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Abstract

The bacterium Myxococcus xanthus undergoes multicellular development when starved.
Thousands of cells build mounds in which some differentiate into spores. This remarkable feat and
the genetic tractability of Myxococcus provide a unique opportunity to understand evolution of
gene regulatory networks (GRNSs). Recent work has revealed a GRN involving interconnected
cascades of signal-responsive transcriptional activators. Initially, starvation-induced intracellular
signals direct changes in gene expression. Subsequently, self-generated extracellular signals
provide morphological cues that regulate certain transcriptional activators. However, signals for
many of the activators remain to be discovered. A key insight is that activators often work
combinatorially, allowing signal integration. The Myxococcus GRN differs strikingly from those
governing sporulation of Bacillus and Streptomyces, suggesting Myxococcus evolved a highly
signal-responsive GRN to enable complex multicellular development.
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Myxococcus multicellular development is controlled by cascades of signal-
responsive transcription factors

Myxobacteria are common soil inhabitants that often prey on other bacteria [1]. When prey
become scarce, myxobacteria build multicellular structures in which some of the rod-shaped
cells transform into ovoid spores. The spores are dormant and resist environmental insults,
yet they remain receptive to nutrient signals and can germinate and resume growth. One
species of myxobacteria, Myxococcus xanthus, has been studied as a model organism to
understand cooperative motility, cell-cell signaling, and gene regulation during a
multicellular developmental process. Myxococcus cells are long, flexible rods capable of
gliding over solid surfaces. Swarms of these bacteria have been described as microbial
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wolfpacks that lyse a variety of other bacteria and digest their contents [2]. However, when
nutrient sources are exhausted, Myxococcus cells coordinate their movements during a
process called “aggregation” (see Glossary), forming mounds that contain tens of thousands
of cells (Figure 1). Within a mound, some cells differentiate into spores (about 5%),
completing the developmental process of fruiting body formation. The majority of cells lyse
during the aggregation process [3], perhaps providing nutrients that delay and/or fuel
sporulation of the minority. A sizable fraction of cells remain outside fruiting bodies as
“peripheral rods” (about 15%) [4]. This may be a bet-hedging strategy evolved to rapidly
exploit reappearance of a nutrient source. How individual cells in the starving population
adopt different fates is largely unknown, but can be easily studied in this genetically
tractable and exciting model for elucidating gene regulatory networks (GRNSs).

The complex multicellular developmental process of Myxococcus is governed by a GRN
composed of signal-responsive transcription factors that act sequentially in cascades to
control the timing of target gene expression [5]. An emerging theme is that some of the
transcription factors also act combinatorially, providing signal integration, as is often seen
in GRNs governing development of multicellular eukaryotes [6]. Recent work has also
provided new insights into the signal inputs of the GRN as well as the functional ouputs of
target genes. Based on analysis of DNA microarray data, the developmental GRN includes
at least 410 up-regulated genes and 424 down-regulated genes, representing slightly more
than 10% of the total genes [7]. This review will focus on the Myxococcus xanthus GRN,
but will also include comparisons with other myxobacteria and with other model organisms,
because their comparison provides unique insight into the evolution of GRNs governing
bacterial development.

Overview of the GRN governing Myxococcus development

Previous reviews summarized the developmental GRN of Myxococcus in terms of three
modules [5, 8]. This modular description will also be used here, with the addition of a fourth
module that was discovered recently. The four modules — Nla24, Mrp, FruA, and an
enhancer-binding protein (EBP) cascade — regulate key transcription factors (Figure 2).
Starvation triggers the Nla24, Mrp, and EBP cascade modules, but the molecular signals are
largely unknown. For the recently discovered Nla24 module, cyclic diguanylate (c-di-
GMP) acts as a second messenger of the unknown starvation signal, and genes for
exopolysaccharide (EPS) production are induced, which is necessary for fruiting body
formation [9] (Figure 2). Starvation also causes another guanine nucleotide second
messenger to be made in cells — RelA activity causes guanosine penta- and tetraphosphates
[(p)ppGpp)] to accumulate when ribosomes stall due to amino acid limitation [10, 11]
(Figure 2). This is called a “stringent response” and it is common in bacteria [12]. Stringent
responses typically inhibit transcription of rRNA operons and up- or down-regulate
transcription of many other genes. (p)ppGpp likely affects the transcriptome by binding to
RNA polymerase and/or reducing the GTP level [13]. In Myxococcus, part of the (p)ppGpp-
mediated stringent response is the production of extracellular A-signal and C-signal [10, 14—
16] (Figure 2). The A-signal provides a measure of cell density [17]. If a quorum is reached,
cells express early developmental genes and begin the aggregation process. Genetic evidence
suggests that C-signal activates the transcription factor FruA (depicted as FruA* in Figure
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2), facilitating aggregation [18-20], but many questions remain about C-signaling (Box 1).
FruA* and the transcription factor MrpC (the output of the Mrp module) are believed to

regulate late genes important for completion of the developmental process [21, 22] (Figure
2). As explained next, the EBP cascade module impacts many steps in the GRN (Figure 2).

Box 1
C-signal and the Activation of FruA

The identity of C-signal, its mode of transmission, and the mechanism by which it
activates the FruA transcription factor are still under investigation.

C-signal appears to be a proteolytic fragment of CsgA and/or lipids produced by CsgA
phospholipase activity. Involvement of CsgA in production of C-signal was inferred from
isolation of csgA mutants whose development could be rescued by addition of wild-type
cells [89, 90]. Purification of a factor from wild type capable of rescuing a ¢sgA mutant
identified a 17 kDa fragment of CsgA called C-factor or p17 [91, 92]. p17 was shown to
be associated with the outer membrane [92], where it is produced from full-length CsgA
(p25) by a protease called PopC [93] (Figure I, top pathway). Secretion of PopC is
controlled by its inhibitor, PopD, which is degraded upon starvation in a Rel A-dependent
process that involves the protease FtsHP [15]. According to this model, p17 is C-signal.
An alternate model is that cardiolipin phospholipase activity of intact CsgA releases
diacylglycerols from the inner membrane that are C-signal [94] (Figure I, bottom
pathway). This model is supported by analysis of a csgA suppressor mutation that causes
overexpression of socA [95], which codes for a cardiolipin phospholipase [94], by
mutational analysis ofcsgA [96], and by developmental rescue of a csgA socA mutant by
a lipid fraction enriched in diacylglycerols from Myxococcus [94]. The two models for
the identity of C-signal are not mutually exclusive.

Neither model for the identity of C-signal identifies a mode of transmission. p17
associated with the outer membrane of a donor cell would presumably require contact
with a receptor on the surface of a recipient cell for transmission, but a receptor has not
been identified. Diacylglycerols might passively diffuse through membranes, be actively
transported across membranes, or be released by cell lysis. Presumably, these lipids
would not travel far extracellularly, but they might not require cell-cell contact for
transmission. Short-range or contact-dependent transmission of C-signal is supported by
numerous studies [52-54].

The mechanism by which C-signal activates FruA is unknown. FruA is similar to
response regulators of two-component signal transduction systems [19]. Typically,
response regulators are phosphorylated by a protein kinase, but one has not been
identified for FruA. Moreover, the receiver domain of FruA is atypical since it lacks key
residues usually required for phosphorylation, and no change in DNA-binding by FruA
after treatment with small-molecule phosphodonors was observed [21]. Hence, FruA may
not be activated by phosphorylation as was originally proposed [18]. Many other
mechanisms of posttranscriptional control are possible.
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The GRN before and during Myxococcus aggregation

The EBP cascade module

Figure 3 (Key Figure) shows early events during Myxococcus development in more detail.
Starvation initiates a cascade of EBPs (shown in blue). These transcription factors typically
bind to sites located about 100 base pairs upstream of promoters and activate transcription
by o4 RNA polymerase [23]. All EBPs in the cascade have a domain expected to be
phosphorylated by a protein kinase in response to a signal, but the signals and some of the
kinases remain to be identified [24]. For example, it is known that n7/a4 and n/a18 mutants
fail to induce (p)ppGpp and early developmental genes normally [25, 26], but little is known
about how starvation presumably causes formation of Nla4~P and Nlal8~P, or how these
EBPs impact (p)ppGpp accumulation (Figure 3). Nla4~P and Nla18~P likely activate
transcription of n/a6 directly (since their DNA-binding domains bind to the promoter
region), and likewise the phosphorylated forms of the other EBPs likely activate
transcription of their targets directly [27, 28]. Combinatorial regulation by two or more
EBPs (allowing signal integration) and positive autoregulation (providing signal
amplification) are recurring themes in the EBP cascade (Figure 3). Perhaps the complexity
of starvation sensing and signaling during aggregation demands combinatorial regulation,
and EBPs evolved to fulfill this demand because their binding site position is flexible.

Consistent with the themes just noted, both Nla6~P and Nla28~P positively autoregulate,
regulate each other, and regulate A-signal and ActB~P [27] (Figure 3). In addition, Nla28~P
regulates MrpB~P [5], a component of the Mrp module that is also an EBP. All this
regulation by Nla6~P and Nla28~P appears to involve transcriptional activation. In addition,
Nla6~P appears to directly activate asgE [28], explaining why a n/a6 mutant fails to make A-
signal [29]. However, the mechanisms of reciprocal regulation between Nla28~P and A-
signal are unknown (Figure 3). A-signal is a mixture of peptides and amino acids produced
by secreted proteases, which (as noted above) may provide quorum sensing as a checkpoint
prior to initiation of aggregation [17]. A-signal not only regulates the operon encoding
Nla28 and its kinase [30], A-signal regulates most genes induced early in development [31].
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Some of this regulation involves another EBP, SasR~P (Figure 3), whose cognate protein
kinase, SasS, presumably senses A-signal [32]. However, direct targets of SasR~P have not
been identified — this connection between A-signal and aggregation needs further
investigation.

Farther downstream in the EBP cascade is ActB~P (Figure 3). It positively autoregulates,
likely activates transcription of MXAN4899, and positively regulates C-signal [27, 33].
Interestingly, ActB~P and C-signal engage in reciprocal regulation [33, 34], as seen for
Nla28~P and A-signal (Figure 3). Again, the mechanisms are unknown — the evidence for
reciprocal regulation comes from phenotypic characterization of actB and csgA (the gene for
C-signal production) mutants [33, 34]. The findings that both A-signal and C-signal feed
back into the EBP cascade indicate that regulation of the cascade is linked to production and
transmission of self-generated extracellular signals, coupling the GRN to morphological
cues (i.e., cell density v/a A-signal and aggregation via C-signal).

The farthest downstream EBP known to be part of the cascade is MXAN4899~P (Figure 3).
A null mutation in MXAN4899 appears to impair C-signal-dependent activation of FruA
(i.e., formation of FruA*, as depicted in Figure 3) [35]. More recently, MXAN4899 was
shown to form heterodimers with another EBP, HsfA, and combinatorially regulate genes
involved in secondary metabolite production; whether HsfA~P is also involved in FruA*
formation is unknown [36] (Figure 3). HsfA is present in growing cells [37], so it does not
appear to be part of the EBP cascade in terms of its upstream regulation. A null mutation in
hsfA impairs aggregation more strongly than a null mutation in MXAN4899[36], but this
phenotype may also reflect a separate role for HsfA~P in the activation of /onD (also called
bsgA,) early in development since LonD protease activity is necessary for aggregation [37].
A null mutation in fonD impairs expression of early developmental genes [38], but how
LonD fits into the GRN is unknown [24].

To fully understand the role of the EBP cascade in the GRN, the molecular signals, cognate
protein kinases, and target genes for each EBP must be elucidated.

The Nla24 module

This module was discovered recently [9], so much remains to be learned about its role in the
GRN. So far, starvation has been shown to induce transcription of dmxB, which encodes a
diguanylate cyclase that boosts the cellular level of c-di-GMP early in development. These
events appear to be under control of the Dif chemosensory system [9], which responds not
only to starvation, but to type IV pili of neighboring cells and lipids (perhaps released from
lysing cells) [39]. c-di-GMP binds to Nla24 [9], an EBP encoded at a locus for EPS
biosynthesis [40] but whose cognate protein kinase is unknown. Assuming that Nla24 is
phosphorylated, it appears that a c-di-GMP-Nla24~P complex activates transcription of
certain gps genes during development, increasing EPS production to enhance aggregation
and sporulation [9] (Figure 3). c-di-GMP controls EPS production in many bacteria, and in
some cases c-di-GMP regulation is coordinated with regulation by other second messengers
and/or quorum sensors [41]. It will be interesting to see whether c-di-GMP regulation of the
Nla24 module is integrated with control by other signals shown in Figure 3 or that remain to
be discovered.

Trends Genet. Author manuscript; available in PMC 2018 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kroos Page 6

The Mrp module

The Mrp module includes three Mrp proteins and at least two signal transduction pathways
(Pkn and Esp) that respond to starvation (Figure 3, orange). MrpA is a potential kinase of
MrpB, but comparison of mrpA and mrpB mutant phenotypes suggests that MrpA acts
primarily as a phosphatase of MrpB~P [42]. MrpB~P is an EBP that positively regulates
transcription of the mrpAB operon (depicted as positive autoregulation of MrpB~P in Figure
3) and of mrpC, which encodes a transcription factor in the cyclic-AMP receptor protein
(CRP) family [42]. MrpC is the key output of the Mrp module (Figure 2). MrpC appears to
autoactivate [42, 43], activate transcription of fruA [44], and regulate a large number of
genes, in many cases combinatorially with FruA* [21, 22] (Figure 3).

As with other modules in the GRN, starvation is an important input into the Mrp module
(Figure 3). Starvation not only has an impact v/athe EBP cascade (i.e., Nla28~P appears to
activate transcription of the mrpAB operon, which is depicted in Figure 3 as Nla28~P
positively regulating MrpB~P) [5], but starvation also affects MrpC posttranslationally in
two ways — starvation relieves phosphorylation of MrpC by the Pkn8 and Pkn14 cascade of
protein kinases, allowing MrpC to bind DNA with higher affinity [43, 45] and starvation
enhances MrpC proteolysis viathe complex Esp signal transduction system [46, 47]. The
molecules sensed by the Pkn and Esp pathways are unknown. These signals dictate the pace
of development by controlling the activity and concentration of MrpC in cells. Mutations in
components of the Pkn or Esp pathways can precociously elevate the MrpC level, resulting
in earlier aggregation and premature sporulation outside of fruiting bodies [45, 46]. Starving
cells engaging in aggregation accumulate more MrpC than non-aggregating cells in a
population [3]. These observations suggest that MrpC is a master transcriptional regulator of
aggregation and sporulation. In agreement, recent work suggests that the MrpC level also
serves as a checkpoint for developmental progression — addition of nutrients during
aggregation causes rapid proteolysis of MrpC and blocks commitment to sporulation [48].
Therefore, it is important to elucidate both the regulation and the targets of MrpC.

To begin finding targets of MrpC, a ChIP-seq study of developing Myxococcus was
performed, and showed that MrpC binds to the promoter regions of nearly 300 genes known
to be up- or down-regulated during development [22]. These include genes for many protein
kinases and transcription factors, and genes involved in signal production, motility, and
spore formation. However, these potential direct targets of MrpC require further
investigation (e.g., RNA analysis of an mrpC mutant) before they can be incorporated into
the GRN.

The FruA module

How C-signal activates FruA is a crucial question (Box 1), because activated FruA (depicted
as FruA*) is the key output of the FruA module (Figures 2 and 3, green). Despite uncertainty
about the nature of FruA*, and how C-signal and MXAN4899~P (alone or in combination
with HsfA~P) stimulate FruA* formation (Figure 3), the role of FruA* in the GRN can be
inferred from mutant phenotypes. A null mutation in MXAN4899 delays aggregation, but
eventually mounds form, although they are larger and less regular in shape than normal [35].
A fruA mutant is even more defective for aggregation [19], suggesting that a low level of
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FruA* in the MXAN4899 mutant is sufficient to allow expression of some genes involved in
aggregation. These aggregation genes presumably impact methylation of FrzCD [18, 20, 49],
a component of the Frz chemosensory system that controls the gliding movements of cells
[50, 51]. Aggregation brings cells into proximity, enhancing C-signaling [52-54] (Box 1).
This is depicted as positive feedback of FruA* directly on C-signal in Figure 3 (for
simplicity). A second positive feedback loop of FruA* on C-signal involves the actoperon
[34] (shown in Figure 3 as positive regulation of ActB~P). MrpC also regulates C-signal
production positively [55] (Figure 3). These positive feedback loops presumably ensure that
the FruA* level rises in aggregated cells, as has been shown for FruA by immunoblot [3].
Rising levels of C-signal and FruA* appear to differentially regulate genes and ensure that
aggregation precedes sporulation [56-58].

Combinatorial control by MrpC and FruA*

By studying the regulation of several C-signal-dependent genes, it was discovered that
purified MrpC and FruA bind cooperatively to promoter regions of many genes important
for normal aggregation and/or sporulation [21, 22, 59-62]. Figure 4 shows the arrangement
of MrpC and FruA binding sites in five promoter regions that exhibit differential dependence
on C-signal for expression. In all five cases, cooperative binding of MrpC and FruA*
immediately upstream of the promoter —35 region appears to positively regulate
transcription [21, 59-62]. Occupancy at this site is proposed to compete with occupancy by
MrpC or the combination of MrpC and FruA* at nearby sites in the two promoter regions
that depend most strongly on C-signal [59, 61]. Presumably, C-signal-dependent activation
of FruA eventually causes the level of FruA* to rise sufficiently to activate transcription of
strongly C-signal-dependent genes, which are expressed late during development [38]. In
this way, the arrangement and affinity of binding sites for MrpC and FruA* may explain the
observed differences in C-signal dependence and timing of expression of genes during
development.

Combinatorial regulation by MrpC and FruA* appears to ensure that only starving cells
(capable of accumulating MrpC) in close proximity in a mound (capable of C-signaling to
activate FruA) commit to spore formation. As noted above, addition of nutrients during
aggregation causes rapid proteolysis of MrpC and blocks commitment to sporulation [48].
Aggregating cells accumulate more MrpC, FruA, and C-signal than non-aggregating cells
[3], but how these subpopulations relate to the three fates of cells (spore, peripheral rod,
lyse) is unclear. Methods to measure gene expression in individual cells and track their fate
during development are urgently needed. Developmental lysis (the fate of most cells) was
proposed to be a programmed event mediated by MazF RNase activity [63], but recent work
showed that MazF impacts lysis only of mutants with a defect in the outer membrane
secretin PilQ [3, 64]. Whether lysis is a programmed event or a stochastic response to
starvation will be exciting to investigate.

The GRN governing Myxococcus sporulation

Some of the C-signal-dependent genes under combinatorial control of MrpC and FruA*
(Figure 4) are important for aggregation and/or sporulation [21, 60-62] (Figure 5). Among
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these genes, some in the dev operon powerfully impact sporulation. Null mutations in the
devTRS genes reduce sporulation more than 100-fold [65, 66]. Surprisingly, it is not the loss
of devTRS that inhibits sporulation of these mutants, but rather overexpression of dev/, the
first gene in the operon [67]. In devTRS mutants, transcription from the dev promoter is
increased about 10-fold [66—68]. Further insight came from sequencing natural isolates —
most were found to lack a functional dev promoter and dev/[67]. Curiously, however, the
strains lacking the dev promoter and dev/ still formed a normal number of spores, unlike the
devTRS mutants. These observations suggested that dev/ overexpression in dev7RS mutants
might cause their sporulation defect. In agreement, null mutations in dev/ restore sporulation
of devTRS mutants [67] (Rajagopalan and Kroos, unpublished). Also, dev/ mutants form
spores about 6 h earlier than normal (Rajagopalan and Kroos, unpublished). It appears that
Devl codes for a small protein that inhibits sporulation if overexpressed and delays
sporulation when expressed normally (Figure 5). Elucidation of the mechanism of inhibition
by Devl may shed light on the early steps of cellular shape change during spore formation.
The devoperon is a CRISPR-Cas system that might protect cells from phage infection
during development [68]. The lack of a functional devpromoter and dev/in most natural
isolates suggests this CRISPR-Cas system only recently became functional in a minority of
strains that acquired a promoter [67], perhaps in niches where delayed sporulation and
protection from phage infection proved advantageous.

Sporulation involves cellular shape change and building a protective coat at the cell surface.
The cytoskeletal protein MreB is important for the rod-to-spore transition and its reversal
upon germination [69]. Presumably, these transitions involve extensive remodeling of the
cell wall peptidoglycan. A few candidates for enzymes that might remodel peptidoglycan
during sporulation emerged from genome-wide expression profiling during chemically-
induced sporulation, which circumvents aggregation [70], but more work is needed to
determine whether the corresponding genes are required for starvation-induced sporulation
and, if so, how they fit into the GRN. The expression profiling experiment also led to genes
whose products help build the spore coat. In a follow-up study, Exo and Nfs proteins were
shown to be involved in forming the polysaccharide coat that encases the spore [69]. Nfs
proteins form a complex that is moved around the spore surface by the Agl motor,
distributing Exo-secreted glycan strands [71]. The Agl motor also powers gliding motility
earlier in development during aggregation, and it powers motility for predation when prey
are available [72]. Regulation of the nfsoperon is not understood well enough to place Nfs
in the GRN, but the exo operon is likely under direct combinatorial control of Nla6~P and
FruA* (Figure 5). Nla6~P appears to activate exo transcription early in development, then
repress it during aggregation [28], and FruA* appears to activate it just before sporulation
[73].

FruA* also appears to regulate an abundant protein associated with the spore coat (Tps) [19]
and a putative flavin adenine dinucleotide-binding monooxygenase (MXAN2872) that
stimulates aggregation [74] (Figure 5). MXANZ2872was identified in a genetic screen for
regulators of the muc operon [74], which encodes a chaperone/usher protein secretion
system necessary for sporulation [75]. MXAN2872 appears to regulate muc indirectly by
stimulating aggregation [74]. How MXAN2872 regulates aggregation is unknown. Further
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studies will likely reveal a novel mechanism controlling aggregation, a process we know
little about currently.

The developmental GRN in other myxobacteria

Comparative genomic analysis so far has indicated that the developmental GRN is conserved
in close relatives of M. xanthus, but not in more distant relatives. Three myxobacteria in the
same suborder as M. xanthus have orthologs of proteins in the EBP cascade and the Mrp
module (except Pkn8), and they have orthologs of FruA, CsgA (C-signal), and Nla24 [7, 76]
(Kroos, unpublished). In contrast, two myxobacteria in different suborders than M. xanthus
lack orthologs of most of these proteins (except MrpC, Pkn14, and Nla24). These
differences could reflect divergent evolution from a common ancestor capable of
development. Alternatively, the gene differences could reflect convergent evolution from a
common ancestor incapable of development. Distinguishing between these possibilities will
be facilitated by comparison of additional genome sequences and of GRNs characterized by
genomic and proteomic approaches.

Comparison of the Myxococcus, Bacillus, and Streptomyces developmental

GRNs

In two other experimental paradigms, GRNs governing bacterial development have been
studied extensively. One GRN governs endospore formation by Bacillus subtilis [77]. The
other is a composite of work on three species of Streptomyces (coelicolor, griseus, and
venezuelag), which form chains of spores [78]. Although the developmental processes of
Bacillus and Streptomyces differ morphologically from each other and from Myxococcus,
and the processes evolved separately, the processes share some features — starvation initiates
the process, hundreds of genes are regulated using multiple signals, and some cells lyse (or
adopt other fates) while others differentiate into dormant spores that withstand insults and
germinate when nutrients become available. Comparing the three GRNs provides unique
insight into the constraints and flexibility of strategies to regulate a given developmental
process.

Early events in the Bacillus GRN are controlled by a phosphorelay in which protein kinases
autophosphorylate and initiate a chain of protein phosphotransfers that culminates in
phosphorylation of SpoOA, a transcription factor that activates or represses many genes [77].
The level of SpoOA~P can differ between cells in a population and determine cell fate
accordingly, both indirectly by down-regulating the AbrB and SinR global repressors, and
directly by activating sporulation genes[77]. Neither Streptomycesnor Myxococcus have a
phosphorelay, and little is known about cell fate determination. Both use guanine nucleotide
second messengers to respond to starvation. In Streptomyces, decreasing c-di-GMP upon
starvation appears to inactivate BIdD, a global repressor of developmental genes [78].

A striking difference among the GRNS is the prevalence of EBPs in Myxococcus and their
absence from Bacillus and Streptomyces. This difference was noted in an earlier comparison
of the Myxococcus and Bacillus GRNS, as was the presence of autoregulatory, feed-forward,
and feedback loops in both GRNSs [79]. Such loops provide signal amplification,
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combinatorial control, and checkpoints that ensure proper temporal and spatial gene
expression. In the Streptomyces GRN, several key transcription factors autoregulate [80],
but combinatorial control and feedback loops are so far less apparent. An exception is
combinatorial control of late sporulation genes by BIdM-Whil heterodimers, both of which
are atypical response regulators [78], like Myxococcus FruA (Box 1).

The dominant role played by the interconnected EBP and MrpC/FruA* cascades in the
Myxococcus GRN is replaced by cascades of o factors in the Bacillus GRN [77]. Two cell
types form during Bacillus endosporulation — the mother cell and the forespore. Three
signaling pathways between the two cell types regulate their distinct o factor cascades. Anti-
o factors modulate o activity globally in each cell type [81, 82], while auxiliary
transcription factors fine-tune the expression of target genes [79]. In the Strepfomyces GRN,
mixed cascades of o factors and other transcription factors play the dominant role, with
modulation of the activity of some o factors by anti-o factors [78, 80]. In contrast, very little
is known about involvement of o and anti-o factors in the Myxococcus GRN, except that
EBPs presumably activate transcription by o®* RNA polymerase and that the genome
encodes 52 o factors in the o/ family and at least 30 anti-o factors [83, 84]. These potential
components of the developmental GRN present intriguing opportunities for future
exploration.

Concluding Remarks and Future Perspectives

The GRN governing Myxococcus development primarily involves two interconnected
cascades (EBP and MrpC/FruA*) of signal-responsive transcription factors that often act
combinatorially (Figure 3). Two additional pathways impact aggregation through Nla24~P
and SasR~P, EBPs that respond to c-di-GMP and A-signal, respectively. Starvation induces a
stringent response that generates the intracellular second messenger (p)ppGpp, which
stimulates production of extracellular A- and C-signals. A-signal appears to be peptide
signaling for the purpose of quorum sensing, providing both feedback to the EBP cascade
via Nla28~P and input to SasR~P. C-signal appears to be a proteolytic fragment of CsgA
and/or lipids produced by CsgA phospholipase activity, which provides a measure of cell
proximity (i.e., aggregation), feeds back to the EBP cascade via ActB~P, and activates FruA.
The mechanisms by which the A- and C-signals affect EBPs and FruA remain to be
elucidated, as do the molecular signals and mechanisms that affect MrpC and many of the
EBPs (see Outstanding Questions).

Outstanding Questions Box

How is starvation detected? Specifically, how do Nla4~P and Nlal8~P respond to
starvation by regulating (p)ppGpp accumulation and early gene expression? Also, how is
activity of MrpC regulated in response to starvation by the Pkn kinase cascade and the
Esp signal transduction/proteolytic system, and when nutrients are added to developing
cells prior to commitment to sporulation?

What molecular signals control activity of downstream EBPs in the cascade, how do they
do so via cognate kinase/phosphatase proteins, and what are the outputs?
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How are the A- and C-signals produced and what are their effects on the network? In
particular, how does A-signal regulate most early genes and how does C-signal affect
FruA activity?

How are cell fates specified? Is cellular lysis a programmed event during development
and in any case what role does it play? What determines whether a cell remains outside
fruiting bodies as a peripheral rod? What molecular events constitute commitment to
sporulation? Are there genes under cooperative control of MrpC and FruA* that are up-
regulated and together with MreB cause the rod-to-spore transition? How does Devl
inhibit sporulation?

What ecological and other forces drove (and continue to drive) evolution of the highly
signal-responsive Myxococcus developmental GRN and how does this compare with the
GRNs of other myxobacteria and other organisms that undergo development?

The Myxococcus developmental GRN exhibits features commonly found in developmental
GRN:Ss, including those of Bacillus and Streptomyces— positive autoregulation provides
signal amplification that drives development forward, combinatorial control allows signal
integration that ensures proper timing of gene expression, and feedback loops reinforce
developmental progression and in some cases couple the GRN to morphological cues.
However, a distinctive feature of the Myxococcus GRN (as compared with those of Bacillus
and Streptomyces) is the prominent role played by EBPs, all expected to be phosphorylated
by protein kinases in response to signals and most if not all expected to activate transcription
by a®* RNA polymerase, whereas other o factors, anti-o factors, and global repressors, so
far, appear to play less conspicuous or no roles. It appears that a GRN with many signals and
much signal integration evolved to enable tens of thousands of Myxococcus cells to
coordinate their movements and differentiation so that spore-filled fruiting bodies form.
Comparatively speaking, the GRNs of Bacillus, Streptomyces, and perhaps even distantly-
related myxobacteria, appear to be less signal-intensive, presumably because these GRNs
evolved to govern less complex developmental processes. Each Myxococcus fruiting body is
a population capable of surviving starvation and other insults, or being transported to a more
favorable environment where spores will germinate and produce a colony for cooperative
feeding. Understanding the ecology and evolution of Myxococcus and other myxobacteria in
terms of their GRNSs is an emerging area of research [24, 76, 85, 86] and a significant
challenge (see Outstanding Questions). To meet this challenge, new systematic and
quantitative experimental approaches will need to be coupled with computational methods to
build molecular models of the GRNs that can rapidly predict their output under many
different conditions, leading to novel testable hypotheses.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Aggregation
Myxococcus cells move to a particular location and pile on top of each other.

Anti-sigma (o) factor
a protein that binds to a sigma factor and inhibits its activity.

Autoregulation
a gene product regulates the gene encoding it.

Bet-hedging strategy
cells adopt different fates and the differentiated cells have optimal fitness under different
conditions, improving the long-term fitness of the population.

Cascade (of transcription factors)
one transcription factor activates transcription of a second transcription factor, which may in
turn activate transcription of a third transcription factor, etc.

Combinatorial (transcription factor activity)
two or more transcription factors regulate the same gene, possibly by forming heterodimers,
binding cooperatively to DNA, or binding separately.

Cyclic diguanylate (c-di-GMP)
a second messenger signal used in many bacteria.

Endospore
a spore forms inside a mother cell.

Enhancer-binding protein (EBP)

a transcription factor capable of binding DNA distal from a promoter, hydrolyzing ATP, and
activating transcription by o®* RNA polymerase; sometimes called NtrC-like activator (Nla)
or o activator.

Forespore
the forming endospore.

Gene regulatory network (GRN)
a description of the positive and negative effects of genes and/or proteins on synthesis and/or
activity of each other, often including effects of signaling molecules as well.

Global repressor
a direct negative regulator of transcription of many genes.

Quorum sensing
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cells produce extracellular, diffusible signal molecules and detect them to measure cell-
population density, and regulate gene expression accordingly.

Response regulator

a protein typically with an N-terminal receiver domain that is phosphorylated on an aspartate

residue, causing a conformational change that activates a C-terminal output domain (a DNA-

binding domain if the protein is a transcription factor).

Second messenger

an intracellular signaling molecule produced in response to another signal, in this case

starvation.

Sigma (o) factor

a subunit of bacterial RNA polymerase that directs the enzyme to particular promoters for

transcription. Bacteria typically have multiple o factors.

Sporulation

the process by which a growing cell becomes a dormant, resistant spore.

Stringent response

amino acid limitation or other stress conditions lower the cellular concentration of charged

tRNA, causing ribosomes to stall and RelA to associate with those ribosomes and synthesize

pppGpp, which can be converted to ppGpp by phosphohydrolase activity.

Type IV pili

fibers that in Myxococcus can be extended from the cell surface, adhere to EPS on the

surface of another cell or on the substratum (i.e., a “slime trail” left by passage of another

cell), and then retracted to pull the cell (this form of movement is called “S motility™).
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Trends Box

In Myxococcus xanthus, a stringent response to starvation causes (p)ppGpp to
accumulate, and recently a diguanylate cyclase was discovered that boosts c-di-GMP
early in development. These second messengers initiate the signaling through the GRN.

Recent work found that a cascade of signal-responsive enhancer-binding proteins (EBPs)
connects transcriptionally to a cascade involving MrpC and FruA, transcription factors
that respond to starvation and short-range C-signaling, respectively. Signal integration is
achieved by cooperative binding of MrpC and FruA to promoter regions.

Emerging genome sequences reveal surprising diversity among myxobacterial species,
suggestive of divergent or convergent evolution of developmental GRNSs.

The prominence of EBPs and other signal-responsive transcriptional activators in the
Myxococcus GRN contrasts with the lack of these types of activators in the Bacillus and
Streptomyces sporulation GRNS, suggesting Myxococcus development demanded
evolution of a highly signal-responsive GRN.
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Figure 1. Myxococcus Fruiting Body Formation
(A) Cartoon representation. When growing cells (yellow) become starved, they undergo

aggregation and form a mound. Many cells lyse (dashed white cell outlines) during
aggregation. Some of the rods differentiate into ovoid spores in the mound, resulting in a
fruiting body. Other cells remain outside fruiting bodies as peripheral rods (orange).
Depending on the strain and conditions, aggregation takes 1-2 days and spores form over the
following 2-4 days. The process involves a much larger number of cells than depicted. (B)
Scanning electron micrographs. The micrographs are aligned with the cartoon representation
to show the sequence of morphological changes (left to right) from early aggregates
[individual cells are barely visible as long (~5 pm), slender (~0.5 pm) rods] to mounds to
fruiting bodies (~100 um tall) that if cracked open reveal spores (~1 um). Micrographs are
from [87] with permission.
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Figure 2. Overview of the Gene Regulatory Network Governing Myxococcus Fruiting Body
Formation

Starvation triggers the Mrp (orange) and EBP cascade (blue) modules, and causes the second
messengers c-di-GMP and (p)ppGpp to accumulate in cells. c-di-GMP binds to Nla24
(probably phosphorylated Nla24), the key transcription factor of the Nla24 module (red),
activating genes for synthesis of exopolysaccharide (EPS) needed for fruiting body
formation. (p)ppGpp causes extracellular A- and C-signals to be produced. A-signal
provides quorum sensing for the decision to begin aggregation. C-signal is a short-range
(possibly contact-dependent) signal that activates FruA (depicted as FruA*) (Box 1). FruA*
and MrpC are transcription factor outputs of the FruA module (green) and the Mrp module,
respectively, which separately and together regulate genes important for fruiting body
formation. MrpC activates transcription of fruA. The EBP cascade stimulates the Mrp
module, production of three signals, FruA* formation, and transcription of genes important
for fruiting body formation. Feedback loops are omitted for simplicity. Adapted from [22].
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Figure 3 Key Figure. The Gene Regulatory Network before and during Myxococcus Aggregation
Early events are shown in more detail than in Figure 2 and the same color scheme is used for

the four modules (EBP cascade, blue; Nla24, red; Mrp, orange; FruA, green). Feedback
loops, including autoregulatory ones, are also shown in this figure. Transcription factors are
boxed. Arrows and lines with a barred end indicate positive and negative regulation,
respectively. The EBP cascade is shown connected to the MrpC/FruA* cascade since
Nla28~P appears to activate transcription of mrpAB (arrow from Nla28~P to MrpB~P) and
MrpB~P appears to activate transcription of mroC. (p)ppGpp is necessary for production of
C-signal (Box 1), but this is omitted for clarity. FruA is activated posttranscriptionally by C-
signal and by MXAN4899~P acting alone and/or in combination with HsfA~P (?), but the
mechanisms of activation are unknown (Box 1). FruA* stimulates aggregation, enhancing
short-range C-signaling (Box 1), which is depicted as positive feedback of FruA* directly on
C-signal, for simplicity. See the text for details and references.

Trends Genet. Author manuscript; available in PMC 2018 January 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Kroos

Page 22

C-signal
(+) dependence
 MrpC ﬁ fmgA weak
J J
-35 -10
(+)
‘MrpC @ ﬁfmgBC moderate
J J
-35 -10
(+) (+) -, ;
J ev moderate
.I ! [
-240 -35-10
(+)
‘MrpC (-) ﬁfng strong
J -
( -35 -10
MrpC
(-) (+) (+)
. ! fmgE strong
-100 -35-10 +100

Figure 4. Cooperative Binding of MrpC and FruA at Promoter Regions May Explain
Differential Dependence on C-signal

The two transcription factors bind in different arrangements immediately upstream of the
promoter —35 and —10 sequences, and activate transcription (+). In the fmgD promoter
region, a second MrpC binding site overlaps the promoter —35 sequence and the FruA
binding site, which is proposed to cause stronger dependence on C-signal activation of FruA
(column at right) in order to overcome the negative effect of MrpC (-). Larger regions
around the devand fmgE promoters show the approximate position (relative to the
transcriptional start site) and the effect on promoter activity (positive, +; negative, —) of
distal cooperative binding sites. The negative regulatory site at —100 may compete with the
fmgE promoter proximal site for cooperative binding of MrpC and FruA*, explaining the
strong dependence on C-signal.
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Figure 5. The Gene Regulatory Network Governing Myxococcus Sporulation
The same color scheme is used as in Figures 2 and 3 for the Mrp (orange) and FruA (green)

modules, but less detail about early events is shown. The MrpC/FruA* transcription factor
cascade is emphasized. C-signal and MXAN4899~P (possibly with HsfA~P, Figure 3)
activate FruA by unknown mechanisms (Box 1). Cells brought into proximity during
aggregation are proposed to engage in efficient C-signaling that serves as a morphological
cue and results in a rising level of FruA*, which separately and in combination with MrpC
activates genes whose products promote further aggregation and eventually sporulation.
Overexpression of Devl in devTRS mutants inhibits sporulation, perhaps by inhibiting Exo

expression [69, 88] (not shown). See the text for details and references.
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