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ABSTRACT In bacterial populations, quorum sensing (QS) systems participate in the
regulation of specialization processes and regulate collective behaviors that mediate
interactions and allow survival of the species. In Gram-positive bacteria, QS systems
of the RRNPP family (Rgg, Rap, NprR, PlcR, and PrgX) consist of intracellular recep-
tors and their cognate signaling peptides. Two of these receptors, Rap and NprR,
have regained attention in Bacillus subtilis and the Bacillus cereus group. Some Rap
proteins, such as RapH and Rap60, are multifunctional and/or redundant in function,
linking the specialization processes of sporulation and competence, as well as global
expression changes in the transition phase in B. subtilis. NprR, an evolutionary inter-
mediate between Rap and RRNPP transcriptional activators, is a bifunctional regula-
tor that modulates sporulation initiation and activates nutrient scavenging genes. In
this review, we discuss how these receptors switch between functions and connect
distinct signaling pathways. Based on structural evidence, we propose that RapH
and Rap60 should be considered moonlighting proteins. Additionally, we analyze an
evolutionary and ecological perspective to understand the multifunctionality and
functional redundancy of these regulators in both Bacillus spp. and non-Bacillus Fir-
micutes. Understanding the mechanistic, structural, ecological, and evolutionary basis
for the multifunctionality and redundancy of these QS systems is a key step for
achieving the development of innovative technologies for health and agriculture.

KEYWORDS quorum sensing, Bacillus, Rap proteins, NprR, multifunctionality,
redundancy

The genus Bacillus comprises a group of Gram-positive, spore-forming, and rod-
shaped bacteria found in every habitat (1–3). In the dawn of the genomic era, the

sequencing of the genome of Bacillus subtilis 168 allowed new insights into the genetic
basis governing the lifestyle of this species, including the molecular mechanisms
controlling the regulation of cell differentiation, specialization, and biofilm formation
(4). The information generated for B. subtilis can be extrapolated, with caution, to other
Bacillus species, such as those of the Bacillus cereus group (5), a bacterial group of
particular biotechnological and clinical interest.

Several microbial specialized behaviors are modulated by quorum sensing (QS). QS
mechanisms are those of bacterial communication (6, 7) that depend on the synthesis
and secretion of small signaling molecules which bind to specific protein receptors that
perform the regulatory functions (8, 9). By regulating gene expression directly or
indirectly, QS receptors and their cognate signaling molecules mediate bacterial group
behavior and regulate functions at the population level (10, 11). Some of the QS-
controlled bacterial functions are bioluminescence, virulence, sporulation, and genetic
competence, all of which are called “collective traits” because they are only effective
when carried out by large bacterial populations (10). Cell specialization processes in
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bacteria are of high evolutionary relevance, as they give place to phenotypically
heterogeneous, while genotypically clonal, populations, differentiated in a manner
homologous to that of phylogenetically advanced animal organs or plant tissues
(12–14).

Gram-positive bacteria use mainly peptides as signaling molecules and possess
complex systems of membrane-bound sensor kinase or cytoplasmic receptors (15). The
RRNPP proteins (Rgg, Rap, NprR, PlcR, and PrgX) comprise a family of QS cytoplasmic
receptors widespread in the phylum Firmicutes, specifically in the orders Bacillales and
Lactobacillales and in the class Clostridia (16). RRNPP QS systems share an ancestor (17)
and similar mechanisms of activation (9, 16, 18, 19) consisting of the synthesis,
secretion, processing, and reinternalization of a signaling peptide that is then detected
by the receptor. However, each receptor regulates different functions. In our 2010
review (18), we depicted the general characteristics of these QS systems and perspec-
tives for basic research, and we discussed their biotechnological potential. Ten years
later, many studies have been published on the structural features, functions, physio-
logical roles, and relevance to microbe-host interactions of this protein family. The
results continue to show that these QS systems are of high biotechnological and clinical
relevance in both Bacillus and non-Bacillus Firmicutes.

Two RRNPP receptors, Rap and NprR, have regained recent attention in B. subtilis
and the B. cereus group. On one hand, several Rap paralogs with diverse functions,
some multifunctional and/or redundant in function, are found in B. subtilis (20, 21). On
the other hand, NprR, while found as a single copy in B. cereus group bacteria, is a
bifunctional QS regulator. NprR uses two different structural domains to independently
regulate sporulation initiation and activate the transcription of genes coding for
nutrient scavenging enzymes (22–24). These two QS receptors integrate several sig-
naling pathways in B. subtilis, Bacillus thuringiensis (Fig. 1), and probably other soil
bacilli.

Multiple studies have shown the genetic and structural basis for the functions of Rap
and NprR receptors in the physiology of Bacillus species (22–28). However, the physi-
ological and ecological implications of the interconnected functions of these receptors
have not been fully addressed and need novel experimental approaches. Here, we
analyze the conformations adopted by Rap and NprR receptors for switching functions
and explore how these proteins integrate different signaling pathways. We also discuss
the evolutionary and ecological implications of the multifunctionality and redundancy
of these RRNPP family regulators; finally, we show a survey of similar Rap- and NprR-like
regulators in other non-Bacillus Firmicutes.

Rap PROTEINS: A REGULATORY REPERTOIRE FOR LINKING CELL
DIFFERENTIATION PROCESSES

B. subtilis 168 has 11 QS-Rap proteins paralogs encoded in the chromosome (RapA
through RapK) (reviewed in reference 16). Other Rap proteins encoded in plasmids
(RapP, Rap40, Rap50, Rap60, and LS20) have been described in different strains (29–32).
These Rap proteins modulate at least three signal transduction pathways, sporulation,
integrative and conjugative transfer elements (ICEs), and competence (16, 29–31) (Fig.
1). Sporulation allows bacteria to enhance survival under adverse environmental con-
ditions (33). Horizontal transfer of ICEs enables bacteria to acquire new genes and
functions and therefore plays a role in bacterial evolution (34). Genetic competence
facilitates uptake of external high-molecular-weight DNA (35), driving genomic diver-
sity and bacterial adaptation to diverse conditions.

In B. subtilis, eight Rap paralogs modulate the Spo0A phosphorelay, a signal trans-
duction pathway that integrates multiple intracellular and extracellular signals (36) and
controls various downstream specialization processes, including sporulation initiation.
Kinases A to E autophosphorylate in response to stress signals or environmental cues
and transfer the phosphoryl group to Spo0F, which in turn is transferred to Spo0B, and
finally to the transcriptional regulator Spo0A (37, 38) (see the Spo0A pathway in Fig. 1).
Phosphorylated Spo0A (Spo0A�P) regulates the transcription of different sets of genes
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as its cellular concentration increases (39). RapA, RapB, RapE, RapJ, RapP, RapH, and
Rap60 dephosphorylate phosphorylated Spo0F (Spo0F�P), preventing the flow of
phosphate to Spo0A (36, 40–45); in the quorum state, each Rap is inactivated by the
binding of its cognate signaling peptide Phr (28). Therefore, these seven Rap proteins
are largely redundant in their function, and understanding the partial contribution of
each to the overall modulation of sporulation initiation is complex (41, 46). The
expression patterns of each rap gene, as well as the affinity of each Rap for Spo0F and
its signaling peptide, play a role in defining the levels of Spo0A�P and, therefore, which
genes are activated and repressed (Fig. 1).

In addition to sporulation, some Rap paralogs regulate genetic competence in B.
subtilis. The regulatory circuit for competence in B. subtilis comprises the membrane-
bound sensor kinase ComP, its signaling peptide ComX, and ComA, the activator of
early competence genes (47–49) (see the ComX-ComP-ComA pathway in Fig. 1). ComX
triggers autophosphorylation of ComP and the subsequent phosphorylation of ComA;
finally, phosphorylated ComA (ComA�P) activates the transcription of 89 genes (47,
50), including comS (51), which encodes a protein that induces the synthesis of ComK
(52). ComK in turn regulates the expression of late competence operons encoding the
protein machinery needed for uptake, processing, and transcription of foreign DNA
(52–54). RapC, RapD, RapF, RapK, RapG, RapH, and Rap60 are antiactivators of compe-
tence (41, 55–60) because they impair the transcriptional activator function of ComA
(Fig. 1). Hence, RapH and Rap60 are two bifunctional regulators that connect sporula-
tion and competence. Moreover, Rap60 also dephosphorylates KinA (41), further re-
ducing the phosphate flux through the Spo0A phosphorelay.

FIG 1 Sporulation, competence, and metabolic scavenging are regulated and interconnected by Rap-Phr and NprR-NprRB in Bacillus
species. Sensor histidine kinases and ComP are activated by autophosphorylation. ComA�P activates early competence operons and
ComK, which activates the late competence operons. Pro-Phr and Pro-NprRB are exported, processed, and reimported as mature signaling
peptides. RapA, RapB, RapE, RapJ, RapP, RapH, and Rap60 dephosphorylate Spo0F�P, decreasing intracellular Spo0A�P and inhibiting
sporulation onset. RapC, RapD, RapF, RapK, RapH, and Rap60 prevent competence development, through the inhibition of ComA binding
to DNA. Phr peptides inhibit the activity of each cognate Rap. NprR binds to Spo0F and modulates (positively or negatively) sporulation
initiation in B. thuringiensis. The NprR-NprRB complex regulates the transcription of �41 genes, some of which are involved in nutrient
scavenging. Arrows indicate positive regulation, and blunt-end lines indicate negative regulation. Dotted lines indicate transcriptional
regulation, and solid lines indicate protein-protein interactions (28 and 41).
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RapA and RapE, both of which inhibit the phosphorelay at the Spo0F level, also
connect sporulation and genetic competence, although in an indirect way. The genes
rapA and rapE are included among the genes activated by the competence activator
ComA�P (36, 61). In this way, the activation of competence also causes the inhibition
of sporulation through these two Rap paralogs (60).

All Rap proteins that target the Spo0A phosphorelay also cause dramatic global
effects in the cells because Spo0A�P represses AbrB, the master regulator of genes
expressed during the transition between vegetative growth and the onset of stationary
phase (62) (Fig. 1). When AbrB levels decrease below a critical concentration threshold,
the repressive effect upon transition-state genes is lifted (63). Since AbrB is essential for
cell survival, the intracellular levels of AbrB are tightly controlled. First, the expression
of abrB is autoregulated, as AbrB represses the transcription of the abrB gene. Second,
high levels of Spo0A�P also repress abrB expression (62, 64). Third, AbrB is inactivated
by the product of the gene abbA, which is activated at the transcriptional level by
Spo0A�P (65).

As in case of AbrB, the cell concentration of Spo0A is strictly controlled. The spo0A
gene is transcribed from two different promoters, one is active during vegetative
growth (Pv) and the other during sporulation (Ps). The Pv promoter is recognized by �A

RNA polymerase and repressed by Spo0A�P. On the other hand, the Ps promoter is
recognized by �H RNA polymerase and induced by Spo0A�P (66, 67). Furthermore, the
repression of abrB by Spo0A�P results in the derepression of �H transcription. In
consequence, �H increases the expression of spo0A as well as Spo0A�P levels under
the appropriate conditions. Transcription of phr genes is also switched on by �H,
increasing their cellular concentration and allowing the inhibition of Rap proteins (40,
63, 64).

In short, Rap proteins directly and indirectly affect the activities of the key transcrip-
tion factors Spo0A, ComA, and AbrB. Bifunctional RapH and Rap60 interconnect the
regulatory circuits that govern global expression patterns and drive differentiation. This
robust regulatory repertoire aids the cell in efficient specialization, adaptation, and
survival in the environment (4, 68).

Rap PROTEINS ADOPT DISTINCT CONFORMATIONS TO SWITCH THEIR
FUNCTIONAL ACTIVITIES

A special group of bifunctional proteins are the moonlighting proteins, which
employ nonconventional mechanisms to switch between functions due to their capac-
ity for adopting different conformations, upon binding to different ligands (69). The
different functions of a moonlighting protein are carried out by the same domain, and
as such, multifunctionality is not the consequence of domain fusions (70). Furthermore,
one region in a structural domain may bind to the same partner in different confor-
mations or bind to unrelated partners. After binding, the protein undergoes structural
reorganization, which is crucial for its functions (69, 71).

The Rap protein structure comprises an N-terminal domain, consisting of a three-
helix bundle (3HB; �1, �2, and �3), and a superhelical C-terminal tetratricopeptide
repeat-containing domain (TPR) helix-turn-helix (HTH) fold, connected by a flexible
helix-containing linker (�4) (27, 43) (Fig. 2). The 3HB is essential for phosphatase activity
(43) and for the interaction with proteins like ComA and Spo0F (72). The conserved
residue (Q47 or E47) that catalyzes the dephosphorylation of Spo0F�P is located in the
�3 helix (Fig. 2). As previously mentioned, Rap60 and RapH regulate the Spo0A
phosphorelay by dephosphorylating this phosphotransferase (29, 41, 43). Likewise,
both RapH and Rap60 modulate competence by binding to ComA and inhibiting the
DNA-binding activity. Rap60 forms a ternary complex, Rap60-ComA-DNA, which could
block the access of the transcriptional machinery or inhibit the interaction of the RNA
polymerase with DNA (41). In contrast, RapH binds to the DNA-binding domain of
ComA, disrupting ComA dimerization and interfering with ComA binding to DNA (60).
Hence, RapH and Rap60 are bifunctonal proteins that carry out two molecular mech-
anisms by the same domain; one of these functions (dephosphorylation of Spo0F�P)
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implies a chemical reaction, while modulation of competence does not. Although
genetic competence and sporulation are both signaling pathways, they are unrelated
processes.

As a consequence, all of the data suggest that RapH and Rap60 are moonlighting
proteins, in spite of not being included in the MoonProt database (http://www
.moonlightingproteins.org/). The inclusion of a protein in the MoonProt database
requires biochemical, biophysical, mutagenic, and other data supporting the presence
of multiple physiologically relevant functions performed by a single polypeptide chain;
additionally, these published data should be validated by the database creators (73). In
the case of some Rap proteins, structural, biochemical, and mutagenesis data are
available; however, they are not sufficient to confirm if RapH and Rap60 are moon-
lighting proteins, and more focused experiments should be performed.

The two Rap proteins (RapH and Rap60) must adopt different conformations upon
binding to different ligands (Fig. 2). Detailed conformational changes in Rap proteins
have been studied through the crystalized structures of Apo-RapI, RapHA-Spo0FA,
RapF-ComAC, and RapJ-PhrC (44). Combining structural analysis with genetic and
biochemical studies, major conformational changes have been described that may
explain the bifunctionality of candidate moonlighting Rap proteins. The structure of
Rap proteins undergoes radical conformational changes when they bind to their
signaling peptide Phr or to target proteins (Spo0F or ComA) (Fig. 2). The structural
domains 3HB and TPR are organized as separate structures in Apo-Rap and the
Rap-Spo0F and Rap-ComA complexes (44) (Fig. 2). In the complex RapF-ComA, the

FIG 2 Schematic representation of the distinct conformations adopted by Rap proteins to switch functions. Shown
are Apo-Rap (left), Rap-Spo0F (top), Rap-ComA (bottom), and Rap-Phr (right). The C-terminal TPR domain is shown
as a dark-gray outline. The N-terminal domain, composed of �-helixes 1, 2, and 3 (3-helix bundle), and the linker
region (�4) are shown as a light-gray outline, and each helix is detailed as yellow cylinders. Sites in the
ComA-binding surface of Rap are indicated with green arrows; sites in the Spo0F-binding surface are indicated with
blue arrows. Q47 indicates the position of the glutamine catalytic residue for phosphatase activity. C, carboxyl
terminus; N, amino terminus. This schematic representation is based on the structures of Rap conformations from
reference 44.
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N-terminal 3HB domain and the linker region form the ComA binding surface (27) (Fig.
2), and the phosphatase catalytic residue Q47 is buried. On the other hand, the complex
RapH-Spo0F is a heterotetramer of two RapH and two Spo0F proteins, and each Spo0F
coordinates a Mg2� ion. Both the N-terminal 3HB and C-terminal TPR domains of RapH
interact with Spo0F. Most of the 3HB residues that interact with Spo0F, including the
Q47 residue that is essential for phosphatase activity, are located in the �3 helix of
RapH (43) (Fig. 2).

In the Rap-Phr complex, the protein becomes a single domain made of nine TPR-like
folds (28, 44); the entire N-terminal region (3HB and the linker) turns over and packs
against the TPR domain to merge with the C terminus, forming an extended TPR
domain (44) (Fig. 2). This separates and moves the Rap residues that form the Spo0F
binding surface on both 3HB and TPR domains to opposite sides so they cannot
simultaneously interact with Spo0F (44) (Fig. 2). The conformational changes in RapH
induced by PhrH also hide the residues necessary for ComA binding (44) (Fig. 2). It is
possible that the structure of Rap60 is modified in a similar way when binding its Phr
and protein targets. However, structural, genetic, and biochemical studies of the
Rap60-Phr, Rap60-Spo0F, and Rap60-ComA complexes are required to understand all of
the detailed changes that occur as a consequence of these interactions.

NprR, AN EVOLUTIONARY INTERMEDIATE BETWEEN Rap PROTEINS AND RRNPP
TRANSCRIPTIONAL REGULATORS

NprR is a bifunctional QS protein that is found across the B. cereus group and absent
in B. subtilis. NprR functions as a transcriptional regulator and modulates the Spo0A
phosphorelay (23) (Fig. 1, right). Hence, this is a very special QS receptor that shares
characteristics from both Rap proteins and the transcriptional regulators of the RRNPP
family. For this reason, it is generally regarded as an evolutionary intermediate in this
group of QS regulators (17).

The transcriptional regulator function of NprR is carried out by the N-terminal HTH
DNA-binding domain (23), whereas modulation of the Spo0A phosphorelay probably
takes place in the 3HB domain, as it happens in Rap proteins (43). In fact, NprR directly
binds to Spo0F in vitro, similar to Rap proteins, and the HTH domain of NprR is not
required for modulating the phosphorelay (23). Perchat et al. (17) proposed that NprR
shifts from a Rap-like phosphatase to a transcriptional activator, and the NprRB (or
NprX) signaling peptide acts as the switch. Based on these evidences, they proposed
that NprR is a moonlighting quorum sensor. However, the bifunctionality of NprR
depends on two different structural domains (23); therefore, it does not fit one of the
criteria for moonlighting proteins, that the different functions must be carried out by
the same domain (http://www.moonlightingproteins.org/) (70).

The X-ray crystal structure of full-length NprR (either in the apo form or with its
ligands) is not available; the crystal structure has been solved only for the truncated
ΔHTH NprR-NprRB mutant. Additionally, the structure of full-length NprR in solution has
been characterized (22, 23, 74). Likewise, some biochemical and genetic function
studies gave insights into how NprR carries out both functions. Some data indicate that
apo-NprR forms dimers, tetramers, and hexamers in solution (23), while other authors
indicate that both the full-length and the truncated NprR proteins form only dimers
(74). However, there is consensus that (i) NprR forms a tetramer when it binds to the
signaling peptide and (ii) only the NprR-NprRB complex binds to DNA (22, 23, 74) (Fig.
1, right). On the other hand, the full-length NprR binds to Spo0F, forming a heterote-
tramer consisting of two NprR proteins and two Spo0F molecules (23).

The proposed model for the molecular mechanism of NprR as a transcriptional
regulator involves the binding of the signaling peptide to apo-NprR. This causes the
shift in conformations from an inactive apo dimer to an active tetrameric complex. As
consequence, the NprR-NprRB complex recognizes its target DNA sequences (22, 74)
(Fig. 1).

Although it is clear that NprR modulates sporulation initiation by binding to Spo0F,
some experimental results are contradictory. In one hand, some data suggest that it is
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a Rap-like protein that negatively modulates the phosphorelay by dephosphorylating
Spo0F�P (24); however, those in vitro results showed that KinA-dependent phosphor-
ylation of Spo0F is reduced in the presence of NprR (24) but not that NprR dephos-
phorylates Spo0F�P. Direct demonstration of Spo0F dephosphorylation has been
shown for some Rap proteins from B. subtilis (36, 43, 44). In contrast, we have suggested
that the molecular mechanisms of Rap proteins and NprR on the phosphorelay may be
opposed, as indicated by several accumulated evidence, as follows. (i) NprR appears to
be a positive regulator of the Spo0A phosphorelay, as sporulation is delayed in B.
thuringiensis ΔnprR mutants. This is supported by the decrease in the expression of the
early sporulation genes spoIIA and spoIIIG, which are directly activated by Spo0A, in the
ΔnprR mutant (23). In contrast, sporulation and expression of early sporulation genes in
Δrap mutants are increased compared to those in the corresponding wild-type (WT)
strain (43, 75). (ii) NprR seems to play a positive role in sporulation initiation in Bacillus
anthracis (76). (iii) The catalytic residue conserved in all Rap proteins that dephosphor-
ylate Spo0F (Q47 or E47) is absent in NprR (23, 43). (iv) Finally, the signaling peptide
NprRB is unable to disrupt the Spo0F-NprR complex in vitro (22), which suggests that
the peptide does not act as the switch for exchanging functions. In contrast, PhrA
breaks the RapA-Spo0F complex (77), releasing its inhibitory function on the phospho-
relay. In short, although different models have been proposed for the bifunctionality of
NprR, the molecular mechanisms are still unclear, and these mechanisms are a question
that needs to be addressed.

Because of its participation in the Spo0A phosphorelay and being a transcriptional
regulator of many genes involved in nutrient scavenging (Fig. 1, bottom right), NprR
probably plays a role in other specialization processes and collective functions, e.g.,
biofilm formation, virulence, spreading, etc. Hence, new hypotheses should be tested
in order to understand the physiological and ecological relevance of this bifunctional
regulator in the B. cereus group.

EVOLUTION AND ECOLOGY OF MULTIFUNCTIONALITY AND REDUNDANCY OF
NprR AND Rap PARALOGS

Multiple signaling pathways in bacteria have undergone evolutionary expansion
and diversification, increasing their complexity and resulting in overlapping and inter-
connected functions. This is the case of the RRNPP family regulators; understanding the
evolution of these proteins in the context of their ecology facilitates our perception of
how Bacillus species respond to the environment.

In B. subtilis, Rap-Phr evolution by duplication and horizontal gene transfer (78) has
resulted in multiple paralog systems working in parallel, i.e., with no cross talk between
pathways and with redundant functions for inhibiting the functions of either Spo0F or
ComA. Although the maintenance of multiple Rap receptors with the same function
could represent an energetic burden with no immediate gain of novel functions, it is
known to provide advantages in social settings, e.g., in a population or a community.
The selection of redundant Rap proteins has been driven by a facultative cheating
mechanism, where variants with additional Rap-Phr systems are able to exploit their
ancestral strain with fewer QS systems (21). Exploitation refers to the capability of
individuals with additional Rap proteins to inhibit the activation of genes related to the
synthesis of extracellular compounds (such as biofilm matrix components, surfactants,
and extracellular enzymes) while using the compounds produced by ancestral cells.
This cheating behavior should cease at high cell density when the corresponding novel
Phr is accumulated, internalized, and recognized by the Rap protein, antagonizing its
repressive function. As a result, the population with additional Rap-Phr systems in-
creases its relative fitness at low relative abundance (with respect to the ancestral
population) and cooperates at higher abundance (quorum state). This mechanism
seems to be possible only when the newly acquired QS receptor has a dominant
repression upon its target function in the absence of the novel signaling peptide. This
is the case of redundant Rap-Phr systems, in which a single Rap protein can inhibit the
functions of its target response regulator or transcriptional activator, even when
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additional redundant Rap proteins are not expressed or are bound to their correspond-
ing Phr. These mechanisms have allowed Rap-Phr systems to evolve in complex
signaling circuits composed of multiple paralog systems in each species (21, 78).

Multifunctionality in Rap proteins did not require the acquisition of new domains.
The loss of pathway specificity in novel Rap-Phr systems led to diversification (78) and
therefore to the acquisition of new functions. The evolutionary advantages of multi-
functionality may be based on the optimization of energetic costs. Because QS systems
are independent signaling pathways, it is likely that redundant Rap paralogs are not all
active at the same time; instead, some of them could be activated only under certain
conditions.

B. subtilis is considered the Gram-positive model to study the molecular mechanisms
controlling the regulation of cell differentiation in spite of the genomic and ecological
differences with other species. It is well known that the Spo0A phosphorelay is
conserved between B. subtilis and the B. cereus group (79), and it maintains at least one
common function in both groups, which is the modulation of sporulation initiation.
However, the mechanisms by which the phosphorelay is regulated are not conserved.
First, although several Rap protein paralogs are encoded in both B. subtilis and the B.
cereus group genomes, they have diversified independently after speciation, with no
known examples of horizontal transfer between the two groups; therefore, no Rap
homolog is shared between these groups. That is, all Rap proteins from B. subtilis share
a common ancestor, while all Rap proteins for the B. cereus group share a different
common ancestor (23, 78, 80); second, NprR, which targets Spo0F in the B. cereus group,
is not found in B. subtilis. Additionally, not all of the cell differentiation processes from
B. subtilis are shared in the B. cereus group species; for example, homologs of the
ComP-ComA two-component system are largely absent in species from the B. cereus
group (79). Hence, it is difficult to generate feasible predictions about the molecular
mechanisms, structural basis of molecular interactions, ecology, and evolution of Rap
proteins and other elements regulating differentiation in the B. cereus group based on
what is known about B. subtilis.

Recent reports showed that some divergent Rap proteins from the B. cereus group
keep the Spo0F-binding activity (75, 81, 82). Hence, it has been proposed that the
ancestral Rap receptor of the Rap proteins from B. subtilis and B. cereus targeted Spo0F,
and later, the ability to control other regulators was gained, e.g., ComA or DegU in B.
subtilis (78, 83). We propose that the capability to target multiple response regulators
is directed by the ecology of each species. Consequently, ecological features (referring
to habitats and niches) of each bacterial group should be considered separately. B.
subtilis is a rhizospheric bacterium (84), and Rap proteins in this species regulate
features related to root colonization, including interactions with plants and microbes,
biofilm formation, sporulation, and competence (68, 85, 86). In contrast, B. thuringiensis
is a soil-inhabiting, insect-pathogenic, and saprophytic bacterium (87) that may use its
Rap repertoire to regulate virulence, sporulation, Cry toxin production, nutrient scav-
enging, and dispersal. Accordingly, we recently found that the lab strain B. thuringiensis
Bt8741 has expanded the regulation of extracellular proteases to six out of the eight
Rap proteins encoded in its genome (80). This contrasts acutely with only one Rap
protein involved in the regulation of extracellular proteases in B. subtilis (83).

The ecological roles of RRNPP proteins, especially Rap proteins and NprR, are not
fully understood. However, some efforts have been recently made to assess the impact
of proteins that target the Spo0A phosphorelay in more realistic, ecologically relevant
settings, in contrast to classic, unrealistic experiments in liquid medium. For example,
coinoculation experiments using B. subtilis strains showed that RapP is involved in
maintaining a low production of surfactin to avoid subsequent cheating in swarms of
B. subtilis (30). Also, in B. thuringiensis, the loss of NprR causes only slight delays in
sporulation initiation in liquid medium (23), but this protein is essential for necrotro-
phism and sporulation in insect hosts (88); therefore, this QS system may provide a
fitness advantage to the bacterial population in nature. Another example is Rap8 from
B. thuringiensis HD73; rap8- or phr8-deficient mutants in flask cultures show levels of
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sporulation similar to that of the WT strain; however, sporulation is decreased �5-fold
in Δphr8 mutants in insect cadavers (82). Although the decrease in sporulation is slight
and spores are still detectable, it could represent a disadvantage for spore dissemina-
tion after the necrotrophic phase. Future studies should be aimed to explain how the
presence of multifunctional and redundant Rap proteins, and the bifunctional NprR, is
advantageous in nature for the B. cereus group bacteria to overcome such a genetic
burden.

PERSPECTIVES: BIFUNCTIONAL RRNPP RECEPTORS IN THE B. CEREUS GROUP
AND NON-BACILLUS FIRMICUTES

Different signaling pathways are integrated via the repertoire of Rap proteins in
B. subtilis, and because multiple Rap paralogs are found in all strains from the B.
cereus group (78, 81, 89, 90), they could serve the same physiological function in
these bacteria. Although Rap proteins from B. cereus group are largely understud-
ied, it is known that RapBXA0205 and BA3790 from B. anthracis strain A2012, Rap8
from B. thuringiensis HD73, and RapF and RapK (also known as Rap8 and Rap7,
respectively) from B. thuringiensis Bt407 participate in the Spo0A phosphorelay (75,
81, 82).

While bifunctionality has been well studied for NprR in B. thuringiensis, the multi-
functionality of Rap proteins in the B. cereus group has not been established at the
molecular level. However, all Rap paralogs retain their multidomain architecture, which
indicates that they establish different interactions with proteins and peptides (oli-
gomerization, binding to signaling peptides or response regulators). Furthermore,
Spo0F-binding Rap proteins are likely involved in the regulation of multiple functions,
as the Spo0A phosphorelay is a signal integration pathway that modulates many
differentiation programs (28). Another level of complexity is the presence of a gene
coding for a putative precursor of a Phr signaling peptide in most of the rap paralogs
of the B. cereus group (78, 80, 81), which indicates that they retain a QS capability that
directs their functions.

Based on these evidences, we recently studied eight Rap paralogs encoded in the
genome of B. thuringiensis Bt8741 (89) and found that they indeed constitute a
multifunctional and redundant regulatory repertoire (80); five paralogs participate in
more than one of the collective functions studied, and all of those functions are
regulated by more than one Rap paralog. Notably, our data suggested that RapC,
RapF2, and RapLike link the regulation of colony spread and the production of
extracellular proteases, while RapC and RapLike also participate in the regulation of
sporulation. One pending aspect for understanding the multifunctionality and redun-
dancy of Rap proteins from the B. cereus group is the identification of the target
response regulators (other than Spo0F) and transcriptional activators that mediate
these functions (80).

RRNPP-like proteins that mediate overlapping functions, or with multiple functions,
are likely also found outside the Bacillus genus. A recent review showed the diversity
of regulators with structural similarity to the RRNPP family (16). Although homologs of
NprR are only found in genomes from the B. cereus group (22) (see Files S1 and S2 in
the supplemental material), phylogenetic reconstruction of sequences with structural
similarity to NprR shows that proteins with conserved NprR-like domains are found
across the Bacillus genus (including the B. subtilis group), other non-Bacillus Bacillales,
bacteria from the order Lactobacillales, members of the classes Clostridia and Erysip-
elotrichia, and a few representatives from the phyla Actinobacteria, Bacteroidetes, Cya-
nobacteria, and Proteobacteria (Fig. 3). On the other hand, Rap proteins are found across
bacteria from the order Bacillales (B. cereus group, B. subtilis group, other Bacillus spp.,
and non-Bacillus spp.) and a few representatives are also found in the phyla Bacte-
roidetes, Cyanobacteria, and Proteobacteria. Additionally, Rap-like proteins (with struc-
tural similarity to Rap proteins) are found in the class Clostridia and the phyla Actino-
bacteria, Aquificae, Bacteroidetes, Cyanobacteria, and Proteobacteria (Fig. 3 and Files S1
and S2). The broad presence of RRNPP-like regulators across Firmicutes implies that
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many proteins with similar structures, molecular mechanisms, and functions will likely
be described, and the family will continue to grow rapidly (19). For this reason, the
current acronym RRNPP will no longer be suitable for grouping these receptors. We
propose that the protein family should be renamed the TCQR (TPR-containing, cyto-
plasmic, quorum-sensing receptor) family, considering the most important character-
istics that these proteins share.

The presence of paralogs with a degree of redundancy in their functions, as well as
bifunctionality in other TCQR receptors, has been described in non-Bacillus Firmicutes.
Rgg receptors and small hydrophobic peptide (SHP) signaling peptides are widely
studied systems that were more recently included in the protein family. Rgg-SHP
systems are found across low-G�C Gram-positive bacteria (except for Clostridiaceae)
but have been broadly studied in streptococci (reviewed in references 91 and 92). Rgg
paralogs control functions such as virulence (RpoB), enzymatic functions, formation of
capsule and biofilms (Rgg2 and Rgg3), and natural competence (ComR). Interestingly,
there are cases where several paralogs have been identified in a single genome; e.g., up
to 7 paralogs have been identified in Streptococcus thermophilus (93), and Streptococcus
pyogenes codes for 4 paralogs which have been thoroughly studied (94). Although the

FIG 3 Maximum-likelihood phylogenetic trees showing the distributions of NprR- and Rap-like proteins across the domain Bacteria. The sequence data set was
obtained from a previous work (16), and sequences from unknown organisms were excluded (File S1). Triangles indicate collapsed branches, and the triangle
area is proportional to the number of sequences collapsed. The total number of sequences and their percentage are shown on top of each tree; the number
of sequences and their percentages in each taxon are shown on the right of each collapsed branch. Scale bars indicate the number of substitutions per site.
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functions of Rgg paralogs have been regarded as nonredundant (95), Rgg2 and Rgg3
have overlapping mechanisms. While Rgg2 is a transcriptional activator, Rgg3 is a
repressor, and they are highly coordinated through the activation SHP2 and SHP3 by
Rgg2. Additionally, they bind to common DNA regions with antagonizing effects on the
expression of genes that control biofilm biogenesis (96). This mechanism ensures
that expression is repressed by Rgg3 under peptide-limiting conditions and acti-
vated by Rgg2 in a quorum state (97). Notably, the presence of Rgg regulators and
their involvement in the activation of virulence are common to other Streptococcus
species (98), as well as other Firmicutes of clinical relevance, such as Pneumococcus
spp. (99).

Another bifunctional QS regulator that has been recently studied is RstA from
Clostridioides difficile (100, 101). RstA is now described as a RRNPP (TCQR) family
regulator, as it contains the canonic architecture consisting of an N-terminal DNA-
binding domain, followed by an Spo0F-like binding domain (although Spo0F is not
conserved in C. difficile) and a C-terminal TPR-containing domain. This regulator ap-
pears to be activated by a signaling molecule, but a cognate signaling peptide or its
gene remain elusive. Similar to the functions of NprR, RstA positively modulates the
early stages of sporulation by a DNA-binding independent mechanism, probably
through protein-protein interactions with an unknown target response regulator, and
it is also a transcriptional regulator that directly and indirectly represses the expression
of TcdA and TcdB, two major toxins of this pathogen (100, 101). The structural and
evolutionary bases of redundancy and multifunctionality have not been fully addressed
for these TCQR regulators from non-Bacillus Firmicutes, but they illustrate how these
phenomena are widely spread in the bacterial world and may be highly relevant in the
context of human pathogenesis.

QS studies have had an impact in human health through novel disease diagnosis
strategies and antimicrobial agents (102), and we expect they will soon have an impact
in agriculture, as many research efforts on microbiology are aiming to decrease the
harmful impacts of this human activity on the environment. However, some QS systems
show unexpected complexity that includes multifunctionality and redundancy in their
functions, which hinders the development of technologies based on these molecular
circuits. Understanding the mechanistic, structural, ecological, and evolutionary basis
for multifunctionality and redundancy of these QS systems is a key step for achieving
the development of innovative technologies.
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