2009.06900.x
https://doi.org/10.1111/j.1365-2958.2009.06900.x
https://doi.org/10.1111/j.1365-2958.2008.06369.x
https://doi.org/10.1111/j.1365-2958.2010.07335.x
https://doi.org/10.1111/j.1365-2958.2010.07335.x
https://doi.org/10.1101/gad.1915010
https://doi.org/10.1038/nrmicro2405
https://doi.org/10.1038/nrmicro2405
https://doi.org/10.1093/femsre/fuv034
https://doi.org/10.1126/Science.1157877
https://doi.org/10.1126/Science.1157877
https://doi.org/10.1371/journal.pgen.1001243
https://doi.org/10.1111/1574-6976.12018
https://doi.org/10.1016/j.jmb.2019.08.019
https://doi.org/10.1016/j.jmb.2019.08.019
https://doi.org/10.1074/jbc.M113.455592
https://doi.org/10.1073/Pnas.1306390110
https://doi.org/10.1073/Pnas.1306390110
https://doi.org/10.1111/j.1365-2958.2012.08094.x
https://doi.org/10.1111/j.1365-2958.2012.08094.x
https://doi.org/10.1016/j.gene.2003.12.024
https://doi.org/10.1016/j.gene.2003.12.024
https://doi.org/10.1016/j.str.2008.02.011
https://doi.org/10.1093/nar/gku1015
https://doi.org/10.1128/mBio.03187-20
https://doi.org/10.1128/mBio.03187-20
https://doi.org/10.7554/eLife.65587
https://doi.org/10.7554/eLife.65587
https://doi.org/10.1016/j.jmb.2020.166791
https://doi.org/10.1016/j.febslet.2015.05.016
https://doi.org/10.1016/j.febslet.2015.05.016
https://doi.org/10.1093/emboj/20.5.990
https://doi.org/10.1093/emboj/20.5.990
https://doi.org/10.1093/nar/gkm850
https://doi.org/10.1093/nar/gkn456
https://doi.org/10.1038/nature08473
https://doi.org/10.1016/j.jmb.2011.06.004
https://doi.org/10.1016/j.jmb.2011.06.004
https://doi.org/10.1093/nar/26.16.3806
https://doi.org/10.1016/0966-842X(96)30015-2
https://doi.org/10.1016/0966-842X(96)30015-2
https://doi.org/10.1046/j.1365-2958.2001.02709.x
https://doi.org/10.1046/j.1365-2958.2001.02709.x


BREMER ET AL. 13 of 13

93. Gaur, N. K., Cabane, K., & Smith, I. (1988). Structure and expression of

the Bacillus subtilis sin operon. Journal of Bacteriology, 170(3), 1046–
1053. https://doi.org/10.1128/jb.170.3.1046-1053.1988

94. Chu, F., Kearns, D. B., McLoon, A., Chai, Y., Kolter, R., & Losick, R.

(2008). A novel regulatory protein governing biofilm formation in

Bacillus subtilis. Molecular Microbiology, 68(5), 1117–1127. https://
doi.org/10.1111/j.1365-2958.2008.06201.x

95. Chai, Y., Chu, F., Kolter, R., & Losick, R. (2008). Bistability and biofilm

formation in Bacillus subtilis.Molecular Microbiology, 67(2), 254–263.
https://doi.org/10.1111/j.1365-2958.2007.06040.x

96. Pedreira, T., Elfmann, C., & Stülke, J. (2021). The current state of Sub-

tiWiki, the database for the model organism Bacillus subtilis. Nucleic
Acids Res, D875–D882, https://doi.org/10.1093/nar/gkab943

97. Nicolas, P., Mader, U., Dervyn, E., Rochat, T., Leduc, A., Pigeonneau,

N., Bidnenko, E., Marchadier, E., Hoebeke, M., Aymerich, S., Becher,

D., Bisicchia, P., Botella, E., Delumeau, O., Doherty, G., Denham, E. L.,

Fogg,M. J., Fromion, V., Goelzer, A., . . . , &Noirot, P. (2012). Condition-

dependent transcriptome reveals high-level regulatory architecture

in Bacillus subtilis. Science, 335(6072), 1103–1106. https://doi.org/
10.1126/science.1206848

98. Beier, L., Nygaard, P., Jarmer, H., & Saxild, H. H. (2002). Transcription

analysis of the Bacillus subtilis PucR regulon and identification of a

cis-acting sequence required for PucR-regulated expression of genes

involved in purine catabolism. Journal of Bacteriology, 184(12), 3232–
3241. https://doi.org/10.1128/JB.184.12.3232-3241.2002

99. Ogawa, K., Akagawa, E., Yamane, K., Sun, Z. W., LaCelle, M., Zuber, P.,

&Nakano,M.M. (1995). ThenasBoperonandnasAgeneare required

for nitrate/nitrite assimilation in Bacillus subtilis. Journal of Bacte-
riology, 177(5), 1409–1413. https://doi.org/10.1128/jb.177.5.1409-
1413.1995

100. Fisher, S. H., & Wray, L. V., Jr. (2002). Bacillus subtilis 168 contains

two differentially regulated genes encoding L-asparaginase. Journal
of Bacteriology, 184(8), 2148–2154. https://doi.org/10.1128/JB.184.
8.2148-2154.2002

101. Wray, L. V., Jr., Ferson, A. E., & Fisher, S. H. (1997). Expression of the

Bacillus subtilis ureABC operon is controlled by multiple regulatory

factors including CodY, GlnR, TnrA, and Spo0H. Journal of Bacteriol-
ogy, 179(17), 5494–5501. https://doi.org/10.1128/jb.179.17.5494-
5501.1997

102. Chou, K. T., Lee, D. D., Chiou, J. G., Galera-Laporta, L., Ly, S., Garcia-

Ojalvo, J., & Suel, G.M. (2022). A segmentation clock patterns cellular

differentiation in a bacterial biofilm. Cell, 185(1), 145–157.e13 e113.
https://doi.org/10.1016/j.cell.2021.12.001

103. Rubinstein, S. M., Kolodkin-Gal, I., McLoon, A., Chai, L., Kolter,

R., Losick, R., & Weitz, D. A. (2012). Osmotic pressure can reg-

ulate matrix gene expression in Bacillus subtilis. Molecular Micro-
biology, 86(2), 426–436. https://doi.org/10.1111/j.1365-2958.2012.
08201.x

104. Seminara, A., Angelini, T. E., Wilking, J. N., Vlamakis, H., Ebrahim, S.,

Kolter, R., Weitz, D. A., & Brenner, M. P. (2012). Osmotic spreading of

Bacillus subtilis biofilms driven by an extracellularmatrix.Proceedings
National Academy of Science USA, 109(4), 1116–1121. https://doi.org/
10.1073/pnas.1109261108

105. Yan, J., Nadell, C. D., Stone, H. A., Wingreen, N. S., & Bassler, B. L.

(2017). Extracellular-matrix-mediated osmotic pressure drives Vib-

rio cholerae biofilm expansion and cheater exclusion.Nature Commu-
nication, 8(1), 327. https://doi.org/10.1038/s41467-017-00401-1

106. Epstein, A. K., Pokroy, B., Seminara, A., & Aizenberg, J. (2011). Bacte-

rial biofilm shows persistent resistance to liquidwetting and gas pen-

etration. Proceedings National Academy of Science USA, 108(3), 995–
1000. https://doi.org/10.1073/pnas.1011033108

107. Dong, F., Liu, S., Zhang, D., Zhang, J., Wang, X., & Zhao, H. (2022).

Osmotic pressure inducedby extracellularmatrix drivesBacillus sub-

tilis biofilms’ self-healing. Computational Biology and Chemistry, 97,
107632. https://doi.org/10.1016/j.compbiolchem.2022.107632

108. Bremer, E., & Krämer, R. (2019). Responses of mcroorganisms to

osmotic stress. Annual Review of Microbiology, 73, 313–334. https:
//doi.org/10.1146/annurev-micro-020518-115504

109. Hoffmann, T., & Bremer, E.Management of osmotic stress by Bacillus

subtilis: genetics and physiology. In F. J. de Bruijn (Ed.), (2016). Stress
and environmental regulation of gene expression and adaptation in bacte-
ria (Vol., 1, pp. 657–676):Wiley-Blackwell Publishers.

110. Hoffmann, T., & Bremer, E. (2017). Guardiens in a stressful world: The

Opu family of compatible solute transporters from Bacillus subtilis.

Biological Chemistry, 398(2), 193–214.
111. Kempf, B., & Bremer, E. (1998). Uptake and synthesis of compati-

ble solutes as microbial stress responses to high osmolality environ-

ments. Archives of Microbiology, 170, 319–330.
112. Warren, C. R. (2022). D2O labelling reveals synthesis of small,

water-soluble metabolites in soil. Soil Biology and Biochemistry, (165),
108543.

113. Hobley, L., Harkins, C., MacPhee, C. E., & Stanley-Wall, N. R. (2015).

Giving structure to the biofilm matrix: An overview of individual

strategies and emerging common themes. Fems Microbiology Review,
39(5), 649–669. https://doi.org/10.1093/femsre/fuv015

114. Hoffmann, T., Wensing, A., Brosius, M., Steil, L., Völker, U., & Bremer,

E. (2013). Osmotic control of opuA expression in Bacillus subtilis and

its modulation in response to intracellular glycine betaine and pro-

line pools. Journal of Bacteriology, 195(3), 510–522. https://doi.org/
10.1128/JB.01505-12

115. Nau-Wagner, G., Opper, D., Rolbetzki, A., Boch, J., Kempf, B.,

Hoffmann, T., & Bremer, E. (2012). Genetic control of osmoad-

aptive glycine betaine synthesis in Bacillus subtilis through the

choline-sensing andglycinebetaine-responsiveGbsR repressor. Jour-
nal of Bacteriology, 194(10), 2703–2714. https://doi.org/10.1128/JB.
06642-11

116. Warmbold, B., Ronzheimer, S., Freibert, S. A., Seubert, A., Hoffmann,

T., & Bremer, E. (2020). Two MarR-Type repressors balance precur-

sor uptake and glycine betaine synthesis inBacillus subtilis to provide

cytoprotection against sustained osmotic stress. Frontiers in Microbi-
ology l(11), 1700. https://doi.org/10.3389/fmicb.2020.01700

117. Lee, C. H., Wu, T. Y., & Shaw, G. C. (2013). Involvement of OpcR, a

GbsR-type transcriptional regulator, in negative regulation of two

evolutionarily closely related choline uptake genes in Bacillus sub-

tilis. Microbiology (Reading, England), 159(Pt 10), 2087–2096. https:
//doi.org/10.1099/mic.0.067074-0

118. Steinchen,W., & Bange, G. (2016). Themagic dance of the alarmones.

ppGpp. Molecular Microbiology, 101(4), 531–544. https://doi.org/10.
1111/mmi.13412

119. Kurkela, J., Fredman, J., Salminen, T. A., & Tyystjarvi, T. (2021).

Revealing secrets of the enigmatic omega subunit of bacterial RNA

polymerase.Molecular Microbiology, 115(1), 1–11. https://doi.org/10.
1111/mmi.14603

120. Ingle, S., Chhabra, S., Chen, J., Lazarus, M. B., Luo, X., & Bechhofer,

D. H. (2021). Discovery and initial characterization of YloC, a novel

endoribonuclease in Bacillus subtilis. RNA, 227–238, https://doi.org/
10.1261/rna.078962.121

How to cite this article: Bremer, E., Hoffmann, T., Dempwolff,

F., Bedrunka, P., & Bange, G. (2022). Themany faces of the

unusual biofilm activator RemA. BioEssays, e2200009.

https://doi.org/10.1002/bies.202200009

https://doi.org/10.1128/jb.170.3.1046-1053.1988
https://doi.org/10.1111/j.1365-2958.2008.06201.x
https://doi.org/10.1111/j.1365-2958.2008.06201.x
https://doi.org/10.1111/j.1365-2958.2007.06040.x
https://doi.org/10.1093/nar/gkab943
https://doi.org/10.1126/science.1206848
https://doi.org/10.1126/science.1206848
https://doi.org/10.1128/JB.184.12.3232-3241.2002
https://doi.org/10.1128/jb.177.5.1409-1413.1995
https://doi.org/10.1128/jb.177.5.1409-1413.1995
https://doi.org/10.1128/JB.184.8.2148-2154.2002
https://doi.org/10.1128/JB.184.8.2148-2154.2002
https://doi.org/10.1128/jb.179.17.5494-5501.1997
https://doi.org/10.1128/jb.179.17.5494-5501.1997
https://doi.org/10.1016/j.cell.2021.12.001
https://doi.org/10.1111/j.1365-2958.2012.08201.x
https://doi.org/10.1111/j.1365-2958.2012.08201.x
https://doi.org/10.1073/pnas.1109261108
https://doi.org/10.1073/pnas.1109261108
https://doi.org/10.1038/s41467-017-00401-1
https://doi.org/10.1073/pnas.1011033108
https://doi.org/10.1016/j.compbiolchem.2022.107632
https://doi.org/10.1146/annurev-micro-020518-115504
https://doi.org/10.1146/annurev-micro-020518-115504
https://doi.org/10.1093/femsre/fuv015
https://doi.org/10.1128/JB.01505-12
https://doi.org/10.1128/JB.01505-12
https://doi.org/10.1128/JB.06642-11
https://doi.org/10.1128/JB.06642-11
https://doi.org/10.3389/fmicb.2020.01700
https://doi.org/10.1099/mic.0.067074-0
https://doi.org/10.1099/mic.0.067074-0
https://doi.org/10.1111/mmi.13412
https://doi.org/10.1111/mmi.13412
https://doi.org/10.1111/mmi.14603
https://doi.org/10.1111/mmi.14603
https://doi.org/10.1261/rna.078962.121
https://doi.org/10.1261/rna.078962.121
https://doi.org/10.1002/bies.202200009

	The many faces of the unusual biofilm activator RemA
	Abstract
	INTRODUCTION
	BIOFILM-FORMATION BY BACILLUS SUBTILIS
	Nondomesticated Bacillus subtilis isolates as model systems for biofilm formation
	B. subtilis biofilm formation: Core regulatory circuits and cellular physiology
	RemA: A CRUCIAL PLAYER IN BIOFILM FORMATION
	Discovery of RemA
	RemA: a transcriptional activator with unique structural features
	Integration of RemA into the transcriptional regulatory circuits shaping biofilm formation
	How is DNA-binding of RemA or target gene selection regulated?

	FUNCTIONS OF RemA BEYOND THE BIOFILM
	Roles of RemA in nitrogen metabolism
	Adjusting to high osmolarity incurred cellular stress
	CONCLUSIONS AND FUTURE DIRECTIONS

	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST
	AUTHORS CONTRIBUTIONS
	DATA AVAILABILITY STATEMENT

	ORCID
	REFERENCES


