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ABSTRACT From the humblest of beginnings (i.e. a pile of dry cow dung) over 
80 years ago, the Gram-negative bacterium Myxococcus xanthus has emerged as a 
premier model system for studying diverse fields of bacteriology, including multicellular 
development, sporulation, motility, cell-envelope biogenesis, spatiotemporal regulation, 
signaling, photoreception, kin recognition, social evolution, and predation. As the 
flagship representative of myxobacteria found in varied terrestrial and aquatic environ­
ments, M. xanthus research has evolved into a collaborative global effort, as reflected 
by the contributions to this article. In celebration of the upcoming 50th anniversary of 
the International Conference on the Biology of Myxobacteria, this review highlights the 
historical and ongoing contributions of M. xanthus as a multifaceted model bacterium.

KEYWORDS myxobacteria, evolution, multicellularity, sporulation, type 4 pilus, gliding 
motility, signal transduction, predation, secondary metabolites, microbial ecology, 
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MYXOBACTERIAL RESEARCH: EARLY DAYS AND PIONEERING WAYS

M yxobacteria are diverse, rod-shaped Gram-negative bacteria found in terrestrial 
and aquatic environments worldwide (1). A major claim to fame of these 

microorganisms is that the life cycle of myxobacteria comprises two stages that depend 
on nutrient availability. When nutrients are abundant, cells follow a vegetative cycle, 
producing dynamic swarms; however, upon starvation, cells initiate a developmental 
cycle, culminating in myxospore-filled fruiting bodies.

Long assigned to the phylum δ-proteobacteria, myxobacteria have recently been 
reclassified into the newly established phylum Myxococcota (2). With a name derived 
from the Greek word “myxa” meaning “slime” or “mucus,” myxobacteria were originally 
thought to be related to slime molds and were mistakenly first classified as part of 
the deuteromycetes (i.e., fungi imperfecti). However, seminal work from the American 
mycologist, botanist, and entomologist Roland Thaxter in 1892 correctly identified 
these microorganisms as bacteria, describing the formation of pigmented, macroscopic, 
multicellular spore-filled fruiting bodies embedded in a slime matrix (Fig. 1). From 
this pioneering work, multiple groups of myxobacteria were identified, which included 
rod-shaped cells that transformed into circular spores and consequently were given the 
name “Myxococcus” to reflect this morphological transition (3).

Interest in morphological and cytological studies of myxobacteria then began to 
blossom toward the first half of the 20th century. During this period, a previously 
undescribed species of motile Myxococcus was isolated by J. M. Beebe, growing on dry 
cow dung in a pasture near Ames, Iowa (USA). Due to the yellow pigmentation of its 
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fruiting bodies and vegetative swarms, the species was given the name “xanthus” 
(derived from the Greek word “xanthós” meaning “yellow” or “golden”), thus yielding 
Myxococcus xanthus (4).

In the 1960s and 1970s, Hans Reichenbach’s photos and time-lapse videos of 
myxobacteria revealed their beauty, diversity, and complexity, attracting investigators 

FIG 1 Myxobacteria in various fruiting-body complexities. (A) Fruiting bodies of diverse myxobacterial species, as sketched by Roland Thaxter, 1892 (3). Used 

with permission from the Archives of the Farlow Herbarium of Cryptogamic Botany, Harvard University, Cambridge, MA, USA. (B) Stigmatella aurantiaca, (C) 

Chondromyces lanuginosus, (D) Corallococcus coralloides, (E) Cystobacter velatus, (F) Polyangium spomosum, and (G) Myxococcus stipitatus. Photo credit of B–G: 

Ronald Garcia/HIPS. Scale bars, 500 µm.

Minireview Journal of Bacteriology

July 2025  Volume 207  Issue 7 10.1128/jb.00071-25 2

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/j

b 
on

 1
1 

Fe
br

ua
ry

 2
02

6 
by

 1
34

.9
6.

12
1.

18
1.

https://doi.org/10.1128/jb.00071-25


(5). Martin Dworkin’s fascination with the M. xanthus developmental cycle led to seminal 
publications on the nutritional regulation of multicellular fruiting-body morphogenesis 
(6) and the discovery of chemically induced unicellular sporulation (7). He passionately 
championed M. xanthus as a model organism and was joined by Dale Kaiser, whose 
sabbatical with Dworkin culminated in a method to transfer genes from Escherichia coli 
to M. xanthus using phage P1 (8). Eugene Rosenberg and David Zusman were also early 
leaders of the M. xanthus field, publishing a series of papers on DNA, RNA, and protein 
synthesis during vegetative growth (9), and in parallel with the Dworkin group, on 
DNA synthesis during chemically induced sporulation (10, 11) and germination (12). The 
Zusman group at the University of California, Berkeley, and the Kaiser group at Stanford 
University isolated generalized transducing phages, allowing transfer of genetic markers 
between M. xanthus strains (13, 14). Most researchers across the globe now studying M. 
xanthus (and most of the authors of this review) were either trained directly in the Kaiser 
or Zusman labs, or by their scientific progeny.

Key insights and new methods began to rapidly shape the M. xanthus field. The first 
book on myxobacteria (myxo-book) in 1984 (15) reflected the heavy emphasis on M. 
xanthus development, motility, and genetics at the time. It is here that this model system 
first received some of its most enduring praise when Rosenberg described the bacterium 
as having “become the Escherichia coli of Developmental Biology.” Upon completion of 
the second myxo-book in 1993 (16), a vibrant research community had emerged, and M. 
xanthus had become an invaluable model for studying additional fundamental cellular 
processes shared across the bacterial kingdom, including metabolism, gene regulation, 
signal transduction, and cell–cell communication. Since then, two more myxo-books 
have been published (17, 18), and many new research topics have emerged, such 
as cell-polarity regulation, cell-wall dynamics, polysaccharide secretion, chromosome 
segregation and cell division, photoreception, predation, cooperation and cheating, kin 
discrimination, and evolution.

Research on M. xanthus as a model organism continues to yield surprises and exciting 
discoveries of broad relevance to the bacterial kingdom. In this review, we discuss the 
history of major research topics using M. xanthus and related myxobacteria as model 
organisms.

FROM LEA TO LAB: ORIGINS OF M. XANTHUS LABORATORY STRAINS

The founding M. xanthus isolate from Beebe was transferred to the strain collection of 
Roger Stanier at the University of California, Berkeley, which housed other M. xanthus 
strains such as the now widely used wild-type laboratory strain DZ2 (capable of 
single-cell and swarm motility). The “Beebe” strain was also deposited with the American 
Type Culture Collection (strain 19368); however, in the 1960s, this strain could no longer 
be revived by staff at the ATCC, leading to a request to Martin Dworkin to deposit 
his strain of M. xanthus FB (ATCC 25232) as it was believed to be the same as ATCC 
19368. Incidentally, “FB” turned out to be a mixture of related variants that diverged 
from a common ancestor through extended propagation in the laboratory. Single-colony 
isolates from “FB” yielded strains DK101 and YS (both deficient in swarm spreading 
but not single-cell motility). DK101 was then subjected to UV mutagenesis, yielding 
the non-motile strain DK320. Subsequent rounds of transduction using the Mx8 phage 
and strain YS donor DNA resulted in strain DK1622, akin to a restored wild-type strain 
once again capable of single-cell and swarm-level motility. As DK1622 was the first 
myxobacterial strain to have its chromosome sequenced (19), this wealth of unlocked 
genetic information led to the widespread adoption of this strain for M. xanthus research. 
The genome of strain DZ2 was later found to be identical to that of DK1622, except for 
196 kb of prophage-like DNA present in the former but not the latter (20). Together, 
strains DK1622 and DZ2 have become the workhorses of genetically tractable M. xanthus 
research in laboratories across the globe, with early work using those strains focusing on 
deciphering the molecular genetics of fruiting-body formation.
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FROM CODE TO COMPLEXITY: MYXOBACTERIAL GENOMICS

In general, myxobacteria have extremely large genomes for bacteria, containing an 
unusually high proportion (~70%) of GC base pairs. Prior to the current-day genom­
ics revolution, it became apparent in the late 1990s and 2000s that whole-genome 
sequencing for bacteria was possible, and the myxobacterial research community was 
galvanized to unite and conduct large-scale projects. The size and high GC content of 
the M. xanthus genome made it an ambitious target for sequencing at the time, resulting 
in collaboration between the research community, the Monsanto company, and The 
Institute for Genomic Research (TIGR).

The genome sequence of M. xanthus DK1622 (9.14 Mbp) was first published in 2006 
(19) and is typical of myxobacterial genomes. They comprise a single large circular 
chromosome, and while plasmids have been occasionally found in certain strains, they 
are lacking in most. Long-range synteny (conservation of gene order) is observed, 
even when comparing sister genera, and they are notable for their large numbers of 
biosynthetic gene clusters for producing secondary metabolites (representing at least 
8.6% of the DK1622 genome). The large size of myxobacterial genomes was initially 
thought to be due to lineage-specific gene duplications, especially for genes encoding 
signaling proteins and transcriptional regulators (19). However, it now seems more likely 
that many of the “extra” genes were instead acquired by horizontal gene transfer (HGT) 
(21).

Another landmark myxobacterial genome sequence was reported soon thereafter in 
2007, resulting from a community collaboration. At 13.03 Mbp, the Sorangium cellulosum 
So ce56 genome is unusually large, even for a myxobacterium, and it remains one of 
the largest bacterial genomes to have been completely sequenced (22). In contrast, 
Anaeromyxobacter dehalogenans 2CP-C belongs to an unusual myxobacterial genus with 
atypically small genomes of ~5 Mbp; incidentally, while not the first published, the 
A. dehalogenans 2CP-C genome was the first myxobacterial genome made publicly 
available via GenBank in early 2006 (23). The availability of genome sequences from 
multiple myxobacteria was transformative, enabling diverse downstream investigations 
utilizing reverse genetics, comparative genomics, functional genomics, transcriptomics, 
and proteomics, as well as community-wide microarray projects for M. xanthus DK1622 
(24).

Nowadays, the accessibility of genome sequencing and post-genomic approaches 
has been particularly exploited by research groups studying ecological, environmental, 
secondary-metabolite, and/or taxonomic aspects of myxobacterial biology. For instance, 
genome sequencing has shown how predators and prey coevolve (25), allowed the 
construction of metagenome-assembled genomes of environmental myxobacteria (26), 
and provided useful information for defining taxa and assigning strains therein (21).

Comparing the genomes of strains within taxa has recently allowed for the inves­
tigation of myxobacterial pan-genomes, i.e. the complete set of genes found within 
members of a taxon. Genes are described as “core” if they are present in every mem­
ber of a taxon, or “accessory” if only found in certain taxon members. Myxobacterial 
pan-genomes contain unusually large proportions of accessory genes. For instance, 
when comparing 10 strains within the Myxococcus genus, less than 10% of the genes 
in each strain were found to be core (90% accessory), and 80% of pan-genome genes 
were found to be present in only a single strain (21). Such extreme genetic individuality 
may relate to the myxobacterial predatory lifestyle. For example, does the accessory 
pan-genome act as a reservoir of genes with activity against specific prey? Many such 
questions remain regarding the factors that govern myxobacterial genomes, including 
the following: How quickly are accessory genes gained/lost? How is synteny maintained 
in the face of gene gain/loss? Does HGT favor the acquisition of genes from prey? 
What selective pressures act on genes of the accessory pan-genome, and how do they 
confer adaptive benefits? Answers to these questions will advance our understanding of 
myxobacterial genome evolution, shedding light on the mechanisms that drive genetic 
diversity, adaptation, and ecological interactions in their predatory multicellular lifestyle.
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M. XANTHUS AS THE FOUNDING BACTERIAL MODEL FOR MULTICELLULAR 
DEVELOPMENT

Contrary to the term “multicellularity” used in a loose sense for other bacteria (in which 
cells simply co-exist together in amorphous biofilms), in M. xanthus, it involves differen-
tiation of cell fates, programmed cell death, and the formation of higher-order structures 
such as fruiting bodies, which are all hallmarks of “true” multicellularity as defined for 
organisms in the metazoan kingdom. This is one of the reasons why M. xanthus is such 
an exciting model organism; it is possible to study foundational “metazoan” principles in 
a tractable bacterial system. In fact, the development of fruiting bodies under nutrient-
poor conditions is arguably the most striking feature of myxobacteria. The morphology 
of these macroscopic structures differs from one species to another, varying from simple 
mounds to sophisticated structures consisting of one stalk with several sporangioles (Fig. 
1).

The Dworkin group was the first to show that fruiting-body formation requires 
high cell density, starvation, and motility on a solid surface (6, 27, 28). For M. xanthus 
encountering nutrient deficiencies, four distinct fates await cells in these swarms. Cells at 
the swarm periphery continue their net outward migration foraging for sustenance (fate 
1), while those closer to the swarm interior participate in a developmental program that 
is completed in 72 h and is divided into two stages: aggregation and sporulation. During 
the first 24 h, rod-shaped vegetative cells aggregate and pile on top of one another 
to build macroscopic mounds. Within the mounds, sporulation begins, with ~10% of 
rods differentiating into myxospores (fate 2) (Fig. 2). For the remainder of cells, a distinct 
subset maintains their rod morphology (peripheral rods, akin to persister cells) and forms 
a base for the fruiting body (fate 3), while others undergo a cell-death program that 
leads to cell lysis (fate 4), releasing nutrients to complete development. When nutritional 
conditions are once again favorable, myxospores inside the fruiting bodies germinate, 
resuming a new vegetative cycle as a small cooperatively-feeding swarm (28, 29).

The advent of molecular biology enabled the establishment of the genetic basis of 
development and its control, and various mutants were generated that were defective in 
aggregation and/or sporulation (31). Using the Tn5 transposon, Kuner and Kaiser devised 
a method where mutant phenotypes could be easily screened and linked to particular 
genes involved in development, motility, or other processes (32). Using extracellular 
complementation via mixing of two strains, conditional mutants were isolated with 
apparent defects in extracellular developmental signals (33). These and other studies 
revealed that M. xanthus cells communicate to coordinate behaviors during develop­
ment, with five complementation groups or signals being identified. Two of these signals 
(A and C) have been extensively characterized (34–37).

The A-signal regulates the early stages of development and consists of a mixture of 
diffusible amino acids and peptides that function as a M. xanthus-specific quorum-
sensing signal to monitor whether the cell density of the swarm is sufficient to ensure 
fruiting-body formation. By contrast, the C-signal is the product of the csgA gene and 
remains associated with the cell, being transmitted via cell–cell contact. Again showing 
the broad applicability of M. xanthus research, the CsgA protein not only functions as a 
signal that coordinates multicellular development (34, 38–40) but also has cardiolipin 
phospholipase activity that led to the discovery of Drosophila and human proteins with 
similar activity, which may explain their role in preventing neurodegenerative disorders 
(37). The C-signaling pathway functions throughout the developmental cycle and plays 
different roles depending on the protein level. At low levels, the C-signal induces 
rippling, that is, coordinated rhythmic movements associated with starvation-induced 
development of some strains. At medium levels, aggregation is induced, and at high 
levels inside aggregates, sporulation is induced, producing a population of myxospores 
ready to germinate together when nutrients become available once again.
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M. XANTHUS AS A MODEL GRAM-NEGATIVE BACTERIUM FOR SPORULATION

Sporulation is a strategy utilized by a wide variety of organisms to survive unfavorable 
conditions (41). Myxospores, initially called “microcysts”, range from phase-bright and 
spherical (e.g., Myxococcus) to opaque “short, fat rods” (e.g., Sorangium), but all are 
obviously morphologically distinct from the respective vegetative cells (42). Spores of M. 
xanthus are spherical (containing a thick spore coat), metabolically quiescent, and display 
increased resistance to heat, desiccation, UV irradiation, detergents, enzymatic digestion, 
and sonic disruption (43, 44).

Sporulation of myxobacteria commonly occurs inside fruiting-body structures. 
However, at least in M. xanthus and Stigmatella aurantiaca, spores can be directly and 
rapidly induced in nutrient-replete vegetative cells by the addition of high (non-phys­
iological) concentrations of certain chemicals such as glycerol, ethylene glycol, propa­
nol, phenethyl alcohol, and dimethyl sulfoxide in a process referred to as chemically 

FIG 2 Relative expression profiles of significantly regulated genes at the indicated hours post-starvation induction. Genes 

were clustered into 10 developmental groups based on the time of peak expression and then organized according to the 

temporal progression of development. Developmental group number and the stages of the developmental program (with 

images of aggregates under a dissecting microscope and cells under a scanning electron microscope) are indicated on the 

left. In the images, red, blue, and yellow bars represent 2 mm, 100 µm, and 5 µm, respectively. Modified from Reference (30).
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induced sporulation (7, 10, 45, 46). Chemically induced myxospores exhibit resistance to 
environmental challenges, though to a lesser extent compared to those derived from 
fruiting bodies, likely because of their thinner protective coats. While chemical induction 
of myxospore formation can be uncoupled from starvation-induced sporulation during 
development (47), both spore types share a similar core sporulation genetic program (30, 
48). They have thus been invaluable in characterizing the molecular mechanisms of both 
spore morphogenesis and germination (49, 50).

To date, most knowledge on bacterial spore germination is limited to studies 
on Gram-positive organisms (e.g., Bacilli and Clostridia), which form endospores via 
asymmetric division (51), while sporulation research on Gram-negative bacteria is more 
scarce. In M. xanthus, spore morphogenesis is fundamentally different in that cell division 
is not required. Instead, the entire ~7 μm × 1 µm rod-shaped vegetative cell trans­
forms into a spherical spore, ~1.7 µm in diameter. Of particular interest is the massive 
rearrangement of the cell envelope; peptidoglycan (PG) in the periplasm is degraded, 
and a novel carbohydrate-rich spore coat sacculus is deposited on the surface of the 
outer membrane (OM). In addition, M. xanthus spore germination also involves social 
interactions (52).

Chemical induction of sporulation is immediately accompanied by a massive 
metabolic reorganization, including the upregulation of the gluconeogenesis and 
polysaccharide synthesis pathways, consistent with increased production of protective or 
storage compounds and the spore-coat polysaccharide (48, 53–55). Spore morphogene­
sis begins with shortening and widening of the rods, likely driven by MreB-dependent PG 
remodeling (48). It is presumed that the actin homolog MreB coordinates the degrada­
tion of existing PG, which is ultimately absent in the mature spore (49, 56). If cells are 
nutrient-limited prior to shape change, concurrent with cell shortening, excess inner 
membrane (IM) lipids are removed and deposited into cytoplasmic lipid bodies that are 
later used as an energy source to drive spore maturation (37, 57, 58). Finally, cells must 
also assemble the coat on the spore surface (outside of the OM).

FRESH OPPORTUNITIES FOR PROBING PG DYNAMICS

Because PG is the major stress-bearing structure that determines cell shape (59, 60), 
the morphological transition during M. xanthus sporulation requires large-scale PG 
remodeling. PG is a widely conserved, bacterial-specific structure. The entire PG layer 
is one continuous, mesh-like macromolecule of glycan strands cross-linked via short 
peptides (61). PG precursors are synthesized in the cytoplasm and flipped across the 
cytoplasmic membrane (62, 63), where glycosyltransferases (GTases) polymerize them 
into glycan strands, which are then crosslinked into the PG network by transpeptidases 
(TPases). In most rod-shaped bacteria, including M. xanthus, two conserved polymerase 
systems assemble PG during cell elongation: the Rod system and class A penicillin-bind­
ing proteins (aPBPs) (62, 64, 65). Besides polymerases, the growth and modification of 
covalently closed PG also require hydrolases to generate openings in the existing PG 
network (62, 65, 66).

aPBPs possess both GTase and TPase activities and thus were considered the major 
PG synthases. By contrast, class B penicillin-binding proteins (bPBPs), which only contain 
TPase domains, were considered secondary. Seminal works from the Bernhardt group 
changed this view in 2016. They showed that bPBPs, together with their partner GTases 
and specific cytoskeletons, form the PG synthase complexes for PG elongation and 
division (64, 67–69). The GTase RodA and TPase PBP2, orchestrated by MreB, form the 
core of the Rod system, which determines rod shape and carries out most of the PG 
expansion during vegetative growth (64, 69–73). By contrast, aPBPs do not depend on 
MreB, and the absence of single aPBPs rarely abolishes cell survival or rod-like morphol­
ogy (74–76). Dethroned from the major PG builders, the physiological functions of aPBPs 
must be re-examined (77, 78).

M. xanthus expresses a conserved set of PG polymerases, including three aPBPs, a Rod 
system, and 35 putative PG hydrolases (20). As every PG-related enzyme in M. xanthus 
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has homologs in E. coli, in the early years, M. xanthus did not show significant potential 
as a model organism for studying PG dynamics. This perception changed in 2009, when 
Bui et al. discovered that chemically induced M. xanthus spores do not contain PG 
(56). This surprising finding has two implications. First, because rod-shaped M. xanthus 
cells thoroughly dismantle their PG to transform into spherical spores, the sporulation 
process provides an invaluable opportunity to study PG degradation. Second, when 
M. xanthus spores germinate, cells must rebuild a rod-shaped PG sacculus without 
preexisting templates, which is a unique system for studying PG synthesis and rod-like 
morphogenesis (49, 50). Work on M. xanthus sporulation and germination has revealed 
new insights into bacterial PG dynamics, which would not have been attainable through 
the study of other model bacteria.

DacB (homolog of E. coli PBP4) is the first hydrolase identified for PG degradation 
during the rod-to-sphere transition in sporulating cells. Importantly, DacB also causes PG 
damage in vegetative cells under the stress of moenomycin, an antibiotic that specifically 
inhibits aPBPs (79). Using single-particle microscopy, Zhang et al. discovered that when 
PBP1a2 (one of the three aPBPs) binds to moenomycin, it specifically promotes binding 
and degradation of PG by DacB. This finding not only clarified the action of moenomycin 
but also revealed the first example of functional coordination between PG synthases and 
hydrolases. As bacterial cells usually accumulate hydrolase-cleaved PG fragments when 
treated with the antibiotics that inhibit PG polymerases (80–82), such coordination could 
be conserved in many bacteria.

Although aPBPs and the Rod system both contribute to PG growth, how their labor 
is divided remains unclear. During germination, M. xanthus spores first grow spherical 
PG, in which both aPBPs and the Rod system participate in PG assembly. By contrast, 
once the germinating spores start to elongate into rods, the Rod system becomes the 
dominant machinery for PG growth (49). During the sphere-to-rod transition, the MreB 
cytoskeleton connects the Rod machinery to the Ras-like GTPase MglA (see details 
below), which breaks symmetry and establishes cell poles (49, 83–85). As MreB is an 
ancient module that determines rod shape (86), and Ras-like GTPases are conserved in 
both prokaryotes and eukaryotes (87), these findings suggest that the interplay between 
GTPase, cytoskeletons, and cell wall-related enzymes might be a conserved mechanism 
for cell polarization that has evolved before the divergence between prokaryotes and 
eukaryotes.

DEVELOPMENTAL GENE EXPRESSION

Driving the morphological changes during fruiting -body formation is a complex 
signaling and gene regulatory network. Kroos et al. performed the first genome-wide 
hunt for developmentally regulated M. xanthus genes and identified ~30 developmental 
markers using Tn5 lac as a discovery tool (31). Since then, many regulators have been 
found to modulate the expression of genes at different stages of development and are 
classified into three sequentially-acting modules (88). The first module, consisting of a 
cascade of enhancer-binding proteins (EBPs), activates the expression of early genes 
(89–92). The second Mrp module depends on the previous one and is responsible for 
the accumulation of MrpC (93, 94). The third FruA module depends on the Mrp module 
(93) and, together with MrpC, regulates the expression of many genes important for 
sporulation (88, 95). The EBP cascade and the MrpC/FruA cascade are interconnected 
cascades of signal-responsive transcription factors that regulate well over 1000 genes.

Genome sequencing of myxobacteria allowed us to better understand their genetic 
potential and perform transcriptomic studies to elucidate the transcriptional changes 
that cells undergo during their complex lifecycles. Hundreds of upregulated and 
downregulated genes were discovered using DNA microarrays (96–98), and compari­
son of these M. xanthus genes with those in other myxobacteria revealed unexpected 
plasticity in their developmental programs (98). The first RNA-seq study spanning the 
entire time course of starvation-induced development found that ~20% of the genes 
encoded in the M. xanthus genome are differentially regulated at specific time points 
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(30) (Fig. 2). Analysis of developmentally regulated genes has thus led to numerous 
conclusions. First, the two motility systems (described below) exhibit different expres­
sion profiles. Second, glycogen and lipids are consumed to yield sufficient energy to 
complete fruiting-body formation under nutrient deprivation. Third, amino acid and 
sugar precursors needed for specific developmental macromolecular synthesis appear 
to be released by protein and polysaccharide turnover and gluconeogenesis. Fourth, 
several secondary metabolites are produced in larger amounts during development. 
Fifth, translation may be rewired.

In addition, 77 transcriptional regulators (including one- and two-component 
systems, and sigma factors) plus 22 serine/threonine protein kinases are develop­
mentally regulated and are expected to regulate differential gene expression dur­
ing development. Recently, Cappable-seq provided a fantastic resource for studying 
developmental gene expression by mapping transcriptional start sites during the first 
24 h post-starvation (99). Using this technique, the promoter regions of several late-
acting developmental operons were identified (100). The results suggest that each 
operon is regulated uniquely, under eukaryote-like combinatorial control of two or 
three transcription factors. However, more studies are needed to understand all the 
mechanisms employed by these social bacteria to build multicellular fruiting bodies.

SIGNALING ROLES OF NUCLEOTIDE DERIVATIVES IN MYXOBACTERIA

Along with the transcriptional regulation network, a variety of nucleotide derivatives also 
play critical roles in M. xanthus development. Their importance was first revealed in the 
1970s, with cyclic adenosine monophosphate (cAMP) and cyclic guanosine monophos­
phate (cGMP) found to play different roles. The Zusman group identified cAMP as an 
important inducer of M. xanthus fruiting-body formation (101, 102), while the McCurdy 
laboratory demonstrated cGMP to be a crucial aggregation attractant (103, 104). During 
development, levels of cAMP and cGMP were found to peak at different times, prece­
ded by spikes in the activity of the relevant cyclases (105). While E. coli contains a 
single AMP cyclase and a single cAMP-binding protein, M. xanthus encodes at least 10 
putative AMP/GMP cyclases and numerous potential cAMP/cGMP-binding proteins (19), 
though only one of the latter has been experimentally identified thus far (106). The 
putative cAMP-binding protein MrpC is a major early regulator of development (107). 
Interestingly, MrpC was recently found to directly repress the synthesis and activate the 
degradation of another second messenger, cyclic di-GMP (c-di-GMP), during develop­
ment (99).

c-di-GMP has emerged as a ubiquitous and highly versatile signaling molecule 
that regulates the transitions between motility and sessility in bacteria (108). In M. 
xanthus, c-di-GMP regulates multicellular development and cellular differentiation; a 
minimum threshold of c-di-GMP is essential for fruiting-body formation and sporulation 
(109). Interestingly, while M. xanthus encodes 19 putative c-di-GMP synthetases, only 
one appears to be essential for development (109, 110). c-di-GMP also regulates M. 
xanthus type IV pili (T4P)-dependent motility, exopolysaccharide (EPS) production, cell 
polarity, and even DNA organization and segregation, indicating that M. xanthus is an 
ideal model organism for studying the versatility of c-di-GMP (111–114). Recently, the 
Hammond group discovered that M. xanthus produces a novel cyclic dinucleotide, cyclic 
AMP-GMP (cGAMP), that is specific to its surface-dwelling lifestyle (115). Further analysis 
revealed that cGAMP could promote resistance against osmotic stress through unknown 
mechanisms (116). In addition, cGAMP production is activated by cAMP but inhibited by 
c-di-GMP, suggesting complex cross-regulation among nucleotide derivatives (115, 116).

(p)ppGpp is the main mediator of the “stringent” response in bacteria, which 
connects protein synthesis (ribosome function) to amino acid availability through the 
ribosome-associated protein RelA (117). Besides the stringent response, (p)ppGpp in 
M. xanthus and S. aurantiaca is responsible for “sensing” starvation and the initiation 
of the developmental program (118, 119). Since both of these myxobacterial species 
primarily consume proteins, fats, and alpha-keto acids as their primary carbon source, it 
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was hypothesized that the stringent response is used by cells to monitor their nutritional 
status via their translational capacity (118, 119).

M. XANTHUS POLYSACCHARIDES: PIVOTAL PLAYERS IN PHENOTYPIC PLASTI­
CITY AND PHYSIOLOGY

In addition to gene regulation and signaling molecules, secreted and cell-surface 
polysaccharides impact every stage of the complex life cycles of myxobacteria. 
Vegetative M. xanthus cells secrete EPS and biosurfactant polysaccharide (BPS) (55), 
while sporulating cells secrete major spore coat polysaccharide (MASC) (54). EPS remains 
largely surface-associated and is the main constituent of the M. xanthus glycocalyx, 
playing a critical role in motility, biofilm structure, and stress protection (120–122). Early 
electron microscopy of M. xanthus led to the visualization of EPS projections thought 
to be appendages (originally termed “fibrils”) emanating from the cell surface (Fig. 3A) 
(123). In a reported first for bacteria, EPS also serves as a retraction signal for T4P; that 
is, the T4P of a given cell can extend and bind to the EPS glycocalyx of an adjacent 
cell, triggering T4P retraction, thus mediating group motility (Fig. 3B) and community 
organization during vegetative (Fig. 3C) and developmental phases (Fig. 3D) (124, 125). 
Interestingly, T4P extension, but not retraction, is required for EPS production (126, 127).

BPS is secreted into the extracellular milieu and does not remain cell-associated (55). 
Unlike some bacterial biosurfactants, BPS does not act as a substratum-wetting agent 
secreted at the swarm front. Instead, it disrupts the integrity of the cell-surface EPS 
glycocalyx (resulting in EPS “fibrils”) (Fig. 3A), impacting single-cell motility, swarm-level 
spreading (Fig. 3B), and architecture (Fig. 3C), as well as fruiting-body formation (120, 
122) (Fig. 3D). Contrary to EPS, BPS production is higher in cells that cannot build T4P. 
Within spreading swarms, BPS and EPS production is spatially modulated, with the 
respective machineries more highly expressed in the swarm interior and at the periphery, 
respectively (55) (Fig. 3E). Both BPS and EPS act as “shared goods” that restore normal 
behavior in deficient cells when provided exogenously (55, 120, 132).

MASC is only produced during development (55, 120). It blankets myxospores (Fig. 
3F), making the latter phase-bright (48, 128, 133, 134). The exact manner by which MASC 
is packaged to form the rigid spore-coat sacculus is not known, but the process functions 
akin to winding loose yarn strands around a ball; secreted MASC becomes tightly wound 
around the myxospore surface via directed transport of the Nfs trans-envelope protein 
complex (paralogous to the gliding motility machinery, described below) by the 
AglR/Q/S proton-powered motor (48, 128). Following secretion, processing by the Nfs 
complex also results in shorter MASC fragments and may involve cross-linking with a 
glycine-rich peptide bridge (53).

EPS, BPS, and MASC are synthesized via separate Wzx/Wzy-dependent pathways (55), 
where lipid-linked sugar repeats are flipped from the cytoplasmic to the periplasmic 
leaflets of the IM and polymerized to preferred lengths (135). OM export of polymers 
from such pathways (136) was believed to be universally mediated by outer-membrane 
polysaccharide export (OPX)-protein octamers that partially traverse the periplasm and 
span the OM via an α-helical pore (137). However, the M. xanthus EPS-, BPS-, and MASC-
pathway OPX proteins lack OM-spanning domains (138, 139), leading to the paradigm-
shifting revelation that OPX proteins encoded throughout the bacterial kingdom fall into 
three structural classes, with the majority (including those in Gram-positive species with 
no OM) only containing “periplasmic” domains (138). In Gram-negative bacteria, such 
“truncated” OPX proteins instead function together with partner OM β-barrel porins to 
mediate polysaccharide export (138, 139).

As a diderm Gram-negative bacterium, the surface leaflet of the M. xanthus OM is 
constituted of lipopolysaccharide (LPS), but with uncommon properties (140, 141) such 
as branched lipid-A fatty acids, and only one Kdo (3-deoxy-D-manno-oct-2-ulosonic) 
sugar (itself modified with phosphoethanolamine) in the core oligosaccharide domain 
(142, 143). The O-antigen, while conventional in structure, impacts motility, swarm 
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expansion, and fruiting-body formation (144). It remains to be seen whether these 
properties are important for the dynamic nature of the M. xanthus OM (described below).

During early research by Jahn (1924), microscopy revealed phase-bright trails left 
by single motile myxobacteria on agar (Fig. 3G, left), which became widely attributed 
to “slime” secretion at the lagging cell pole (145, 146). Cells were also found to 
follow these trails (147), leading to the “slime-trail” deposition-and-following hypoth­
esis long associated with M. xanthus. However, recent 3D optical profilometry (129) 
revealed these phase-bright trails are actually furrows carved into the agar, appearing 
bright in phase-contrast microscopy, a notion originally proposed over 70 years ago 
by Meyer-Pietschmann (148) (Fig. 3G, right). Trail-following by M. xanthus on agar is 
thus an example of sematectonic stigmergy, i.e. physical modifications by leader cells 
of the surrounding environment guide followers without direct communication (129). 
Nevertheless, M. xanthus cells lacking O-antigen polysaccharide or deficient in EPS, 
BPS, and MASC combined still deposit carbohydrate-rich trails on non-deformable glass. 
Trail regions with more material correlated with slower gliding, suggesting adhesive 
rather than lubricative properties (130) (Fig. 3H). Electron microscopy revealed that 
trails contained polysaccharides along with debris from OM vesicles and tubes (Fig. 3I), 

FIG 3 Polysaccharide-mediated M. xanthus physiology. (A) Scanning electron microscopy of WT, EPS−, and BPS− M. xanthus 

cell surfaces (scale bar: 1 µm), adopted from Reference (120) with permission. (B) T4P-dependent motility of WT, EPS−, and 

BPS− M. xanthus cells (scale bar: 2 mm). Red dashed line: relative location of slice presented in Panel C. (C) Transmission 

electron microscopy cross-section of M. xanthus polysaccharide mutant swarms (scale bar: 1 µm), adopted from Reference 

(120) with permission. (D) Fruiting-body formation of WT, EPS−, and BPS− M. xanthus cells (scale bar: 400 µm), adopted from 

Reference (55). (E) Tiling fluorescence microscopy of swarming cells expressing EPS and BPS machinery linked to green and 

red fluorescent reporters, respectively (scale bar: 400 µm), adopted from Reference (55). (F) Transmission electron microscopy 

of myxospores from WT, MASC−, and Nfs-mutant cells (scale bar: 0.1 µm), adopted from Reference (128). (G) Phase-contrast 

microscopy (left side, scale bar: 50 µm) and 3D optical profilometry (right side) of M. xanthus trails left behind at the agar-air 

interface, adopted from Reference (129). (H) Wet-SEEC high-refraction microscopy (top) and fluorescence microscopy (bottom) 

of M. xanthus cells (treated with fluorescent ConA lectin) gliding on a chitosan-functionalized glass substratum in a PDMS 

microfluidic device (scale bar: 1 µm), adopted from Reference (130). (I) Transmission electron microscopy of a negatively 

stained “slime” trail left behind a M. xanthus cell gliding across a chitosan-functionalized copper electron microscopy grid 

(scale bar: 250 nm). Lipid vesicles and lipid tubes are present in the electron-dense trail material. White arrows indicate 

colloidal gold particles associated with biotinylated ConA lectin, adopted from Reference (131).
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indicating their compositional heterogeneity (131). Whether these findings point to the 
presence of a novel secreted M. xanthus polysaccharide remains unknown. Overall, many 
mysteries remain as to the production and function of polysaccharides by this intriguing 
bacterium, including their involvement in M. xanthus motility.

SOCIAL MOTILITY AND TYPE IV PILI

M. xanthus lacks flagella and thus its movement across surfaces was historically referred 
to with the catch-all term of “gliding motility,” previously used to describe any form 
of smooth surface motility along the long axis of cells and not involving observable 
appendages. However, in a string of foundational papers, Hodgkin and Kaiser isolated 
motility mutants and demonstrated that M. xanthus has two genetically distinct motility 
systems, commonly referred to as the A (adventurous)- and S (social)-motility systems 
responsible for single-cell and cell-group movement (respectively) away from the swarm 
edge (149–151).

Polarly localized T4Ps were first implicated in myxobacterial motility by Howard 
McCurdy and colleagues (152–154). In 1995, Wu and Kaiser provided the definitive 
evidence that T4Ps are required for S-motility via the identification and disruption of T4P 
genes (155). As such, the “social” type of M. xanthus motility is in fact T4P-dependent 
swarm spreading.

T4Ps are highly dynamic structures that undergo cycles of extension, surface 
adhesion, and retraction (156). Because T4Ps adhere strongly to surfaces, their retrac­
tion pulls cells forward. In fact, structural and biophysical analyses have demonstrated 
that the M. xanthus T4P is the strongest, most compact, and most rigid T4P yet descri­
bed (157, 158). In rod-shaped M. xanthus cells, the machine that drives the T4P exten­
sion/retraction cycles is present at both cell poles, but is only active at the leading pole, 
thereby ensuring unidirectional translocation (Fig. 4A) (159–162). This unique localization 
pattern of the (in)active T4P machine (T4PM), together with the tractability of M. xanthus 
for cryo-electron tomography (163), made it the model of choice to determine the overall 
T4PM architecture in bacteria (164, 165).

The T4PM is composed of 15 different proteins (156), most of which are present in 
multiple copies that localize to the OM, periplasm, IM, and cytoplasm. Thirteen of these 
proteins form a structure that spans the entire cell envelope, constituting the unpiliated 
T4PM at both cell poles (Fig. 4B, left). In the piliated T4PM at the leading cell pole, the two 
remaining proteins, PilB (extension ATPase) and PilT (retraction ATPase), both forming 
hexamers, come into play. PilB binds to the cytoplasmic base of the T4PM (166) (Fig. 4B, 
right). Upon ATP hydrolysis, PilB has been suggested to rotate PilC (164, 167), resulting in 
the addition of the major pilin subunit PilA to the base of the growing pilus. Initially, PilA 
subunits are added to the minor pilin/PilY1 priming complex, and therefore, this priming 
complex ultimately localizes to the pilus tip, where it is predicted to be involved in 
adhesion (165) (Fig. 4B, right). While PilB stimulates T4P extension, PilT is essential for 
retractions (126, 156, 168). The swap from PilB to PilT, and thus initiation of retraction, is 
either predicted to be a stochastic event or induced by adhesion of the T4P tip to the 
surface (164, 169). In the latter model, tip adhesion would induce conformational 
changes in the pilus that are communicated to the base of the T4PM, causing the release 
of PilB. Upon PilB release, PilT binds to the T4PM, hydrolyzes ATP, and rotates PilC in the 
opposite direction, thereby removing PilA subunits from the pilus base (164, 167). The 
return of the minor pilin/PilY1 complex into the T4PM stops retraction. PilT is then 
released, and PilB can bind for a new round of T4P extension (165).

In contrast to other model organisms such as Pseudomonas and Neisseria species, M. 
xanthus has the potential to form three different minor pilin/PilY1 priming complexes 
(165, 170, 171). As a consequence, M. xanthus T4Ps can potentially have three different 
tip complexes, which may recognize distinct targets, thereby enabling adhesion and T4P-
dependent motility across different surfaces (165, 171).
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GLIDING MOTILITY AND THE FLUID GLIDING MACHINERY

Nowadays, “gliding” (i.e., A-motility) in reference to M. xanthus motility denotes the 
smooth movement of single cells on a substratum, independent of T4P function (172–
174). Chemical and UV mutagenesis were first used by MacRae and McCurdy to generate 
non-gliding M. xanthus strains (153), then by Hodgkin and Kaiser to isolate mutants that 
were no longer singly motile but could still move in groups (150, 151). Later transposon-
based screens in a parent strain that could not move by S-motility identified 35 potential 
genes required for gliding (175). However, these discoveries did not elucidate the gliding 
mechanism.

In 2007, fluorescently labeled AglZ (a cytoplasmic protein involved in gliding) was 
shown by Mignot et al. in gliding cells to form bright clusters at the leading pole 
and fainter, nearly evenly spaced clusters along the cell body. These AglZ clusters 
remained fixed in space relative to the substratum as cells advanced and were hence 
being transported toward the lagging cell pole at the speed of the cell. Over time, new 
clusters were found to assemble at the leading pole while old clusters were dispersed at 
the lagging pole. With similarities to focal adhesion complexes in migrating eukaryotic 
cells, these observations in M. xanthus suggested that there were yet-to-be-identified 
gliding motors in the bacterium that could exert force on several bacterial focal adhesion 
complexes (bFACs), resulting in forward locomotion (176) (Fig. 5A). This energy-harvest­
ing machinery was later identified as IM AglR/Q/S, possessing significant homology 
to MotA/B of the E. coli flagellar stator, which forms proton channels that convert 
the proton-motive force into mechanical force (177, 178). Periplasmic AgmU (GltD), 
another essential protein for gliding motility, was later found to also localize to bFACs. 
Using pull-down experiments, a gliding transducer apparatus spanning the cytoplasm, 
IM, and periplasm was then discovered (179). OM gliding transducer components 
were subsequently identified (180, 181), with five of these (including OM lipoprotein 

FIG 4 T4P-dependent motility and the T4PM. (A) T4P-dependent motility depends on dynamic cycles of extension, adhesion, 

and retraction. The T4PM is present at both cell poles, but only active at the leading pole. During reversal, the leading/lagging 

polarity switches, enabling the activation of the T4PM at the new leading pole. (B) The architecture of the T4PM of M. xanthus 

in two states. Left, unpiliated state. The core T4PM consists of four functional elements, that is, an OM pore (PilQ and TsaP), 

an alignment complex (PilP, PilN, and PilO) that connects the OM pore to the IM platform complex (PilC and PilM), and a 

priming complex (four minor pilins (orange, yellow, blue, and green) and PilY1). Right, piliated T4PM with an extended T4P 

capped by the tip complex. PilB and PilT associate with PilM and PilC in a mutually exclusive manner for extension and 

retraction, respectively. Dashed arrows indicate incorporation at, and removal from, the pilus base of PilA during extension 

and retraction, respectively. Proteins labeled with single letters have the Pil prefix.
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and integral-OM β-barrel constituents) found to co-purify with the CglB cell-surface 
lipoprotein adhesin (182). Together, these findings paint the picture of an envelope-
spanning bFAC consisting of ~20 different protein components that associate with each 
other in an interdependent manner (Fig. 5B).

Strikingly different from other motility systems, such as flagella and T4Ps, M. xanthus 
bFACs appear to lack a rigid structure that traverses the entire cell envelope. Using 
single-particle microscopy, Nan et al. reported that the AglR/Q/S motors are not fixed in 
the cell envelope but rather travel the length of the cell along helical trajectories. The 
motors stall in bFACs when they travel to the sites where the cell contacts the substratum 
(Fig. 5A) (85, 177, 186). In 2016, Faure et al. clarified that only the motors that stall in 
bFACs produce force for gliding, while the ones that move along helical trajectories carry 
incomplete gliding complexes (lacking OM components), which do not generate 
propulsion (187). At sites of cell–substratum contact, Islam et al. then revealed the 
cytoplasmic–IM–periplasmic gliding assembly engages the OM gliding complex, 
resulting in unmasking of the surface lipoprotein adhesin CglB (loaded in the OM 
assembly) and its binding to the substratum. This provided the first explanation by which 
forces generated by IM-embedded motors could be transduced across the cell envelope 
to the substratum (182) (Fig. 5B).

Ultimately, to arrive at a consensus model for the gliding mechanism, the so-called 
“PG problem” still had to be resolved, namely, how does the rigid PG layer impact 
transmission of mechanical force from the IM to the cell surface by fluid bFACs? As 
motors reside in the fluid IM, to transmit force to the cell surface, bFACs must push 
against two relatively rigid structures, one on each side of the IM, in opposite directions 
(188) (Fig. 5B). MreB filaments in the cytoplasm and PG in the periplasm likely provide 
such rigid support. While bFACs have been known for over 10 years to connect to MreB 
filaments (84, 85, 177, 189, 190), a connection between bFACs and PG was discovered 
only recently. While studying PG degradation, Ramírez Carbó et al. found that AgmT, a PG 
lytic transglycosylase, is required for M. xanthus gliding. Different from other gliding-
related proteins, AgmT itself does not assemble into bFACs. Using single-particle tracking 
microscopy and coprecipitation assays, AgmT was found to be essential for the bFACs to 
connect to PG. Surprisingly, heterologous expression of E. coli MltG rescued the connec­
tion between PG and bFACs, restoring gliding motility. Hence, the lytic transglycosylase 
activity of AgmT anchors bFACs to PG, potentially by modifying PG structure (183).

Unbeknownst to researchers in 1977, the importance of OM-module proteins for 
gliding also provided the first evidence for a process called “OM exchange” (OME)—a 
phenomenon thus far only characterized in myxobacteria—involving physical exchange 
of OM lipids and proteins between compatible strains (described below). Using chemical 
& UV mutagenesis, five classes of M. xanthus “conditional gliding” (cgl) mutants were 
identified that were incapable of single-cell gliding on their own; however, pairwise 
mixing of cells between these five mutant classes resulted in transient restoration 
(termed “stimulation”) of single-cell gliding to the overall population, suggesting that the 
different respective missing gliding components had been reciprocally transferred 
between the two initially non-motile classes of cells (149). The bulk transfer of OM 
gliding-module lipoprotein CglB from donor cells to non-gliding recipient cells was later 
shown to transiently restore single-cell gliding (similar to the transfer of OM lipoprotein 
Tgl and its restoration of T4P-dependent motility). This suggested that donor and 
recipient strains could temporarily fuse their OMs to allow for the transfer of OM material,
including the missing motility components (191), a process finally imaged in real time at 
the single-cell level over 35 years after the first report of “stimulation” (131).

FOLLOWING A CHEMICAL COMPASS: CHEMOTAXIS FOR SURFACE MOVE­
MENTS

To navigate their natural habitats, bacteria adjust their movements toward favorable 
conditions and away from toxic environments through a process known as “chemotaxis.” 
Hints of a chemotactic response in M. xanthus were first reported in 1962, when fresh 
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cells, separated from a plate of aggregated cells by a semipermeable membrane, formed 
fruiting bodies directly above the aggregates (192). Direct evidence of chemotaxis was 
later provided in the 1970s using gradients in agar of either nutrients or messenger 

FIG 5 Gliding motility and the bFAC. (A) Stationary bFACs (relative to the substratum) drive M. xanthus 

gliding motility. Motors carrying incomplete gliding complexes either diffuse or move rapidly along 

helical paths but do not generate propulsion. Motors stall and become nearly static relative to the 

substrate when they assemble into complete bFACs with other motor-associated proteins at the ventral 

side of the cell. Stalled motors push MreB and bFACs in opposite directions and thus exert force against 

OM adhesins. Overall, as motors transport bFACs toward lagging cell poles, cells move forward, but bFACs 

remain static relative to the substratum. Reproduced from Reference (183). (B) Structural model of the 

bFAC predicted by AlphaFold (184), modified from Reference (185). Note that whether and how GltG and 

GltI thread through PG are not investigated by experiments. IM, inner membrane; OM, outer membrane; 

PG, peptidoglycan.
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molecules cGMP or adenosine monophosphate (AMP), atop which swarms were found to 
expand more quickly up the concentration gradient rather than down it (103, 193).

To move efficiently as large cell swarms or single cells, form fruiting bodies, and 
prey on other microorganisms, M. xanthus uses the Frz system (a homolog of the Che 
pathway in enteric bacteria) to regulate the frequency at which both the gliding- 
and T4P-dependent motility systems switch directionality within cells. After isolating 
nearly 2,000 mutants with defects in aggregation and/or sporulation, the Zusman group 
observed that certain mutants formed “frizzy” aggregates of multicellular filaments 
instead of well-defined spore-containing mounds. These mutations were all mapped 
to the same genetic locus (later termed frz) encoding Che-like proteins (194, 195). Central 
components of the Frz pathway appear divergent from their enteric counterparts: (i) 
FrzCD is a cytoplasmic methyl-accepting chemotaxis protein (MCP) that lacks an obvious 
sensing domain but instead possesses a DNA-binding domain that allows the formation 
of Frz clusters at the bacterial nucleoid (196, 197). While it is known that Frz proteins form 
clusters to respond to signals in a cooperative manner (as in other bacteria), the role of 
their association with the nucleoid is less clear. One hypothesis is that multiple clusters 
on the nucleoid could ensure that each daughter cell inherits sufficient Frz clusters and 
can thus have the capacity to reverse soon after cell division (198, 199). (ii) FrzE is a hybrid 
protein composed of a histidine kinase (CheA) and a response regulator (CheY) domain 
(200). FrzE can transfer phosphoryl groups to three CheY domains, (iii) one represented 
by FrzX and (iv) the other two within the di-CheY protein FrzZ (201) (Fig. 6A).

The identification of chemotaxis signals has been particularly challenging due to the 
lack of an obvious sensing domain in FrzCD. Some short-chain alcohols, like isoamyl 
alcohol (IAA), act as repellents as they increase the reversal frequency (202). Conversely, 
certain lipids act as attractants by decreasing the reversal rate (203, 204). Enteric bacteria 
adapt their chemotactic responses to given attractant concentrations, a behavior that 
allows them to reset the system and prepare a response to eventually reach higher 
concentrations. In M. xanthus, the apparent lack of adaptation to repellents raises 
questions about the precise mechanisms underlying chemotaxis-like behaviors in this 
bacterium (205). However, given that methylation and demethylation of FrzCD occur 
(206, 207), perhaps a suitable repellent to evoke adaptation has not yet been found. 
While M. xanthus cells can respond to certain linear gradients (103, 193), the bacterium 
may also respond to non-linear gradients of large molecules, prey, or even to mechanical 
cues (e.g., during rippling) (208).

In addition to the Frz system, M. xanthus encodes seven other chemosensory systems 
that regulate various other functions, illustrating how this bacterium has evolved to 
finely tune Che signaling pathways to modulate behaviors beyond taxis. For example, 
the Dif chemosensory system regulates the synthesis and export of EPS (204). Some of 
these Che-like systems might interact, transducing multiple signals into coordinated 
cellular responses, effectively acting as a bacterial sensory/signaling network or “brain.” 
For instance, the Che4, Che5, and Che6 systems interact to form a large chemosensory 
module (209). With its two motility systems, complex array of chemosensory modules, 
and the use of chemotaxis responses to perform sophisticated bacterial social behaviors, 
M. xanthus stands as a unique model for studying Che pathways—an area that still 
requires significant exploration for deeper understanding.

SPATIOTEMPORAL REGULATION OF M. XANTHUS MOTILITY

Crucial for directional chemotactic movements, rod-shaped M. xanthus cells exhibit well-
defined leading and lagging cell poles when moving across surfaces using gliding or 
T4P-dependent motility. This is made possible because the two motility machineries are 
highly polarized and only assemble at the leading cell pole. However, during a reversal of 
direction, the old lagging pole becomes the new leading pole, with both motility 
machineries assembling at the new leading pole (84, 159, 176, 210–212) (Fig. 6A). Thus, 
M. xanthus cells are faced with two regulatory problems: (i) they must ensure that both 
motility machines assemble at the same pole and that (ii) both motility machines switch 
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polarity in unison during reversals. Two interfacing protein modules, the polarity module 
and the Frz chemosensory system, control motility in M. xanthus by dynamically 
regulating leading–lagging cell polarity. The polarity module establishes and maintains 
leading–lagging cell polarity, while Frz signaling induces an inversion of this polarity and,
thus, reversals occur. Jointly, these two modules create a spatial toggle switch.

The small GTPase MglA is the key protein of the polarity module, and in its active 
GTP-bound state, localizes to and defines the leading cell pole (213, 214) (Fig. 6A). This 
localization is brought about by the remaining five proteins of the polarity module (Fig. 
6A). In particular, the RomR/RomX complex has guanine nucleotide exchange factor 
(GEF) activity and stimulates the formation of the active GTP-bound state of MglA (215), 
while the MglB/RomY complex is a GTPase activating protein (GAP), which stimulates 
the conversion to the inactive GDP-bound state of MglA (213, 214, 216) (Fig. 6B). These 
two complexes, together with MglC, also localize asymmetrically to the cell poles and 
interact in an intricate pattern involving several positive and negative feedback loops to 
ensure the localization of MglA at the leading pole (213–220) (Fig. 6C). Because the MglB 
interacts with RomY with low affinity, the formation of the MglB/RomY GAP complex 
occurs exclusively at the lagging pole, where the concentration of MglB is high (216). 
Therefore, high GAP activity is confined to the lagging pole, where it outcompetes the 
RomR/RomX GEF activity (216) (Fig. 6A). Conversely, the RomR/RomX GEF outcompetes 
MglB GAP activity at the leading pole (216)(Fig. 6A). As a consequence, MglA-GTP and 
MglA-GDP accumulate at the leading and lagging poles, respectively (Fig. 6A). MglA 
activates the two motility systems by interacting with downstream effector proteins. In 
the T4P system, these effectors include SgmX and FrzS that stimulate T4P extension, 

FIG 6 Polarity control of M. xanthus motility systems. (A) The polarity module and the Frz chemosensory system regulate 

motility. All proteins in the Frz system have the Frz prefix. Homologs of individual proteins in the E. coli Che system are 

indicated in brackets. Phosphate flow from the FrzE kinase is indicated by arrows. Phosphorylated FrzZ and FrzX localize at 

the leading and lagging poles, respectively, and are indicated to act on the polarity module. The cell below schematically 

illustrates the polar localization of the proteins of the polarity module with T4P at the leading pole. The circle sizes indicate 

the relative amount of a protein at a pole. (B) MglA GTPase cycle and interaction with downstream effectors to stimulate 

gliding motility and T4P-dependent motility. GEF, guanine nucleotide exchange factor; GAP, GTPase-activating protein. (C) 

Interactions between the proteins of the polarity module establish their asymmetric polar localization at the two poles, 

resulting in correct leading–lagging cell polarity. Colors as in A.
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and in the gliding motility system, they include MreB, AglZ, AglR, and GltJ (83, 84, 189, 
221–224) (Fig. 6B).

The Frz chemosensory system acts on the polarity module and causes an inversion 
of its polarity (Fig. 6A). The two phosphorylated response regulators FrzZ and FrzX 
implement this output (202, 225). Interestingly, FrzZ-P localizes to the leading cell pole 
(201) and FrzX-P at the lagging pole (202) (Fig. 6A); however, it remains to be elucidated 
precisely how they cause the polarity inversion of the proteins of the polarity module. 
Nevertheless, several theoretical models have been suggested for their mode of action 
(202, 219, 226).

SPATIOTEMPORAL REGULATION OF CELL DIVISION IN M. XANTHUS

In addition to the spatiotemporal regulation of its movement, M. xanthus has emerged as 
an important model system to understand the spatiotemporal regulation of cell division 
as well as chromosome organization and segregation. Much of this work was inspired by 
the surprising discovery that myxospores are diploid, while growing cells contain one to 
two copies of the chromosome (227). These findings not only suggested that replication 
is initiated once per cell cycle and completion of replication is followed by cell division 
in growing cells, but also that cell division is specifically inhibited during myxospore 
morphogenesis.

A fascinating aspect of cell division in bacteria is that the proteins of the divisome, 
which is the macromolecular cytokinesis complex that is modulated by the GTP-depend­
ent polymerization of the key cell-division protein FtsZ (228), are largely conserved, but 
the regulatory systems that correctly position the (Fts)Z-ring are not. These regulatory 
systems can be divided into those that negatively regulate Z-ring formation throughout 
the cell except at midcell, for example, the MinC/D/E system in E. coli and the MipZ/
ParB system in Caulobacter crescentus (229), and positively acting systems that directly 
stimulate Z-ring formation at the nascent division site, for example, MapZ in Streptococ­
cus pneumoniae and the M. xanthus PomX/Y/Z system (230, 231).

The rod-shaped M. xanthus divides at midcell. The serendipitous finding that PomZ, 
a member of the large family of DNA-binding ParA/MinD ATPases, is important for 
positioning the cell division site at midcell kick-started the detailed analysis of cell 
division in M. xanthus (232). PomZ is encoded in a conserved gene cluster that also 
encodes PomX and PomY, two proteins that are rich in protein–protein interaction 
domains and also involved in the regulation of cell division (231). The Pom proteins 
form a single megadalton-sized, non-stoichiometric nucleoid-associated complex per 
cell, in which PomY undergoes surface-assisted phase separation on the PomX scaffold 
to form a biomolecular condensate (231, 233). The DNA-binding PomZ ATPase asso­
ciates with the PomX/Y complex and the nucleoid (231). Importantly, PomX and PomY 
both stimulate PomZ’s ATPase activity, resulting in the translocation of the PomX/Y/Z 
complex across the nucleoid (231, 234). This translocation process ultimately results in 
the localization of the PomX/Y/Z complex at the middle of the nucleoid mass, which 
coincides with the midcell. At midcell, the PomY condensate enriches FtsZ to form the 
Z-ring (231–233) (Fig. 7).

During cytokinesis, the PomX/Y/Z complex undergoes a remarkable fission event, and 
each daughter cell acquires a smaller complex that associates with the nucleoid close to 
the new cell pole (Fig. 7). In the ensuing cell cycle, the PomX/Y/Z complex accretes 
additional PomX/Y/Z molecules while translocating across the nucleoid to midcell (231, 
233). This fascinating translocation process has been extensively analyzed to understand 
how the PomX/Y/Z complex self-organizes to localize precisely at midnucleoid (231, 235). 
Paradoxically, while we have a good understanding of how cell division is regulated in 
growing M. xanthus cells, we still do not know how cell division is inhibited during 
myxospore morphogenesis.

To generate appropriately sized daughter cells with the correct chromosome number, 
accurate positioning of the division site and correct chromosome segregation are 
essential. In nascent M. xanthus cells, the circular chromosome has a unique arrangement 
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and is organized along the longitudinal axis with the ori and ter regions localized in the 
subpolar regions of the old and new cell pole, respectively, and the bulk of the chromo­
some arranged in-between (Fig. 7). Upon initiation of replication immediately after cell 
division, one ori copy segregates to the opposite subpolar region, followed by the rest of 
the chromosome, while one remains in the original subpolar region (236) (Fig. 7). 
Chromosome segregation crucially depends on the widely conserved ParA/B/S system 
(236–238). A peculiarity of M. xanthus chromosomal organization is that the ParB/parS 
complex is localized in the subpolar region rather than directly at the cell pole as 
observed in other bacteria (e.g., C. crescentus). This peculiar localization is mediated by 
the filament-forming bactofilins BacN, BacO, and BacP together with the CTP-binding 
PadC protein, which jointly form a filamentous structure in the subpolar region and 
interact with ParB at the pole-distal end (239–241) (Fig. 7).

FRIEND OR FOE: KIN RECOGNITION THROUGH OUTER-MEMBRANE EXCHANGE

While the differentiation of cell fates and the generation of higher-order structures are 
both key tenets of true multicellularity, the ability to recognize kin cells is fundamental to 
these community functions. Kin recognition, as it enables cooperation among geneti­
cally related cells while reducing exploitation by non-kin, fostering the stability and 
functionality of complex multicellular assemblies, is hence a foundation of multicellular­
ity. To transition from solitary, single-cell life into cooperative, multicellular structures, 
myxobacteria must identify kin to form social groups. The best-studied kin recogni­
tion system involves a process called OM exchange (OME) (Fig. 8A), which employs 
a polymorphic cell-surface receptor known as TraA (242). TraA mediates recognition 
through homophilic binding, where its variable domain determines the specificity of 
recognition (243). There are likely well over a hundred different TraA recognition groups 

FIG 7 Schematic of the dynamic localization of the PomXYZ complex on the nucleoid and the organization of the M. xanthus 

chromosome segregation machinery over the cell cycle. The schematics follow a cell over the cell cycle starting immediately 

after cell division (i). (ii–iv) As the cell cycle progresses, the PomXYZ complex translocates across the nucleoid to midcell; in 

parallel, chromosome replication and segregation proceed, resulting in a chromosome arrangement in which the ParB/parS 

complexes localize in the subpolar regions attached to the bactofilin/PadC complexes, and the ter regions around midcell. (v) 

At midcell, the PomXYZ complex recruits FtsZ and stimulates FtsZ polymerization, resulting in the formation of the Z-ring. FtsZ 

directly or indirectly recruits all other proteins required for cytokinesis.
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in nature. TraA localizes to the cell surface by the type II secretion system and is anchored 
in the OM by its MYXO-CTERM sorting tag, which is likely lipidated at an invariant 
cysteine residue (244). TraB (the ORF for which overlaps with traA) contains an OM 
β-barrel and OmpA cell wall-binding domains (245). Together, TraA and TraB form a 
functional receptor. Following TraA–TraA recognition and cell–cell adhesion, myxobac­
teria undergo OME, where OM proteins and lipids are transferred between cells. This 
exchange is rapid, robust, occurs serially between adjacent cells, and involves hundreds 
of different proteins as well as LPS (246, 247). Since OME is bidirectional and involves 
lipids, it likely occurs through transient OM fusion, with TraAB functioning as fusogens 
(245, 248).

The outcomes of OME vary and can result in beneficial cooperation or discriminatory 
behaviors, at least under laboratory conditions (242). One beneficial behavior involves 
the rescue of mutant phenotypes, such as motility, via complementation of missing/non-
functional proteins (described above). Since DNA is not exchanged, the rescue is 
transient. In other examples, damaged OMs in one population can be replenished and 
repaired through OME from a healthy population (249). In addition, cells adapted to 
environmental stresses, such as detergent resistance, can transfer these beneficial traits 
to naïve kin via OME (250). In these cases, donor populations also benefit from their 
seemingly altruistic acts because they help form larger, more fit populations that are 
better equipped to function in multicellular tasks, such as development, which require a 
threshold population size (251) (Fig. 8B).

Among the cargo transferred during OME are polymorphic lipoprotein toxins, known 
as SitA toxins (swarm inhibition toxins), which play a key role in kin discrimination. These 
toxins belong to six distinct families, with each toxin’s cognate immunity gene located 
immediately downstream (252). The immunity factors are not exchanged, meaning 
clonemates are resistant to these toxins, while divergent strains are susceptible. The 

FIG 8 Model of kin recognition and outer membrane exchange (OME). (A) 10 experimentally determined TraA recognition 

groups (colored triangles) govern partner binding. Colored cell envelopes represent OM phenotypes, for example, fluorescent 

proteins, while colored cytoplasm represents distinct genotypes, particularly in reference to the suite of sitAI loci. Following 

TraA homotypic binding, cells transiently fuse OMs and exchange cargo, including SitA lipoprotein toxins. Clonal cells express 

cognate immunity and homogenize their OMs (same color), while nonclonal cells are poisoned. (B) Merged fluorescent 

micrographs of M. xanthus cells expressing Lipo-GFP or Lipo-mCherry in the periplasmic leaflet of their OMs. 90 min following 

plating (right), cells that recognize and undergo OME contain both markers, while no OME results in a distinct phenotype. 

Courtesy of Sheila Walsh; scale bar, 2 µM.
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sitAI genes are highly abundant, with myxobacteria genomes containing between 15 
and more than 80 loci. These loci are often found within mobile genetic elements, such 
as plasmids, prophages, and transposons, which promote the expansion and retention 
of these selfish elements (253). These elements in turn facilitate HGT, leading to rapid 
social diversification into distinct myxobacterial social groups (254) (Fig. 8A). Therefore, 
kin recognition through OME occurs in two steps; after TraA–TraA homophilic binding, 
cells further verify that the partner is clonal through the exchange of polymorphic 
toxins. Given the number and diversity of exchanged toxins, this secondary step excludes 
many genotypes with which a focal genotype cooperates in the wild. In doing so, it 
may help ensure that social groups remain closely related, preventing many non-kin 
genotypes (including distantly related cheater cells) from causing social disharmony (Fig. 
8A). In addition, myxobacteria use other kin-discrimination systems, such as the type 
VI secretion system, which discriminates against a broader range of distant strains and 
species of myxobacteria (255). Together, these systems ensure that swarms and fruiting 
bodies are composed of highly related cells.

KILLER COHORTS: M. XANTHUS ON THE HUNT

Conversely, the opposite of kin recognition is the ability to distinguish and eliminate 
foreign cells. M. xanthus is a renowned predator with specialized mechanisms to feed on 
other microorganisms: prey cells are killed and lysed, and the released biomass serves as 
a source for carbon and energy. A multi-factorial predation strategy allows M. xanthus to 
prey on Gram-positive and Gram-negative bacteria, as well as eukaryotes, like yeasts and 
fungi (256, 257). This fascinating behavior has been the focus of numerous studies, only a 
fraction of which can be cited here—for comprehensive reviews, please see (258, 259).

Early reports focused on the isolation of bacteriolytic proteins, which M. xanthus 
secretes into the environment to disintegrate nearby prey cells (256, 260). Various lytic 
activities were detected, but it took several decades to identify some of the responsible 
proteins. In addition, several bactericidal and antifungal antibiotics were characterized 
as part of the M. xanthus predatory arsenal (256, 261). Some bacteriolytic proteins and 
antibiotics are released in OM vesicles (262). Notably, the secreted predation factors vary 
in their efficacy against different prey, and their combined action is needed to target a 
broad spectrum of microorganisms.

The relationship between predation and motility has been extensively studied. M. 
xanthus requires gliding motility and cell reversals to establish contact with prey cells 
and to assemble multicellular swarms. Swarms approach and invade prey colonies using 
T4P-dependent motility (Fig. 9A). Hence, the ability to move correlates with predation 
efficiency (263, 264). Rippling was studied as potentially predation-specific behavior, but 
it can be observed during development or in the absence of prey as well. Importantly, 
these studies supplied useful techniques to characterize predation phenotypes, such as 
the side-by-side spotting of M. xanthus and prey populations (208) or a prey lawn assay 
that links predation efficiency to swarm expansion (257, 263).

The formation of multicellular swarms (dubbed “wolf packs”) was long considered 
a strict requirement for predation, presumably to ensure that secreted lytic factors 
accumulate to effective local concentrations (266). Conversely, it was shown that 
individual M. xanthus cells can kill prey via direct cell contact (267, 268) (Fig. 9B). This 
behavior was recently revisited and attributed to two protein secretion systems, the 
Tad-like Kil complex and a needle-less Type III secretion system (T3SS*) (269, 270). Both 
systems transiently accumulate at the predator–prey interface to induce prey killing-and-
lysis.

The reciprocal interaction of M. xanthus with prey bacteria has repeatedly been a 
topic of interest. While easy-to-handle E. coli was the prey organism of choice in many 
studies, others focused on soil bacteria. Several species display induced responses to 
the M. xanthus attack, for example, the production of inhibitory antibiotics or protec­
tive slime. The upregulation of metal-scavenging siderophores reflects competition for 
trace elements in predator–prey co-cultures (271). Moreover, other abiotic factors, like 
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temperature, may even invert the predator–prey relationship in some cases (272). On a 
broader scale, it was demonstrated that predatory Myxococcota are the most abundant 
micro-predators in soil environments, highlighting the importance of myxobacterial 
predation for the microbial food web across diverse ecosystems (273).

SHEDDING LIGHT ON CAROTENOID DEFENSE IN THE MYXOBACTERIA

Even in the absence of antagonistic cells or compounds, myxobacteria can protect 
themselves from things as seemingly innocuous as light. In the 1960s, it was discov­
ered that M. xanthus colonies grown continuously under light turn reddish owing to 
carotenoid synthesis, indicating a photoprotective carotenogenic response that may 
confer a fitness advantage in its natural soil habitat (274, 275). It was not until the 
development of a variety of genetic tools in the 1980s that in-depth studies of the M. 
xanthus carotenogenic response were rekindled and continue to this day, making use of 
color changes as powerful visual tools for genetic analysis. The striking distribution of 
particular M. xanthus factors involved in photoreception and signal transduction among 
myxobacteria and eukaryotes, but not in other bacterial phyla, adds to growing evidence 
supporting a theory on the origin and early evolution of eukaryotic cells that posits 
involvement of an early myxobacterium (276, 277).

Blue light triggers a genetic program that activates the expression of a regulatory 
operon encoding proteins CarQ, CarR, and CarS, a large genomic cluster comprising nine 
structural genes and two paralogous regulatory genes (carA and carH), and an unlinked 
structural gene (carC/crtIb) (278–280). CarQ stands out as one of the earliest identified 
extracytoplasmic-function (ECF) σ factors. Light liberates CarQ from its membrane-asso­
ciated anti-σ factor CarR, and free CarQ associates with RNA polymerase to directly 
activate crtIb and its carQRS operon (281, 282). The membrane protein CarF mediates 
the signaling by singlet oxygen (1O2), an extremely harmful species produced upon 
blue-light exposure that somehow provokes CarR inactivation (283).

The homologs of CarF, largely restricted to myxobacteria and animals, including 
humans, turned out to be the long-sought lipid desaturase involved in the biosynthesis 
of plasmalogens, a special type of glycerophospholipid with unique physicochemical 
properties that have been linked to various human pathologies, including cancer and 
neurodegenerative diseases (284). The story of CarF thus illustrates how the pursuit of 
basic bacterial research helped to unearth a human protein with a crucial, previously 
unknown function, thereby opening a door to therapeutic applications.

FIG 9 M. xanthus is an active predator. (A) An M. xanthus population (top) invades an E. coli colony 

(bottom), kills, and lyses prey cells and consumes the released biomass. The white arrow denotes fruiting 

bodies, and the yellow arrow highlights rippling movement by the preying population. (B) An individual 

M. xanthus cell approaches E. coli, stops upon cell contact, then kills and lyses the prey cell within minutes. 

Adopted from Reference (265).
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Transcriptional activation by CarQ also requires a unique global regulatory complex of 
CarD and CarG. CarD stands out as the only prokaryotic protein with a hallmark DNA-
binding domain resembling eukaryotic HMGA (High Mobility Group A) proteins, which 
are crucial factors in enhanceosome function (285). Besides CarQ, many of the approxi­
mately 45 ECF σ factors in M. xanthus, including DdvS, require the CarD/G complex to 
function. DdvS is the first ECF σ that controls the expression of an antiphage defense 
island comprising two cyclic oligonucleotide-based antiphage signaling systems and a 
type III-B CRISPR-Cas system (286, 287).

The discovery of a second pathway came from the observation that the C-terminal 
oligomerization domain of CarH shared sequence similarity to the B12-binding domain 
typically found in enzymes. CarH relies on coenzyme B12 or adenosylcobalamin to 
sense light (UV, blue, green) and to modulate its oligomerization state, DNA binding, 
and repressor activity, thereby providing a direct pathway to regulate light-induced 
carotenogenesis (288). This pathway has since been shown to be widespread across 
bacteria and appears to be the ancestral one in myxobacteria (289, 290). Discovery of 
CarH and its mode of action heralded the emergence of a new photoreceptor family and 
a new facet of vitamin B12 and continues to inspire various ingenious applications in 
optogenetic and light-controlled synthetic biology (291–293).

LIGHT AND MULTICELLULAR DEVELOPMENT IN MYXOBACTERIA

Besides triggering the photoprotective carotenogenic response, light is known to 
affect the development of certain myxobacteria. Exposure to light is required for 
fruiting-body development of S. aurantiaca (294–296), which contains two photorecep­
tors, bacteriophytochromes (BphPs), that are absent in M. xanthus (296–298). While 
BphPs in photosynthetic bacteria modulate the synthesis of light-harvesting complexes 
(299–301), their physiological function in non-photosynthetic bacteria remains largely 
unknown (302). Both BphPs from S. aurantiaca contain histidine kinase domains (HK) 
that are regulated by red and far-red light (303). When incubated on starvation media, S. 
aurantiaca only forms fruiting bodies under far-red light (296).

The photomorphogenic response in S. aurantiaca led to the hypothesis that a BphP 
also regulates the development of Myxococcus macrosporus (the closest genetic relative 
to M. xanthus) that contains one BphP-encoding gene with a C-terminal HK domain 
(298, 304). Light regulates the expression of BphP in M. macrosporus (305). Interestingly, 
the fruiting bodies of M. macrosporus formed concentric rings in the dark over 14 days, 
resembling oscillatory growth patterns of the fungus Neurospora crassa. Exposure to 
red and far-red light disrupted this rhythmic or circadian-like phenotype, suggesting 
a possible role for BphP (305, 306). The first bacterial circadian clock, demonstrated 
in cyanobacteria, comprises KaiA, KaiB, and KaiC proteins (307). Homologs of KaiB 
and KaiC proteins are found in many bacteria, including Myxococcales (305). As some 
myxobacteria encode BphPs in tandem with KaiC genes, circadian rhythm could regulate 
fruiting-body formation. In fact, M. macrosporus HW-1 isolated from coastal microbial 
mats demonstrates circadian rhythmicity in its gene expression (308).

SECONDARY METABOLITES OF M. XANTHUS AND OTHER MYXOBACTERIA

Up to 11% of the extraordinarily large M. xanthus genome is related to the biosynthesis 
of secondary metabolites. So far, we can only deduce such metabolites through chemical 
characterization in a limited number of cases. Secondary metabolites identified from M. 
xanthus and other myxobacteria often display large structural varieties and intriguing 
biological activities (309). These complex molecules are usually produced by multi-
enzyme systems that consist of polyketide synthases, non-ribosomal peptide syntheta­
ses, and their combinations. Low-molecular-weight building blocks are linked in a highly 
variable manner and further modified by additional specific enzymes either during 
or after the synthesis of the molecular scaffolds (310). Besides polyketide synthase- 
or non-ribosomal peptide synthetase-borne secondary metabolites, other types have 
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also been reported, including homospermidines or the ribosomally synthesized and 
post-translationally-modified cittilins and crocagins (311–313).

The first myxobacterial secondary metabolite, the antifungal ambruticin produced by 
certain strains of S. cellulosum, was discovered in 1977 (314, 315). To date, more than 130 
classes of secondary metabolites have been described from myxobacteria. Many of them 
comprise families of up to 20 derivatives from common scaffolds. These compounds 
show antibacterial/antifungal/cytotoxic activities, act as iron chelators, or contribute to 
at least one of the extraordinary capabilities of myxobacteria, including development, 
predation, and swarm spreading (309, 310, 316).

The high energetic costs for the biosynthesis of these natural compounds reflect the 
benefits they confer in the natural soil habitats of myxobacteria, which usually lack free 
nutrients. The production of ambruticin is a good example: due to its inhibitory effect 
on M. xanthus fruiting-body formation under nutrient-poor conditions, ambruticin-pro­
ducing S. cellulosum may outcompete M. xanthus in the soil environment (317). Other 
identified myxobacterial secondary metabolites are likely to offer similar advantages as 
their production is transcriptionally linked to swarming, development, or predation (318). 
Among these are the antifungal myxalamids (319), the antibiotic myxovirescin that kills 
prey (261, 320), the iron chelator myxochelin (321), DKxanthenes that are required for 
efficient fruiting-body formation and sporulation (322), and homospermidines that are 
exclusively produced during development (311). By contrast, the functions of various 
secondary metabolites such as myxoprincomides remain to be determined (323). In 
addition, numerous biosynthetic gene clusters within myxobacterial genomes appear to 
be “silent,” as their corresponding products remain unidentified.

Despite 50 years of intense research, we have only discovered the tip of the iceberg. 
In the era of genomics, as the number of novel species, genera, and families rises 
steadily, it is apparent that the full biosynthetic potential of myxobacteria has yet 
to be revealed (324, 325). Laboratory conditions that lack the respective stimuli for 
production might prevent the identification of many secondary metabolites that have 
therapeutic activities. Nevertheless, the discovery of novel myxobacterial anti-infectives 
such as cystobactamids, disciformicins, thiamyxins, pyxidicyclines, and alkylpyrones has 
demonstrated the value of genome- and biodiversity-driven approaches (326–330).

ADAPTING AND THRIVING: MYXOBACTERIAL EVOLUTION AND ECOLOGY

As detailed above, myxobacteria are versatile and effective model systems for inter­
rogating a wide range of processes, starting from the level of specific molecules up 
to macroscopic groupings of cells. On an even grander scale, an important aspect 
of myxobacterial research is the endeavor to understand how ecological forces—
whether abiotic, social, or community—influence the origin, evolutionary construction, 
diversification, and character of myxobacterial social and predatory behaviors, and 
reciprocally how myxobacteria shape the ecology and evolution of other organisms. 
Through analysis of natural population diversity, experimental ecology, and experimental 
evolution, progress has begun to be made toward this goal.

Myxobacterial fruiting-body diversity is stunning (Fig. 1) and begs for an evolutionary 
explanation. Exploration of myxobacterial diversity was greatly advanced by, among 
others, the wife-and-husband team of Helena Krzemieniewska and Seweryn Krzemie­
niewski, who extensively sampled Polish myxobacteria in the 1920s and 1930s (331), and 
later in the last century by Wolfgang Dawid (332), who broadly isolated myxobacteria 
across several continents, including Antarctica. Such earlier work ultimately led to current 
efforts by multiple groups to understand global patterns of genomic and phenotypic 
diversity (both terrestrial and aquatic) and how they are shaped by ecological context. 
Comparative analysis of interspecific genomic diversity has begun to reconstruct the 
evolutionary steps by which myxobacterial traits, including motility (180) and fruiting-
body development (19, 98), previously evolved and diversified. To allow finer-scale 
analysis of natural diversity and evolution—for example, how M. xanthus predation 
profiles (257) or kin-group identities diversify (333)—biogeographically explicit and 
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fine-scale analysis of M. xanthus intraspecific diversity was initiated two decades ago 
(334) and continues expanding today.

Well before quorum sensing was discovered in other bacteria, crucial roles of high 
cell density in enhancing growth from extracellular metabolism of complex molecules 
(335) and triggering complex social behaviors were demonstrated in experiments with 
M. xanthus (15). Such early experiments manipulating ecological variables established 
a growing tradition of experimental ecology that seeks to understand how ecological 
context and myxobacterial traits interact, for example in differential advantages of 
distinct motility systems across surface types (336), what conditions can induce and 
allow fruiting-body development (295), or how temperature can determine whether 
M. xanthus acts as predator or prey (272). Martin Dworkin played a major early role 
in identifying important ecological questions (15), many of which remain inadequately 
answered and thus continue to fuel the field today. These include questions about 
the roles of myxobacteria as keystone taxa in nutrient cycling through scavenging and 
predation (273), how variable environmental conditions interact with different aspects of 
myxobacterial life cycles, and the character of interactions between distinct members of 
the same species (which can be both antagonistic and synergistic (337)) and between 
different species.

In 1984, Zahavi and Ralt wrote, “It will be hard to consider any better candidate 
among bacteria than myxobacteria for testing theories concerning the evolution of 
social adaptation” (15). Their statement foreshadowed the rise of M. xanthus over the 
past three decades as a model system for direct experimental study of how microbial 
social behaviors and predator–prey interactions evolve in real time. As summarized 
at myxoee.org (338), evolution experiments with myxobacteria (MyxoEEs) have led to 
the discovery of (i) “cheating” and “policing”-like behaviors in bacteria, (ii) frequency-
dependent fitness-rank reversal as a mechanism of cooperation maintenance, (iii) de 
novo origins of kin discrimination, (iv) novel forms of social motility, (v) how different 
types of social interaction can drive multicellular diversification, (vi) mechanisms of 
predator–prey co-adaptation, and have (vii) additionally tested hypotheses emerging 
from optimal foraging theory. They have also uncovered previously unknown early 
genetic regulators of fruiting-body development (339), illustrating how analysis of 
experimentally evolved lineages can generate important contributions to mechanistic 
molecular biology. Going forward, ongoing integration of the research approaches 
highlighted here with theoretical modeling, increasing understanding of myxobacterial 
molecular biology, and better approaches for studying microbes in their natural habitats 
will make the coming years an exciting period for eco-evolutionary studies of myxobac­
teria.

PERSPECTIVES

The study of myxobacteria has advanced significantly over the past few decades. While 
previous questions continue to be resolved, fresh research topics are also emerging, 
which will undoubtedly shape the future of the myxobacterial field:

Synthetic biology and genetic engineering

The growing understanding of myxobacterial genetic systems, particularly their complex 
secondary metabolite production, provides fertile ground for advancing synthetic 
biology and genetic engineering. The large and diverse genomes of myxobacteria offer 
untapped reservoirs for novel natural products. Future research may focus on optimizing 
the biosynthesis of secondary metabolites, including previously “silent” gene clusters, 
for use in drug development, agriculture, and biotechnology. Moreover, the ability to 
engineer myxobacterial motility and social behavior could enable the design of synthetic 
microbial communities with tailored functionalities.
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Evolution and ecology of social behaviors

The evolution of social behaviors remains a cornerstone of myxobacterial research. 
Future studies could expand on the regulation of multicellular development and the 
evolution of group-level behaviors. Investigating the co-evolution of myxobacteria with 
their microbial prey, the dynamics of predator–prey interactions, and the genetic and 
environmental factors that influence kin recognition will provide broad insights into 
the evolution of social behaviors in microorganisms. Myxobacteria are key players in 
soil ecosystems, often interacting with other bacteria and eukaryotes. As the field 
of microbiome research expands, understanding the role of myxobacteria in shaping 
microbial communities will become increasingly important. Future work may focus 
on how myxobacteria interact with other soil microorganisms, contribute to nutrient 
cycling, and influence the microbiomes of plants and animals. Given their remarkable 
abilities in eliminating other microorganisms and degrading complex organic molecules, 
myxobacteria hold great promise in environmental remediation and biocontrol.

Physiology and stress responses

The ability of myxobacteria to adapt to various environmental stresses is another 
exciting area of research. Their tolerance and resistance to antibiotics, ability to 
survive in nutrient-poor environments, and photoprotective responses offer valuable 
insights into microbial survival strategies. Future research could investigate the 
molecular mechanisms behind these stress responses and their potential applications 
in biotechnology, such as the development of stress-tolerant microbes for industrial 
processes.

Harnessing advanced analytical tools

The continued development of high-throughput sequencing, mass spectrometry, 
and imaging technologies will be instrumental in uncovering the full complexity of 
myxobacterial biology. For example, single-cell transcriptomics and proteomics could 
provide unprecedented insights into the heterogeneity of myxobacterial populations, 
revealing how different cells within a community contribute to group-level behaviors. 
In addition, advancements in microscopy techniques, such as super-resolution imaging 
and live-cell tracking, will allow researchers to visualize and quantify the dynamics of 
myxobacterial motility, development, and social interactions in real time.

CONCLUSION

Microorganisms exhibit remarkable species richness and diversity in their size, shape, 
habitat, metabolism, subcellular organization, and the structures they form. Moreover, 
they have essential roles in various ecosystems as well as in human, animal, and plant 
health. Microbiome studies have taught us that the standard model organisms for 
studying microbial cell function and metabolism are rarely—if ever—the most abun­
dant in a particular ecosystem or habitat. To truly grasp microbial structure, function, 
ecology, and evolution, we must look beyond just a handful of popular model organ­
isms. A broader perspective is essential for deeper insights. Through M. xanthus, we 
have not only learned that different species have evolved different solutions to the 
same problem (e.g. regulation of motility and cell division), but also learned entirely 
new biology (e.g. mechanisms underlying kin recognition, outer membrane exchange, 
predation, and secondary metabolite biosynthesis). With its remarkable complexity and 
ease of handling, M. xanthus will continue to serve as a versatile and elegant organism 
for exploring fundamental bacterial functions, multicellular behaviors, and microbial 
evolution. As we look ahead to the years to come, we anticipate groundbreaking 
discoveries that will not only enhance our understanding of myxobacteria but also 
propel advancements across the entire field of microbiology.

Minireview Journal of Bacteriology

July 2025  Volume 207  Issue 7 10.1128/jb.00071-2526

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/j

b 
on

 1
1 

Fe
br

ua
ry

 2
02

6 
by

 1
34

.9
6.

12
1.

18
1.

https://doi.org/10.1128/jb.00071-25


AUTHOR AFFILIATIONS

1Department of Biochemistry and Molecular Biology, Michigan State University, East 
Lansing, Michigan, USA
2Department of Molecular Biology, University of Wyoming, Laramie, Wyoming, USA
3Institut National de la Recherche Scientifique (INRS), Centre Armand-Frappier Santé 
Biotechnologie, Institut Pasteur International Network, Laval, Québec, Canada
4PROTEO, The Quebec Network for Research on Protein Function, Engineering, and 
Applications, Université de Montréal, Montreal, Québec, Canada
5Department of Life Sciences, Aberystwyth University, Aberystwyth, Wales, United 
Kingdom
6Departamento de Microbiología, Facultad de Ciencias, Universidad de Granada, 
Granada, Andalusia, Spain
7Department of Biological Sciences, Wayne State University, Detroit, Michigan, USA
8Department of Microbiology and Molecular Genetics, University of California Davis, 
Davis, California, USA
9Laboratoire de Chimie Bactérienne, CNRS, Marseille, Provence-Alpes-Côte d'Azur, France
10Department of Ecophysiology, Max Planck Institute for Terrestrial Microbiology, 
Marburg, Hesse, Germany
11Department of Biology and Biotechnology, Microbiology, Ruhr University Bochum, 
Bochum, North Rhine-Westphalia, Germany
12Departamento de Genética y Microbiología, Área de Genética (Unidad Asociada al IQF 
CSIC), Facultad de Biologia, Universidad de Murcia, Murcia, Region of Murcia, Spain
13Department of Biology, Northeastern Illinois University, Chicago, Illinois, USA
14Department of Microbial Natural Products (MINS), Helmholtz Institute for Pharma­
ceutical Research Saarland (HIPS), Helmholtz Centre for Infection Research (HZI) and 
Department of Pharmacy at Saarland University, Saarbrücken, Saarland, Germany
15German Center for Infection Research (DZIF), Braunschweig, Germany
16Institute for Integrative Biology, ETH Zurich, Zürich, Zurich, Switzerland,
17Department of Biology, Texas A&M University, College Station, Texas, USA

AUTHOR ORCIDs

Lee Kroos  https://orcid.org/0000-0002-4294-948X
Daniel Wall  https://orcid.org/0000-0002-0273-1371
Salim T. Islam  https://orcid.org/0000-0001-6853-8446
David E. Whitworth  http://orcid.org/0000-0002-0302-7722
Penelope I. Higgs  http://orcid.org/0000-0003-4726-3329
Emilia M.F. Mauriello  http://orcid.org/0000-0001-9770-6138
Anke Treuner-Lange  https://orcid.org/0000-0001-6435-5642
Lotte Søgaard-Andersen  https://orcid.org/0000-0002-0674-0013
Christine Kaimer  https://orcid.org/0000-0001-5541-5703
Montserrat Elías-Arnanz  https://orcid.org/0000-0003-1980-3092
Emina A. Stojković  http://orcid.org/0000-0002-4971-5213
Rolf Müller  http://orcid.org/0000-0002-1042-5665
Beiyan Nan  http://orcid.org/0000-0002-0326-9529

AUTHOR CONTRIBUTIONS

Lee Kroos, Writing – original draft, Writing – review and editing | Daniel Wall, Visualiza­
tion, Writing – original draft, Writing – review and editing | Salim T. Islam, Visualization, 
Writing – original draft, Writing – review and editing | David E. Whitworth, Writing – 
original draft, Writing – review and editing | José Muñoz-Dorado, Visualization, Writing 
– original draft, Writing – review and editing | Penelope I. Higgs, Writing – original draft 
| Mitchell Singer, Writing – original draft | Emilia M.F. Mauriello, Writing – original draft | 
Anke Treuner-Lange, Visualization, Writing – original draft, Writing – review and editing 

Minireview Journal of Bacteriology

July 2025  Volume 207  Issue 7 10.1128/jb.00071-2527

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/j

b 
on

 1
1 

Fe
br

ua
ry

 2
02

6 
by

 1
34

.9
6.

12
1.

18
1.

https://orcid.org/0000-0002-4294-948X
https://orcid.org/0000-0002-0273-1371
https://orcid.org/0000-0001-6853-8446
http://orcid.org/0000-0002-0302-7722
http://orcid.org/0000-0003-4726-3329
http://orcid.org/0000-0001-9770-6138
https://orcid.org/0000-0001-6435-5642
https://orcid.org/0000-0002-0674-0013
https://orcid.org/0000-0001-5541-5703
https://orcid.org/0000-0003-1980-3092
http://orcid.org/0000-0002-4971-5213
http://orcid.org/0000-0002-1042-5665
http://orcid.org/0000-0002-0326-9529
https://doi.org/10.1128/jb.00071-25


| Lotte Søgaard-Andersen, Visualization, Writing – original draft, Writing – review and 
editing | Christine Kaimer, Visualization, Writing – original draft, Writing – review and 
editing | Montserrat Elías-Arnanz, Writing – original draft, Writing – review and editing 
| Emina A. Stojković, Writing – original draft, Writing – review and editing | Rolf Müller, 
Writing – original draft | Carsten Volz, Visualization, Writing – original draft | Gregory J. 
Velicer, Visualization, Writing – original draft, Writing – review and editing | Beiyan Nan, 
Visualization, Writing – original draft, Writing – review and editing

REFERENCES

1. Mohr KI. 2018. Diversity of myxobacteria-we only see the tip of the 
iceberg. Microorganisms 6:84. https://doi.org/10.3390/microorganisms
6030084

2. Waite DW, Chuvochina M, Pelikan C, Parks DH, Yilmaz P, Wagner M, Loy 
A, Naganuma T, Nakai R, Whitman WB, Hahn MW, Kuever J, Hugenholtz 
P. 2020. Proposal to reclassify the proteobacterial classes Deltaproteo­
bacteria and Oligoflexia, and the phylum Thermodesulfobacteria into 
four phyla reflecting major functional capabilities. Int J Syst Evol 
Microbiol 70:5972–6016. https://doi.org/10.1099/ijsem.0.004213

3. Thaxter R. 1892. On the myxobacteriaceæ, a new order of schizomy­
cetes. Bot Gaz 17:389–406. https://doi.org/10.1086/326866

4. Beebe JM. 1941. The morphology and cytology of Myxococcus xanthus, 
N. Sp. J Bacteriol 42:193–223. https://doi.org/10.1128/jb.42.2.193-223.1
941

5. Reichenbach H. 1970. Nannocystis exedens gen. nov., spec. nov., a new 
myxobacterium of the family sorangiaceae. Arch Mikrobiol 70:119–138. 
https://doi.org/10.1007/BF00412203

6. Dworkin M. 1963. Nutritional regulation of morphogenesis in 
Myxococcus xanthus. J Bacteriol 86:67–72. https://doi.org/10.1128/jb.86.
1.67-72.1963

7. Dworkin M, Gibson SM. 1964. A system for studying microbial 
morphogenesis: rapid formation of microcysts in Myxococcus xanthus. 
Science 146:243–244. https://doi.org/10.1126/science.146.3641.243

8. Kaiser D, Dworkin M. 1975. Gene transfer to myxobacterium by 
Escherichia coli phage P1. Science 187:653–654. https://doi.org/10.1126
/science.803710

9. Zusman D, Gottlieb P, Rosenberg E. 1971. Division cycle of Myxococcus 
xanthus. 3. Kinetics of cell growth and protein synthesis. J Bacteriol 
105:811–819. https://doi.org/10.1128/jb.105.3.811-819.1971

10. Sadler W, Dworkin M. 1966. Induction of cellular morphogenesis in 
Myxococcus xanthus. II. Macromolecular synthesis and mechanism of 
inducer action. J Bacteriol 91:1520–1525. https://doi.org/10.1128/jb.91.
4.1520-1525.1966

11. Rosenberg E, Katarski M, Gottlieb P. 1967. Deoxyribonucleic acid 
synthesis during exponential growth and microcyst formation in 
Myxococcus xanthus. J Bacteriol 93:1402–1408. https://doi.org/10.1128/j
b.93.4.1402-1408.1967

12. Zusman D, Rosenberg E. 1968. Deoxyribonucleic acid synthesis during 
microcyst germination in Myxococcus xanthus. J Bacteriol 96:981–986. h
ttps://doi.org/10.1128/jb.96.4.981-986.1968

13. Campos JM, Geisselsoder J, Zusman DR. 1978. Isolation of bacterio­
phage MX4, a generalized transducing phage for Myxococcus xanthus. J 
Mol Biol 119:167–178. https://doi.org/10.1016/0022-2836(78)90431-x

14. Martin S, Sodergren E, Masuda T, Kaiser D. 1978. Systematic isolation of 
transducing phages for Myxococcus xanthus. Virology 88:44–53. https://
doi.org/10.1016/0042-6822(78)90108-3

15. Rosenberg E, ed. 1984. Myxobacteria development and cell interac­
tions. Springer-Verlag, New York.

16. Dworkin M, Kaiser D. 1993. Myxobacteria II. American Society for 
Microbiology, Washington, DC.

17. Whitworth DE, ed. 2008. Myxobacteria: multicellularity and differentia-
tion. ASM Press, Washington, D.C.

18. Yang Z, Higgs P, eds. 2014. Myxobacteria: genomics, cellular and 
molecular biology. Caister Academic Press, Norfolk, UK.

19. Goldman BS, Nierman WC, Kaiser D, Slater SC, Durkin AS, Eisen JA, 
Ronning CM, Barbazuk WB, Blanchard M, Field C, Halling C, Hinkle G, 
Iartchuk O, Kim HS, Mackenzie C, Madupu R, Miller N, Shvartsbeyn A, 
Sullivan SA, Vaudin M, Wiegand R, Kaplan HB. 2006. Evolution of 
sensory complexity recorded in a myxobacterial genome. Proc Natl 
Acad Sci USA 103:15200–15205. https://doi.org/10.1073/pnas.0607335
103

20. Aramayo R, Nan B. 2022. De novo assembly and annotation of the 
complete genome sequence of Myxococcus xanthus DZ2. Microbiol 
Resour Announc 11:e0107421. https://doi.org/10.1128/mra.01074-21

21. Chambers J, Sparks N, Sydney N, Livingstone PG, Cookson AR, 
Whitworth DE. 2020. Comparative genomics and pan-genomics of the 
myxococcaceae, including a description of five novel species: 
Myxococcus eversor sp. nov., Myxococcus llanfairpwllgwyngyllgoger­
ychwyrndrobwllllantysiliogogogochensis sp. nov., Myxococcus vastator 
sp. nov., Pyxidicoccus caerfyrddinensis sp. nov., and Pyxidicoccus 
trucidator sp. nov. Genome Biol Evol 12:2289–2302. https://doi.org/10.1
093/gbe/evaa212

22. Schneiker S, Perlova O, Kaiser O, Gerth K, Alici A, Altmeyer MO, Bartels 
D, Bekel T, Beyer S, Bode E, et al. 2007. Complete genome sequence of 
the myxobacterium Sorangium cellulosum. Nat Biotechnol 25:1281–
1289. https://doi.org/10.1038/nbt1354

23. Thomas SH, Wagner RD, Arakaki AK, Skolnick J, Kirby JR, Shimkets LJ, 
Sanford RA, Löffler FE. 2008. The mosaic genome of Anaeromyxobacter 
dehalogenans strain 2CP-C suggests an aerobic common ancestor to 
the delta-proteobacteria. PLoS One 3:e2103. https://doi.org/10.1371/jo
urnal.pone.0002103

24. Whitworth DE, Sydney N, Radford EJ. 2021. Myxobacterial genomics 
and post-genomics: a review of genome biology, genome sequences 
and related ’omics studies. Microorganisms 9:2143. https://doi.org/10.3
390/microorganisms9102143

25. Nair RR, Vasse M, Wielgoss S, Sun L, Yu Y-TN, Velicer GJ. 2019. Bacterial 
predator-prey coevolution accelerates genome evolution and selects 
on virulence-associated prey defences. Nat Commun 10:4301. https://d
oi.org/10.1038/s41467-019-12140-6

26. Murphy CL, Yang R, Decker T, Cavalliere C, Andreev V, Bircher N, Cornell 
J, Dohmen R, Pratt CJ, Grinnell A, Higgs J, Jett C, Gillett E, Khadka R, 
Mares S, Meili C, Liu J, Mukhtar H, Elshahed MS, Youssef NH. 2021. 
Genomes of novel Myxococcota reveal severely curtailed machineries 
for predation and cellular differentiation. Appl Environ Microbiol 
87:e0170621. https://doi.org/10.1128/AEM.01706-21

27. Wireman JW, Dworkin M. 1975. Morphogenesis and developmental 
interactions in myxobacteria. Science 189:516–523. https://doi.org/10.1
126/science.806967

28. Wireman JW, Dworkin M. 1977. Developmentally induced autolysis 
during fruiting body formation by Myxococcus xanthus. J Bacteriol 
129:798–802. https://doi.org/10.1128/jb.129.2.798-802.1977

29. O’Connor KA, Zusman DR. 1991. Development in Myxococcus xanthus 
involves differentiation into two cell types, peripheral rods and spores. J 
Bacteriol 173:3318–3333. https://doi.org/10.1128/jb.173.11.3318-3333.
1991

30. Muñoz-Dorado J, Moraleda-Muñoz A, Marcos-Torres FJ, Contreras-
Moreno FJ, Martin-Cuadrado AB, Schrader JM, Higgs PI, Pérez J. 2019. 
Transcriptome dynamics of the Myxococcus xanthus multicellular 
developmental program. Elife 8:e50374. https://doi.org/10.7554/eLife.5
0374

31. Kroos L, Kuspa A, Kaiser D. 1986. A global analysis of developmentally 
regulated genes in Myxococcus xanthus. Dev Biol (NY) 117:252–266. htt
ps://doi.org/10.1016/0012-1606(86)90368-4

32. Kuner JM, Kaiser D. 1981. Introduction of transposon Tn5 into 
Myxococcus for analysis of developmental and other nonselectable 
mutants. Proc Natl Acad Sci USA 78:425–429. https://doi.org/10.1073/p
nas.78.1.425

33. Hagen DC, Bretscher AP, Kaiser D. 1978. Synergism between morpho­
genetic mutants of Myxococcus xanthus. Dev Biol 64:284–296. https://d
oi.org/10.1016/0012-1606(78)90079-9

34. Kim SK, Kaiser D. 1990. C-factor: a cell-cell signaling protein required for 
fruiting body morphogenesis of M. xanthus. Cell 61:19–26. https://doi.o
rg/10.1016/0092-8674(90)90211-v

Minireview Journal of Bacteriology

July 2025  Volume 207  Issue 7 10.1128/jb.00071-2528

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/j

b 
on

 1
1 

Fe
br

ua
ry

 2
02

6 
by

 1
34

.9
6.

12
1.

18
1.

https://doi.org/10.3390/microorganisms6030084
https://doi.org/10.1099/ijsem.0.004213
https://doi.org/10.1086/326866
https://doi.org/10.1128/jb.42.2.193-223.1941
https://doi.org/10.1007/BF00412203
https://doi.org/10.1128/jb.86.1.67-72.1963
https://doi.org/10.1126/science.146.3641.243
https://doi.org/10.1126/science.803710
https://doi.org/10.1128/jb.105.3.811-819.1971
https://doi.org/10.1128/jb.91.4.1520-1525.1966
https://doi.org/10.1128/jb.93.4.1402-1408.1967
https://doi.org/10.1128/jb.96.4.981-986.1968
https://doi.org/10.1016/0022-2836(78)90431-x
https://doi.org/10.1016/0042-6822(78)90108-3
https://doi.org/10.1073/pnas.0607335103
https://doi.org/10.1128/mra.01074-21
https://doi.org/10.1093/gbe/evaa212
https://doi.org/10.1038/nbt1354
https://doi.org/10.1371/journal.pone.0002103
https://doi.org/10.3390/microorganisms9102143
https://doi.org/10.1038/s41467-019-12140-6
https://doi.org/10.1128/AEM.01706-21
https://doi.org/10.1126/science.806967
https://doi.org/10.1128/jb.129.2.798-802.1977
https://doi.org/10.1128/jb.173.11.3318-3333.1991
https://doi.org/10.7554/eLife.50374
https://doi.org/10.1016/0012-1606(86)90368-4
https://doi.org/10.1073/pnas.78.1.425
https://doi.org/10.1016/0012-1606(78)90079-9
https://doi.org/10.1016/0092-8674(90)90211-v
https://doi.org/10.1128/jb.00071-25


35. Kuspa A, Plamann L, Kaiser D. 1992. A-signalling and the cell density 
requirement for Myxococcus xanthus development. J Bacteriol 
174:7360–7369. https://doi.org/10.1128/jb.174.22.7360-7369.1992

36. Konovalova A, Löbach S, Søgaard-Andersen L. 2012. A RelA-dependent 
two-tiered regulated proteolysis cascade controls synthesis of a 
contact-dependent intercellular signal in Myxococcus xanthus. Mol 
Microbiol 84:260–275. https://doi.org/10.1111/j.1365-2958.2012.08020.
x

37. Boynton TO, Shimkets LJ. 2015. Myxococcus CsgA, Drosophila sniffer, 
and human HSD10 are cardiolipin phospholipases. Genes Dev 29:1903–
1914. https://doi.org/10.1101/gad.268482.115

38. Lobedanz S, Søgaard-Andersen L. 2003. Identification of the C-signal, a 
contact-dependent morphogen coordinating multiple developmental 
responses in Myxococcus xanthus. Genes Dev 17:2151–2161. https://doi.
org/10.1101/gad.274203

39. Rolbetzki A, Ammon M, Jakovljevic V, Konovalova A, Søgaard-Andersen 
L. 2008. Regulated secretion of a protease activates intercellular 
signaling during fruiting body formation in M. xanthus. Dev Cell 
15:627–634. https://doi.org/10.1016/j.devcel.2008.08.002

40. Gómez-Santos N, Glatter T, Koebnik R, Świątek-Połatyńska MA, 
Søgaard-Andersen L. 2019. A TonB-dependent transporter is required 
for secretion of protease PopC across the bacterial outer membrane. 
Nat Commun 10:1360. https://doi.org/10.1038/s41467-019-09366-9

41. Huang M, Hull CM. 2017. Sporulation: how to survive on planet Earth 
(and beyond). Curr Genet 63:831–838. https://doi.org/10.1007/s00294-
017-0694-7

42. Reichenbach H. 1993. Biology of the myxobacteria: ecology and 
taxonomy. In Dworkin M, Kaiser D (ed), Myxobacteria II. American 
Society for Microbiology, Washington, DC.

43. Sudo SZ, Dworkin M. 1969. Resistance of vegetative cells and 
microcysts of Myxococcus xanthus. J Bacteriol 98:883–887. https://doi.or
g/10.1128/jb.98.3.883-887.1969

44. Lall D, Glaser MM, Higgs PI. 2024. Myxococcus xanthus fruiting body 
morphology is important for spore recovery after exposure to 
environmental stress. Appl Environ Microbiol 90:e0166024. https://doi.
org/10.1128/aem.01660-24

45. Gerth K, Reichenbach H. 1978. Induction of myxospore formation in 
Stigmatella aurantiaca (Myxobacterales). Arch Microbiol 117:173–182. h
ttps://doi.org/10.1007/BF00402305

46. Bacon K, Rosenberg E. 1967. Ribonucleic acid synthesis during 
morphogenesis in Myxococcus xanthus. J Bacteriol 94:1883–1889. https:
//doi.org/10.1128/jb.94.6.1883-1889.1967

47. Burchard RP, Parish JH. 1975. Mutants of Myxococcus xanthus insensitive 
to glycerol-induced myxospore formation. Arch Microbiol 104:289–292. 
https://doi.org/10.1007/BF00447339

48. Müller FD, Schink CW, Hoiczyk E, Cserti E, Higgs PI. 2012. Spore 
formation in Myxococcus xanthus is tied to cytoskeleton functions and 
polysaccharide spore coat deposition. Mol Microbiol 83:486–505. https:
//doi.org/10.1111/j.1365-2958.2011.07944.x

49. Zhang H, Mulholland GA, Seef S, Zhu S, Liu J, Mignot T, Nan B. 2020. 
Establishing rod shape from spherical, peptidoglycan-deficient 
bacterial spores. Proc Natl Acad Sci USA 117:14444–14452. https://doi.o
rg/10.1073/pnas.2001384117

50. Zhang H, Venkatesan S, Nan B. 2021. Myxococcus xanthus as a model 
organism for peptidoglycan assembly and bacterial morphogenesis. 
Microorganisms 9:916. https://doi.org/10.3390/microorganisms905091
6

51. Hutchison EA, Miller DA, Angert ER. 2014. Sporulation in bacteria: 
beyond the standard model. Microbiol Spectr 2. https://doi.org/10.1128
/microbiolspec.TBS-0013-2012

52. Pande S, Pérez Escriva P, Yu Y-TN, Sauer U, Velicer GJ. 2020. Cooperation 
and cheating among germinating spores. Curr Biol 30:4745–4752. https
://doi.org/10.1016/j.cub.2020.08.091

53. Holkenbrink C, Hoiczyk E, Kahnt J, Higgs PI. 2014. Synthesis and 
assembly of a novel glycan layer in Myxococcus xanthus spores. J Biol 
Chem 289:32364–32378. https://doi.org/10.1074/jbc.M114.595504

54. Pérez-Burgos M, García-Romero I, Valvano MA, Søgaard Andersen L. 
2020. Identification of the Wzx flippase, Wzy polymerase and sugar-
modifying enzymes for spore coat polysaccharide biosynthesis in 
Myxococcus xanthus. Mol Microbiol 113:1189–1208. https://doi.org/10.1
111/mmi.14486

55. Islam ST, Vergara Alvarez I, Saïdi F, Guiseppi A, Vinogradov E, Sharma G, 
Espinosa L, Morrone C, Brasseur G, Guillemot J-F, Benarouche A, Bridot 
J-L, Ravicoularamin G, Cagna A, Gauthier C, Singer M, Fierobe H-P, 

Mignot T, Mauriello EMF. 2020. Modulation of bacterial multicellularity 
via spatio-specific polysaccharide secretion. PLoS Biol 18:e3000728. htt
ps://doi.org/10.1371/journal.pbio.3000728

56. Bui NK, Gray J, Schwarz H, Schumann P, Blanot D, Vollmer W. 2009. The 
peptidoglycan sacculus of Myxococcus xanthus has unusual structural 
features and is degraded during glycerol-induced myxospore 
development. J Bacteriol 191:494–505. https://doi.org/10.1128/JB.0060
8-08

57. Hoiczyk E, Ring MW, McHugh CA, Schwär G, Bode E, Krug D, Altmeyer 
MO, Lu JZ, Bode HB. 2009. Lipid body formation plays a central role in 
cell fate determination during developmental differentiation of 
Myxococcus xanthus. Mol Microbiol 74:497–517. https://doi.org/10.1111
/j.1365-2958.2009.06879.x

58. Bhat S, Ahrendt T, Dauth C, Bode HB, Shimkets LJ. 2014. Two lipid 
signals guide fruiting body development of Myxococcus xanthus. MBio 
5:e00939-13. https://doi.org/10.1128/mBio.00939-13

59. Höltje JV. 1998. Growth of the stress-bearing and shape-maintaining 
murein sacculus of Escherichia coli. Microbiol Mol Biol Rev 62:181–203. 
https://doi.org/10.1128/MMBR.62.1.181-203.1998

60. Cava F, de Pedro MA. 2014. Peptidoglycan plasticity in bacteria: 
emerging variability of the murein sacculus and their associated 
biological functions. Curr Opin Microbiol 18:46–53. https://doi.org/10.1
016/j.mib.2014.01.004

61. Mueller EA, Levin PA. 2020. Bacterial cell wall quality control during 
environmental stress. MBio 11:mBio https://doi.org/10.1128/mBio.0245
6-20

62. Egan AJF, Errington J, Vollmer W. 2020. Regulation of peptidoglycan 
synthesis and remodelling. Nat Rev Microbiol 18:446–460. https://doi.or
g/10.1038/s41579-020-0366-3

63. Sham LT, Butler EK, Lebar MD, Kahne D, Bernhardt TG, Ruiz N. 2014. 
Bacterial cell wall. MurJ is the flippase of lipid-linked precursors for 
peptidoglycan biogenesis. Science 345:220–222. https://doi.org/10.112
6/science.1254522

64. Meeske AJ, Riley EP, Robins WP, Uehara T, Mekalanos JJ, Kahne D, 
Walker S, Kruse AC, Bernhardt TG, Rudner DZ. 2016. SEDS proteins are a 
widespread family of bacterial cell wall polymerases. Nature 537:634–
638. https://doi.org/10.1038/nature19331

65. Rohs PDA, Bernhardt TG. 2021. Growth and division of the peptidogly­
can matrix. Annu Rev Microbiol 75:315–336. https://doi.org/10.1146/an
nurev-micro-020518-120056

66. van Heijenoort J. 2011. Peptidoglycan hydrolases of Escherichia coli. 
Microbiol Mol Biol Rev 75:636–663. https://doi.org/10.1128/MMBR.0002
2-11

67. Emami K, Guyet A, Kawai Y, Devi J, Wu LJ, Allenby N, Daniel RA, 
Errington J. 2017. RodA as the missing glycosyltransferase in Bacillus 
subtilis and antibiotic discovery for the peptidoglycan polymerase 
pathway. Nat Microbiol 2:16253. https://doi.org/10.1038/nmicrobiol.20
16.253

68. Taguchi A, Welsh MA, Marmont LS, Lee W, Sjodt M, Kruse AC, Kahne D, 
Bernhardt TG, Walker S. 2019. FtsW is a peptidoglycan polymerase that 
is functional only in complex with its cognate penicillin-binding 
protein. Nat Microbiol 4:587–594. https://doi.org/10.1038/s41564-018-0
345-x

69. Cho H, Wivagg CN, Kapoor M, Barry Z, Rohs PD, Suh H, Marto JA, Garner 
EC, Bernhardt TG. 2016. Bacterial cell wall biogenesis is mediated by 
SEDS and PBP polymerase families functioning semi-autonomously. 
Nat Microbiol. https://doi.org/10.1038/nmicrobiol.2016.172:16172

70. Sjodt M, Rohs PDA, Gilman MSA, Erlandson SC, Zheng S, Green AG, 
Brock KP, Taguchi A, Kahne D, Walker S, Marks DS, Rudner DZ, 
Bernhardt TG, Kruse AC. 2020. Structural coordination of polymeriza­
tion and crosslinking by a SEDS-bPBP peptidoglycan synthase complex. 
Nat Microbiol 5:813–820. https://doi.org/10.1038/s41564-020-0687-z

71. Shlosman I, Fivenson EM, Gilman MSA, Sisley TA, Walker S, Bernhardt 
TG, Kruse AC, Loparo JJ. 2023. Allosteric activation of cell wall synthesis 
during bacterial growth. Nat Commun 14:3439. https://doi.org/10.1038
/s41467-023-39037-9

72. Nygaard R, Graham CLB, Belcher Dufrisne M, Colburn JD, Pepe J, 
Hydorn MA, Corradi S, Brown CM, Ashraf KU, Vickery ON, Briggs NS, 
Deering JJ, Kloss B, Botta B, Clarke OB, Columbus L, Dworkin J, Stansfeld 
PJ, Roper DI, Mancia F. 2023. Structural basis of peptidoglycan synthesis 
by E. coli RodA-PBP2 complex. Nat Commun 14:5151. https://doi.org/10
.1038/s41467-023-40483-8

73. Rohs PDA, Buss J, Sim SI, Squyres GR, Srisuknimit V, Smith M, Cho H, 
Sjodt M, Kruse AC, Garner EC, Walker S, Kahne DE, Bernhardt TG. 2018. A 

Minireview Journal of Bacteriology

July 2025  Volume 207  Issue 7 10.1128/jb.00071-2529

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/j

b 
on

 1
1 

Fe
br

ua
ry

 2
02

6 
by

 1
34

.9
6.

12
1.

18
1.

https://doi.org/10.1128/jb.174.22.7360-7369.1992
https://doi.org/10.1111/j.1365-2958.2012.08020.x
https://doi.org/10.1101/gad.268482.115
https://doi.org/10.1101/gad.274203
https://doi.org/10.1016/j.devcel.2008.08.002
https://doi.org/10.1038/s41467-019-09366-9
https://doi.org/10.1007/s00294-017-0694-7
https://doi.org/10.1128/jb.98.3.883-887.1969
https://doi.org/10.1128/aem.01660-24
https://doi.org/10.1007/BF00402305
https://doi.org/10.1128/jb.94.6.1883-1889.1967
https://doi.org/10.1007/BF00447339
https://doi.org/10.1111/j.1365-2958.2011.07944.x
https://doi.org/10.1073/pnas.2001384117
https://doi.org/10.3390/microorganisms9050916
https://doi.org/10.1128/microbiolspec.TBS-0013-2012
https://doi.org/10.1016/j.cub.2020.08.091
https://doi.org/10.1074/jbc.M114.595504
https://doi.org/10.1111/mmi.14486
https://doi.org/10.1371/journal.pbio.3000728
https://doi.org/10.1128/JB.00608-08
https://doi.org/10.1111/j.1365-2958.2009.06879.x
https://doi.org/10.1128/mBio.00939-13
https://doi.org/10.1128/MMBR.62.1.181-203.1998
https://doi.org/10.1016/j.mib.2014.01.004
https://doi.org/10.1128/mBio.02456-20
https://doi.org/10.1038/s41579-020-0366-3
https://doi.org/10.1126/science.1254522
https://doi.org/10.1038/nature19331
https://doi.org/10.1146/annurev-micro-020518-120056
https://doi.org/10.1128/MMBR.00022-11
https://doi.org/10.1038/nmicrobiol.2016.253
https://doi.org/10.1038/s41564-018-0345-x
https://doi.org/10.1038/nmicrobiol.2016.172:16172
https://doi.org/10.1038/s41564-020-0687-z
https://doi.org/10.1038/s41467-023-39037-9
https://doi.org/10.1038/s41467-023-40483-8
https://doi.org/10.1128/jb.00071-25


central role for PBP2 in the activation of peptidoglycan polymerization 
by the bacterial cell elongation machinery. PLoS Genet 14:e1007726. ht
tps://doi.org/10.1371/journal.pgen.1007726

74. McPherson DC, Popham DL. 2003. Peptidoglycan synthesis in the 
absence of class A penicillin-binding proteins in Bacillus subtilis. J 
Bacteriol 185:1423–1431. https://doi.org/10.1128/JB.185.4.1423-1431.2
003

75. Vigouroux A, Cordier B, Aristov A, Alvarez L, Özbaykal G, Chaze T, 
Oldewurtel ER, Matondo M, Cava F, Bikard D, van Teeffelen S. 2020. 
Class-A penicillin binding proteins do not contribute to cell shape but 
repair cell-wall defects. Elife 9:e51998. https://doi.org/10.7554/eLife.519
98

76. Denome SA, Elf PK, Henderson TA, Nelson DE, Young KD. 1999. 
Escherichia coli mutants lacking all possible combinations of eight 
penicillin binding proteins: viability, characteristics, and implications for 
peptidoglycan synthesis. J Bacteriol 181:3981–3993. https://doi.org/10.
1128/JB.181.13.3981-3993.1999

77. Pazos M, Vollmer W. 2021. Regulation and function of class A penicillin-
binding proteins. Curr Opin Microbiol 60:80–87. https://doi.org/10.1016
/j.mib.2021.01.008

78. Straume D, Piechowiak KW, Kjos M, Håvarstein LS. 2021. Class A PBPs: it 
is time to rethink traditional paradigms. Mol Microbiol 116:41–52. https:
//doi.org/10.1111/mmi.14714

79. Zhang H, Venkatesan S, Ng E, Nan B. 2023. Coordinated peptidoglycan 
synthases and hydrolases stabilize the bacterial cell wall. Nat Commun 
14:5357. https://doi.org/10.1038/s41467-023-41082-3

80. Tomasz A, Waks S. 1975. Mechanism of action of penicillin: triggering of 
the pneumococcal autolytic enzyme by inhibitors of cell wall synthesis. 
Proc Natl Acad Sci USA 72:4162–4166. https://doi.org/10.1073/pnas.72.
10.4162

81. Kitano K, Tuomanen E, Tomasz A. 1986. Transglycosylase and 
endopeptidase participate in the degradation of murein during 
autolysis of Escherichia coli. J Bacteriol 167:759–765. https://doi.org/10.
1128/jb.167.3.759-765.1986

82. Uehara T, Dinh T, Bernhardt TG. 2009. LytM-domain factors are required 
for daughter cell separation and rapid ampicillin-induced lysis in 
Escherichia coli. J Bacteriol 191:5094–5107. https://doi.org/10.1128/JB.0
0505-09

83. Nan B, Bandaria JN, Guo KY, Fan X, Moghtaderi A, Yildiz A, Zusman DR. 
2015. The polarity of myxobacterial gliding is regulated by direct 
interactions between the gliding motors and the Ras homolog MglA. 
Proc Natl Acad Sci USA 112:E186–93. https://doi.org/10.1073/pnas.1421
073112

84. Treuner-Lange A, Macia E, Guzzo M, Hot E, Faure LM, Jakobczak B, 
Espinosa L, Alcor D, Ducret A, Keilberg D, Castaing JP, Lacas Gervais S, 
Franco M, Søgaard-Andersen L, Mignot T. 2015. The small G-protein 
MglA connects to the MreB actin cytoskeleton at bacterial focal 
adhesions. J Cell Biol 210:243–256. https://doi.org/10.1083/jcb.2014120
47

85. Fu G, Bandaria JN, Le Gall AV, Fan X, Yildiz A, Mignot T, Zusman DR, Nan 
B. 2018. MotAB-like machinery drives the movement of MreB filaments 
during bacterial gliding motility. Proc Natl Acad Sci USA 115:2484–
2489. https://doi.org/10.1073/pnas.1716441115

86. Yulo PRJ, Hendrickson HL. 2019. The evolution of spherical cell shape; 
progress and perspective. Biochem Soc Trans 47:1621–1634. https://doi
.org/10.1042/BST20180634

87. Chiou JG, Balasubramanian MK, Lew DJ. 2017. Cell polarity in yeast. 
Annu Rev Cell Dev Biol 33:77–101. https://doi.org/10.1146/annurev-cell
bio-100616-060856

88. Kroos L. 2017. Highly signal-responsive gene regulatory network 
governing Myxococcus development. Trends Genet 33:3–15. https://doi.
org/10.1016/j.tig.2016.10.006

89. Caberoy NB, Welch RD, Jakobsen JS, Slater SC, Garza AG. 2003. Global 
mutational analysis of NtrC-like activators in Myxococcus xanthus: 
identifying activator mutants defective for motility and fruiting body 
development. J Bacteriol 185:6083–6094. https://doi.org/10.1128/JB.18
5.20.6083-6094.2003

90. Jakobsen JS, Jelsbak L, Jelsbak L, Welch RD, Cummings C, Goldman B, 
Stark E, Slater S, Kaiser D. 2004. Sigma54 enhancer binding proteins and 
Myxococcus xanthus fruiting body development. J Bacteriol 186:4361–
4368. https://doi.org/10.1128/JB.186.13.4361-4368.2004

91. Jelsbak L, Givskov M, Kaiser D. 2005. Enhancer-binding proteins with a 
forkhead-associated domain and the sigma54 regulon in Myxococcus 

xanthus fruiting body development. Proc Natl Acad Sci USA 102:3010–
3015. https://doi.org/10.1073/pnas.0409371102

92. Giglio KM, Caberoy N, Suen G, Kaiser D, Garza AG. 2011. A cascade of 
coregulating enhancer binding proteins initiates and propagates A 
multicellular developmental program. Proc Natl Acad Sci USA 
108:E431–9. https://doi.org/10.1073/pnas.1105876108

93. Ueki T, Inouye S. 2003. Identification of an activator protein required for 
the induction of fruA, a gene essential for fruiting body development in 
Myxococcus xanthus. Proc Natl Acad Sci USA 100:8782–8787. https://doi.
org/10.1073/pnas.1533026100

94. Mittal S, Kroos L. 2009. A combination of unusual transcription factors 
binds cooperatively to control Myxococcus xanthus developmental 
gene expression. Proc Natl Acad Sci USA 106:1965–1970. https://doi.org
/10.1073/pnas.0808516106

95. Robinson M, Son B, Kroos D, Kroos L. 2014. Transcription factor MrpC 
binds to promoter regions of hundreds of developmentally-regulated 
genes in Myxococcus xanthus. BMC Genomics 15:1123. https://doi.org/1
0.1186/1471-2164-15-1123

96. Shi X, Wegener-Feldbrügge S, Huntley S, Hamann N, Hedderich R, 
Søgaard-Andersen L. 2008. Bioinformatics and experimental analysis of 
proteins of two-component systems in Myxococcus xanthus. J Bacteriol 
190:613–624. https://doi.org/10.1128/JB.01502-07

97. Müller F-D, Treuner-Lange A, Heider J, Huntley SM, Higgs PI. 2010. 
Global transcriptome analysis of spore formation in Myxococcus xanthus 
reveals a locus necessary for cell differentiation. BMC Genomics 11:264. 
https://doi.org/10.1186/1471-2164-11-264

98. Huntley S, Hamann N, Wegener-Feldbrügge S, Treuner-Lange A, Kube 
M, Reinhardt R, Klages S, Müller R, Ronning CM, Nierman WC, Søgaard-
Andersen L. 2011. Comparative genomic analysis of fruiting body 
formation in Myxococcales. Mol Biol Evol 28:1083–1097. https://doi.org/
10.1093/molbev/msq292

99. Kuzmich S, Blumenkamp P, Meier D, Szadkowski D, Goesmann A, 
Becker A, Søgaard-Andersen L. 2022. CRP-like transcriptional regulator 
MrpC curbs c-di-GMP and 3′,3′-cGAMP nucleotide levels during 
development in Myxococcus xanthus. MBio 13:e00044–22. https://doi.or
g/10.1128/mbio.00044-22

100. Saha S, Kroos L. 2024. Regulation of late-acting operons by three 
transcription factors and a CRISPR-Cas component during Myxococcus 
xanthus development. Mol Microbiol 121:1002–1020. https://doi.org/10
.1111/mmi.15252

101. Campos JM, Zusman DR. 1975. Regulation of development in 
Myxococcus xanthus: effect of 3’:5’-cyclic AMP, ADP, and nutrition. Proc 
Natl Acad Sci USA 72:518–522. https://doi.org/10.1073/pnas.72.2.518

102. Yajko DM, Zusman DR. 1978. Changes in cyclic AMP levels during 
development in Myxococcus xanthus. J Bacteriol 133:1540–1542. https:/
/doi.org/10.1128/jb.133.3.1540-1542.1978

103. Ho J, McCurdy HD. 1979. Demonstration of positive chemotaxis to 
cyclic GMP and 5’-AMP in Myxococcus xanthus by means of a simple 
apparatus for generating practically stable concentration gradients. 
Can J Microbiol 25:1214–1218. https://doi.org/10.1139/m79-191

104. McCurdy HD, Ho J, Dobson WJ. 1978. Cyclic nucleotides, cyclic 
nucleotide phosphodiesterase, and development in Myxococcus 
xanthus. Can J Microbiol 24:1475–1481. https://doi.org/10.1139/m78-23
7

105. Ho J, McCurdy HD. 1980. Sequential changes in the cyclic nucleotide 
levels and cyclic nucleotide phosphodiesterase activities during 
development of Myxococcus xanthus. Curr Microbiol 3:197–202. https://
doi.org/10.1007/BF02602447

106. Orlowski M. 1980. Cyclic adenosine 3’,5’-monophosphate binding 
protein in developing myxospores of Myxococcus xanthus. Can J 
Microbiol 26:905–911. https://doi.org/10.1139/m80-157

107. Sun H, Shi WY. 2001. Analyses of mrp genes during Myxococcus xanthus 
development. J Bacteriol 183:6733–6739. https://doi.org/10.1128/JB.18
3.23.6733-6739.2001

108. Jenal U, Reinders A, Lori C. 2017. Cyclic di-GMP: second messenger 
extraordinaire. Nat Rev Microbiol 15:271–284. https://doi.org/10.1038/n
rmicro.2016.190

109. Skotnicka D, Smaldone GT, Petters T, Trampari E, Liang J, Kaever V, 
Malone JG, Singer M, Søgaard-Andersen L. 2016. A minimal threshold 
of c-di-GMP is essential for fruiting body formation and sporulation in 
Myxococcus xanthus. PLoS Genet 12:e1006080. https://doi.org/10.1371/j
ournal.pgen.1006080

110. Pérez-Burgos M, Søgaard-Andersen L. 2020. Regulation by cyclic di-
GMP in Myxococcus xanthus, p 293–310. In Chou SH, Guiliani N, Lee V, 

Minireview Journal of Bacteriology

July 2025  Volume 207  Issue 7 10.1128/jb.00071-2530

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/j

b 
on

 1
1 

Fe
br

ua
ry

 2
02

6 
by

 1
34

.9
6.

12
1.

18
1.

https://doi.org/10.1371/journal.pgen.1007726
https://doi.org/10.1128/JB.185.4.1423-1431.2003
https://doi.org/10.7554/eLife.51998
https://doi.org/10.1128/JB.181.13.3981-3993.1999
https://doi.org/10.1016/j.mib.2021.01.008
https://doi.org/10.1111/mmi.14714
https://doi.org/10.1038/s41467-023-41082-3
https://doi.org/10.1073/pnas.72.10.4162
https://doi.org/10.1128/jb.167.3.759-765.1986
https://doi.org/10.1128/JB.00505-09
https://doi.org/10.1073/pnas.1421073112
https://doi.org/10.1083/jcb.201412047
https://doi.org/10.1073/pnas.1716441115
https://doi.org/10.1042/BST20180634
https://doi.org/10.1146/annurev-cellbio-100616-060856
https://doi.org/10.1016/j.tig.2016.10.006
https://doi.org/10.1128/JB.185.20.6083-6094.2003
https://doi.org/10.1128/JB.186.13.4361-4368.2004
https://doi.org/10.1073/pnas.0409371102
https://doi.org/10.1073/pnas.1105876108
https://doi.org/10.1073/pnas.1533026100
https://doi.org/10.1073/pnas.0808516106
https://doi.org/10.1186/1471-2164-15-1123
https://doi.org/10.1128/JB.01502-07
https://doi.org/10.1186/1471-2164-11-264
https://doi.org/10.1093/molbev/msq292
https://doi.org/10.1128/mbio.00044-22
https://doi.org/10.1111/mmi.15252
https://doi.org/10.1073/pnas.72.2.518
https://doi.org/10.1128/jb.133.3.1540-1542.1978
https://doi.org/10.1139/m79-191
https://doi.org/10.1139/m78-237
https://doi.org/10.1007/BF02602447
https://doi.org/10.1139/m80-157
https://doi.org/10.1128/JB.183.23.6733-6739.2001
https://doi.org/10.1038/nrmicro.2016.190
https://doi.org/10.1371/journal.pgen.1006080
https://doi.org/10.1128/jb.00071-25


Römling U (ed), Microbial cyclic di-nucleotide signaling. Springer, 
Cham, Switzerland.

111. Petters T, Zhang X, Nesper J, Treuner-Lange A, Gomez-Santos N, 
Hoppert M, Jenal U, Søgaard-Andersen L. 2012. The orphan histidine 
protein kinase SgmT is a c-di-GMP receptor and regulates composition 
of the extracellular matrix together with the orphan DNA binding 
response regulator DigR in Myxococcus xanthus. Mol Microbiol 84:147–
165. https://doi.org/10.1111/j.1365-2958.2012.08015.x

112. Skotnicka D, Petters T, Heering J, Hoppert M, Kaever V, Søgaard-
Andersen L. 2016. Cyclic di-GMP regulates type IV pilus-dependent 
motility in Myxococcus xanthus. J Bacteriol 198:77–90. https://doi.org/1
0.1128/JB.00281-15

113. Skotnicka D, Steinchen W, Szadkowski D, Cadby IT, Lovering AL, Bange 
G, Søgaard-Andersen L. 2020. CdbA is a DNA-binding protein and c-di-
GMP receptor important for nucleoid organization and segregation in 
Myxococcus xanthus. Nat Commun 11:1791. https://doi.org/10.1038/s41
467-020-15628-8

114. Pérez-Burgos María, Herfurth M, Kaczmarczyk A, Harms A, Huber K, 
Jenal U, Glatter T, Søgaard-Andersen L. 2024. A deterministic, c-di-GMP-
dependent program ensures the generation of phenotypically similar, 
symmetric daughter cells during cytokinesis. Nat Commun 15:6014. htt
ps://doi.org/10.1038/s41467-024-50444-4

115. Hallberg ZF, Wang XC, Wright TA, Nan B, Ad O, Yeo J, Hammond MC. 
2016. Hybrid promiscuous (Hypr) GGDEF enzymes produce cyclic AMP-
GMP (3’, 3’-cGAMP). Proc Natl Acad Sci USA 113:1790–1795. https://doi.
org/10.1073/pnas.1515287113

116. Wright TA, Jiang L, Park JJ, Anderson WA, Chen G, Hallberg ZF, Nan B, 
Hammond MC. 2020. Second messengers and divergent HD-GYP 
phosphodiesterases regulate 3’,3’-cGAMP signaling. Mol Microbiol 
113:222–236. https://doi.org/10.1111/mmi.14412

117. Hauryliuk V, Atkinson GC, Murakami KS, Tenson T, Gerdes K. 2015. 
Recent functional insights into the role of (p)ppGpp in bacterial 
physiology. Nat Rev Microbiol 13:298–309. https://doi.org/10.1038/nrm
icro3448

118. Singer M, Kaiser D. 1995. Ectopic production of guanosine penta- and 
tetraphosphate can initiate early developmental gene expression in 
Myxococcus xanthus. Genes Dev 9:1633–1644. https://doi.org/10.1101/g
ad.9.13.1633

119. Harris BZ, Kaiser D, Singer M. 1998. The guanosine nucleotide (p)ppGpp 
initiates development and A-factor production in Myxococcus xanthus. 
Genes Dev 12:1022–1035. https://doi.org/10.1101/gad.12.7.1022

120. Saïdi F, Jolivet NY, Lemon DJ, Nakamura A, Belgrave AM, Garza AG, 
Veyrier FJ, Islam ST. 2021. Bacterial glycocalyx integrity drives 
multicellular swarm biofilm dynamism. Mol Microbiol 116:1151–1172. h
ttps://doi.org/10.1111/mmi.14803

121. Saïdi F, Bitazar R, Bradette NY, Islam ST. 2022. Bacterial glycocalyx 
integrity impacts tolerance of Myxococcus xanthus to antibiotics and 
oxidative-stress agents. Biomolecules 12:571. https://doi.org/10.3390/b
iom12040571

122. Zhou T, Nan B. 2017. Exopolysaccharides promote Myxococcus xanthus 
social motility by inhibiting cellular reversals . Mol Microbiol 103:729–
743. https://doi.org/10.1111/mmi.13585

123. Arnold JW, Shimkets LJ. 1988. Cell surface properties correlated with 
cohesion in Myxococcus xanthus. J Bacteriol 170:5771–5777. https://doi.
org/10.1128/jb.170.12.5771-5777.1988

124. Li Y, Sun H, Ma X, Lu A, Lux R, Zusman D, Shi W. 2003. Extracellular 
polysaccharides mediate pilus retraction during social motility of 
Myxococcus xanthus . Proc Natl Acad Sci USA 100:5443–5448. https://do
i.org/10.1073/pnas.0836639100

125. Dobson WJ, McCurdy HD, MacRae TH. 1979. The function of fimbriae in 
Myxococcus xanthus. II. The role of fimbriae in cell-cell interactions. Can 
J Microbiol 25:1359–1372. https://doi.org/10.1139/m79-214

126. Wu SS, Wu J, Kaiser D. 1997. The Myxococcus xanthus pilT locus is 
required for social gliding motility although pili are still produced. Mol 
Microbiol 23:109–121. https://doi.org/10.1046/j.1365-2958.1997.17915
50.x

127. Black WP, Xu Q, Yang Z. 2006. Type IV pili function upstream of the Dif 
chemotaxis pathway in Myxococcus xanthus EPS regulation. Mol 
Microbiol 61:447–456. https://doi.org/10.1111/j.1365-2958.2006.05230.
x

128. Wartel M, Ducret A, Thutupalli S, Czerwinski F, Le Gall A-V, Mauriello 
EMF, Bergam P, Brun YV, Shaevitz J, Mignot T. 2013. A versatile class of 
cell surface directional motors gives rise to gliding motility and 

sporulation in Myxococcus xanthus. PLoS Biol 11:e1001728. https://doi.o
rg/10.1371/journal.pbio.1001728

129. Gloag ES, Turnbull L, Javed MA, Wang H, Gee ML, Wade SA, Whitchurch 
CB. 2016. Stigmergy co-ordinates multicellular collective behaviours 
during Myxococcus xanthus surface migration. Sci Rep 6:26005. https://
doi.org/10.1038/srep26005

130. Ducret A, Valignat MP, Mouhamar F, Mignot T, Theodoly O. 2012. Wet-
surface-enhanced ellipsometric contrast microscopy identifies slime as 
a major adhesion factor during bacterial surface motility. Proc Natl 
Acad Sci USA 109:10036–10041. https://doi.org/10.1073/pnas.1120979
109

131. Ducret A, Fleuchot B, Bergam P, Mignot T. 2013. Direct live imaging of 
cell-cell protein transfer by transient outer membrane fusion in 
Myxococcus xanthus. Elife 2:e00868. https://doi.org/10.7554/eLife.00868

132. Chang BY, Dworkin M. 1994. Isolated fibrils rescue cohesion and 
development in the Dsp mutant of Myxococcus xanthus. J Bacteriol 
176:7190–7196. https://doi.org/10.1128/jb.176.23.7190-7196.1994

133. Voelz H, Dworkin M. 1962. Fine structure of Myxococcus xanthus during 
morphogenesis. J Bacteriol 84:943–952. https://doi.org/10.1128/jb.84.5.
943-952.1962

134. Kottel RH, Bacon K, Clutter D, White D. 1975. Coats from Myxococcus 
xanthus: characterization and synthesis during myxospore differentia-
tion. J Bacteriol 124:550–557. https://doi.org/10.1128/jb.124.1.550-557.
1975

135. Islam ST, Lam JS. 2014. Synthesis of bacterial polysaccharides via the 
Wzx/Wzy-dependent pathway. Can J Microbiol 60:697–716. https://doi.
org/10.1139/cjm-2014-0595

136. França TCC, Saïdi F, Ajamian A, Islam ST, LaPlante SR. 2024. Molecular 
dynamics of outer membrane-embedded polysaccharide secretion 
porins reveals closed resting-state surface gates targetable by virtual 
fragment screening for drug hotspot identification. ACS Omega 
9:13217–13226. https://doi.org/10.1021/acsomega.3c09970

137. Dong C, Beis K, Nesper J, Brunkan-LaMontagne AL, Clarke BR, Whitfield 
C, Naismith JH. 2006. Wza the translocon for E. coli capsular polysac­
charides defines a new class of membrane protein. Nature 444:226–
229. https://doi.org/10.1038/nature05267

138. Saïdi F, Mahanta U, Panda A, Kezzo AA, Jolivet NY, Bitazar R, John G, 
Martinez M, Mellouk A, Calmettes C, Chang Y-W, Sharma G, Islam ST. 
2022. Bacterial outer membrane polysaccharide export (OPX) proteins 
occupy three structural classes with selective β-barrel porin require­
ments for polymer secretion. Microbiol Spectr 10:e01290-22. https://doi
.org/10.1128/spectrum.01290-22

139. Schwabe J, Pérez-Burgos M, Herfurth M, Glatter T, Søgaard-Andersen L. 
2022. Evidence for a widespread third system for bacterial polysacchar­
ide export across the outer membrane comprising a composite OPX/β-
barrel translocon. MBio 13:e02032-22. https://doi.org/10.1128/mbio.02
032-22

140. Silipo A, Molinaro A. 2010. The diversity of the core oligosaccharide in 
lipopolysaccharides, p 66–99. In Wang X, Quinn PJ (ed), Endotoxins: 
structure, function and recognition. Springer Netherlands, Dordrecht.

141. Saha S, Pupo E, Zariri A, van der Ley P. 2022. Lipid A heterogeneity and 
its role in the host interactions with pathogenic and commensal 
bacteria. Microlife 3:uqac011. https://doi.org/10.1093/femsml/uqac011

142. Maclean L, Perry MB, Nossova L, Kaplan H, Vinogradov E. 2007. The 
structure of the carbohydrate backbone of the LPS from Myxococcus 
xanthus strain DK1622. Carbohydr Res 342:2474–2480. https://doi.org/1
0.1016/j.carres.2007.07.023

143. Saïdi F, Gamboa Marin OJ, Veytia-Bucheli JI, Vinogradov E, Ravicoulara­
min G, Jolivet NY, Kezzo AA, Ramirez Esquivel E, Panda A, Sharma G, 
Vincent SP, Gauthier C, Islam ST. 2022. Evaluation of azido 3-deoxy-d-
manno-oct-2-ulosonic Acid (Kdo) analogues for click chemistry-
mediated metabolic labeling of Myxococcus xanthus DZ2 
lipopolysaccharide. ACS Omega 7:34997–35013. https://doi.org/10.102
1/acsomega.2c03711

144. Pérez-Burgos M, García-Romero I, Jung J, Valvano MA, Søgaard-
Andersen L. 2019. Identification of the lipopolysaccharide O-antigen 
biosynthesis priming enzyme and the O-antigen ligase in Myxococcus 
xanthus: critical role of LPS O-antigen in motility and development. Mol 
Microbiol 112:1178–1198. https://doi.org/10.1111/mmi.14354

145. Jahn E. 1924. I. Die Polyangiden. In Borntraeger G (ed), Beitrage zur 
botanischen Protistologie. Leipzig, Germany.

146. Wolgemuth C, Hoiczyk E, Kaiser D, Oster G. 2002. How myxobacteria 
glide. Curr Biol 12:369–377. https://doi.org/10.1016/s0960-9822(02)007
16-9

Minireview Journal of Bacteriology

July 2025  Volume 207  Issue 7 10.1128/jb.00071-2531

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/j

b 
on

 1
1 

Fe
br

ua
ry

 2
02

6 
by

 1
34

.9
6.

12
1.

18
1.

https://doi.org/10.1111/j.1365-2958.2012.08015.x
https://doi.org/10.1128/JB.00281-15
https://doi.org/10.1038/s41467-020-15628-8
https://doi.org/10.1038/s41467-024-50444-4
https://doi.org/10.1073/pnas.1515287113
https://doi.org/10.1111/mmi.14412
https://doi.org/10.1038/nrmicro3448
https://doi.org/10.1101/gad.9.13.1633
https://doi.org/10.1101/gad.12.7.1022
https://doi.org/10.1111/mmi.14803
https://doi.org/10.3390/biom12040571
https://doi.org/10.1111/mmi.13585
https://doi.org/10.1128/jb.170.12.5771-5777.1988
https://doi.org/10.1073/pnas.0836639100
https://doi.org/10.1139/m79-214
https://doi.org/10.1046/j.1365-2958.1997.1791550.x
https://doi.org/10.1111/j.1365-2958.2006.05230.x
https://doi.org/10.1371/journal.pbio.1001728
https://doi.org/10.1038/srep26005
https://doi.org/10.1073/pnas.1120979109
https://doi.org/10.7554/eLife.00868
https://doi.org/10.1128/jb.176.23.7190-7196.1994
https://doi.org/10.1128/jb.84.5.943-952.1962
https://doi.org/10.1128/jb.124.1.550-557.1975
https://doi.org/10.1139/cjm-2014-0595
https://doi.org/10.1021/acsomega.3c09970
https://doi.org/10.1038/nature05267
https://doi.org/10.1128/spectrum.01290-22
https://doi.org/10.1128/mbio.02032-22
https://doi.org/10.1093/femsml/uqac011
https://doi.org/10.1016/j.carres.2007.07.023
https://doi.org/10.1021/acsomega.2c03711
https://doi.org/10.1111/mmi.14354
https://doi.org/10.1016/s0960-9822(02)00716-9
https://doi.org/10.1128/jb.00071-25


147. Burchard RP. 1982. Trail following by gliding bacteria. J Bacteriol 
152:495–501. https://doi.org/10.1128/jb.152.1.495-501.1982

148. Meyer-Pietschmann K. 1951. Labendbeobachtungen an Myxococcus 
rubescens. Archiv Mikrobiol 16:163–176. https://doi.org/10.1007/BF004
08958

149. Hodgkin J, Kaiser D. 1977. Cell-to-cell stimulation of movement in 
nonmotile mutants of Myxococcus. Proc Natl Acad Sci USA 74:2938–
2942. https://doi.org/10.1073/pnas.74.7.2938

150. Hodgkin J, Kaiser D. 1979. Genetics of gliding motility in Myxococcus 
xanthus (Myxobacterales): genes controlling movement of single cells. 
Molec Gen Genet 171:167–176. https://doi.org/10.1007/BF00270003

151. Hodgkin J, Kaiser D. 1979. Genetics of gliding motility in Myxococcus 
xanthus (Myxobacterales): Two gene systems control movement. Molec 
Gen Genet 171:177–191. https://doi.org/10.1007/BF00270004

152. MacRae TH, McCurdy D. 1976. Evidence for motility-related fimbriae in 
the gliding microorganism Myxococcus xanthus. Can J Microbiol 
22:1589–1593. https://doi.org/10.1139/m76-234

153. MacRae TH, McCurdy HD. 1976. The isolation and characterization of 
gliding motility mutants of Myxococcus xanthus. Can J Microbiol 
22:1282–1292. https://doi.org/10.1139/m76-190

154. MacRae TH, Dobson WJ, McCurdy HD. 1977. Fimbriation in gliding 
bacteria. Can J Microbiol 23:1096–1108. https://doi.org/10.1139/m77-1
65

155. Wu SS, Kaiser D. 1995. Genetic and functional evidence that Type IV pili 
are required for social gliding motility in Myxococcus xanthus. Mol 
Microbiol 18:547–558. https://doi.org/10.1111/j.1365-2958.1995.mmi_1
8030547.x

156. Craig L, Forest KT, Maier B. 2019. Type IV pili: dynamics, biophysics and 
functional consequences. Nat Rev Microbiol 17:429–440. https://doi.org
/10.1038/s41579-019-0195-4

157. Clausen M, Jakovljevic V, Søgaard-Andersen L, Maier B. 2009. High-force 
generation is a conserved property of type IV pilus systems. J Bacteriol 
191:4633–4638. https://doi.org/10.1128/JB.00396-09

158. Treuner-Lange A, Zheng W, Viljoen A, Lindow S, Herfurth M, Dufrêne YF, 
Søgaard-Andersen L, Egelman EH. 2024. Tight-packing of large pilin 
subunits provides distinct structural and mechanical properties for the 
Myxococcus xanthus type IVa pilus. Proc Natl Acad Sci USA 
121:e2321989121. https://doi.org/10.1073/pnas.2321989121

159. Sun H, Zusman DR, Shi W. 2000. Type IV pilus of Myxococcus xanthus is a 
motility apparatus controlled by the frz chemosensory system. Curr Biol 
10:1143–1146. https://doi.org/10.1016/s0960-9822(00)00705-3

160. Nudleman E, Wall D, Kaiser D. 2006. Polar assembly of the type IV pilus 
secretin in Myxococcus xanthus. Mol Microbiol 60:16–29. https://doi.org
/10.1111/j.1365-2958.2006.05095.x

161. Bulyha I, Schmidt C, Lenz P, Jakovljevic V, Höne A, Maier B, Hoppert M, 
Søgaard-Andersen L. 2009. Regulation of the type IV pili molecular 
machine by dynamic localization of two motor proteins. Mol Microbiol 
74:691–706. https://doi.org/10.1111/j.1365-2958.2009.06891.x

162. Friedrich C, Bulyha I, Søgaard-Andersen L. 2014. Outside-in assembly 
pathway of the type IV pilus system in Myxococcus xanthus. J Bacteriol 
196:378–390. https://doi.org/10.1128/JB.01094-13

163. Chang Y-W, Chen S, Tocheva EI, Treuner-Lange A, Löbach S, Søgaard-
Andersen L, Jensen GJ. 2014. Correlated cryogenic photoactivated 
localization microscopy and cryo-electron tomography. Nat Methods 
11:737–739. https://doi.org/10.1038/nmeth.2961

164. Chang Y-W, Rettberg LA, Treuner-Lange A, Iwasa J, Søgaard-Andersen L, 
Jensen GJ. 2016. Architecture of the type IVa pilus machine. Science 
351:aad2001. https://doi.org/10.1126/science.aad2001

165. Treuner-Lange A, Chang Y-W, Glatter T, Herfurth M, Lindow S, Chreifi G, 
Jensen GJ, Søgaard-Andersen L. 2020. PilY1 and minor pilins form a 
complex priming the type IVa pilus in Myxococcus xanthus. Nat 
Commun 11:5054. https://doi.org/10.1038/s41467-020-18803-z

166. Bischof LF, Friedrich C, Harms A, Søgaard-Andersen L, van der Does C. 
2016. The type IV pilus assembly ATPase PilB of Myxococcus xanthus 
interacts with the inner membrane platform protein PilC and the 
nucleotide-binding Protein PilM. J Biol Chem 291:6946–6957. https://do
i.org/10.1074/jbc.M115.701284

167. McCallum M, Tammam S, Khan A, Burrows LL, Howell PL. 2017. The 
molecular mechanism of the type IVa pilus motors. Nat Commun 
8:15091. https://doi.org/10.1038/ncomms15091

168. Jakovljevic V, Leonardy S, Hoppert M, Søgaard-Andersen L. 2008. PilB 
and PilT are ATPases acting antagonistically in type IV pilus function in 
Myxococcus xanthus. J Bacteriol 190:2411–2421. https://doi.org/10.1128
/JB.01793-07

169. Koch MD, Fei C, Wingreen NS, Shaevitz JW, Gitai Z. 2021. Competitive 
binding of independent extension and retraction motors explains the 
quantitative dynamics of type IV pili. Proc Natl Acad Sci USA 
118:e2014926118. https://doi.org/10.1073/pnas.2014926118

170. Herfurth M, Treuner-Lange A, Glatter T, Wittmaack N, Hoiczyk E, Pierik 
AJ, Søgaard-Andersen L. 2022. A noncanonical cytochrome c stimulates 
calcium binding by PilY1 for type IVa pili formation . Proc Natl Acad Sci 
USA 119. https://doi.org/10.1073/pnas.2115061119

171. Xue S, Mercier R, Guiseppi A, Kosta A, De Cegli R, Gagnot S, Mignot T, 
Mauriello EMF. 2022. The differential expression of PilY1 proteins by the 
HsfBA phosphorelay allows twitching motility in the absence of 
exopolysaccharides. PLoS Genet 18:e1010188. https://doi.org/10.1371/j
ournal.pgen.1010188

172. Nan B, Zusman DR. 2011. Uncovering the mystery of gliding motility in 
the myxobacteria. Annu Rev Genet 45:21–39. https://doi.org/10.1146/a
nnurev-genet-110410-132547

173. Nan B, Zusman DR. 2016. Novel mechanisms power bacterial gliding 
motility. Mol Microbiol 101:186–193. https://doi.org/10.1111/mmi.1338
9

174. Kearns DB. 2010. A field guide to bacterial swarming motility. Nat Rev 
Microbiol 8:634–644. https://doi.org/10.1038/nrmicro2405

175. Youderian P, Burke N, White DJ, Hartzell PL. 2003. Identification of 
genes required for adventurous gliding motility in Myxococcus xanthus 
with the transposable element mariner. Mol Microbiol 49:555–570. http
s://doi.org/10.1046/j.1365-2958.2003.03582.x

176. Mignot T, Shaevitz JW, Hartzell PL, Zusman DR. 2007. Evidence that 
focal adhesion complexes power bacterial gliding motility. Science 
315:853–856. https://doi.org/10.1126/science.1137223

177. Nan B, Chen J, Neu JC, Berry RM, Oster G, Zusman DR. 2011. Myxobacte­
ria gliding motility requires cytoskeleton rotation powered by proton 
motive force. Proc Natl Acad Sci USA 108:2498–2503. https://doi.org/10.
1073/pnas.1018556108

178. Sun M, Wartel M, Cascales E, Shaevitz JW, Mignot T. 2011. Motor-driven 
intracellular transport powers bacterial gliding motility. Proc Natl Acad 
Sci USA 108:7559–7564. https://doi.org/10.1073/pnas.1101101108

179. Nan Beiyan, Mauriello EMF, Sun I-H, Wong A, Zusman DR. 2010. A multi-
protein complex from Myxococcus xanthus required for bacterial gliding 
motility. Mol Microbiol 76:1539–1554. https://doi.org/10.1111/j.1365-29
58.2010.07184.x

180. Luciano J, Agrebi R, Le Gall AV, Wartel M, Fiegna F, Ducret A, Brochier-
Armanet C, Mignot T. 2011. Emergence and modular evolution of a 
novel motility machinery in bacteria. PLoS Genet 7:e1002268. https://d
oi.org/10.1371/journal.pgen.1002268

181. Jakobczak B, Keilberg D, Wuichet K, Søgaard-Andersen L. 2015. 
Contact- and protein transfer-dependent stimulation of assembly of 
the gliding motility machinery in Myxococcus xanthus. PLoS Genet 
11:e1005341. https://doi.org/10.1371/journal.pgen.1005341

182. Islam ST, Jolivet NY, Cuzin C, Belgrave AM, My L, Fleuchot B, Faure LM, 
Mahanta U, Kezzo AA, Saïdi F, Sharma G, Fiche J-B, Bratton BP, Herrou J, 
Nollmann M, Shaevitz JW, Durand E, Mignot T. 2023. Unmasking of the 
von willebrand A-domain surface adhesin CglB at bacterial focal 
adhesions mediates myxobacterial gliding motility. Sci Adv 
9:eabq0619. https://doi.org/10.1126/sciadv.abq0619

183. Ramirez Carbo CA, Faromiki OG, Nan B. 2024. A lytic transglycosylase 
connects bacterial focal adhesion complexes to the peptidoglycan cell 
wall. Elife 13:RP99273. https://doi.org/10.7554/eLife.99273

184. Jumper J, Evans R, Pritzel A, Green T, Figurnov M, Ronneberger O, 
Tunyasuvunakool K, Bates R, Žídek A, Potapenko A, et al. 2021. Highly 
accurate protein structure prediction with AlphaFold. Nature 596:583–
589. https://doi.org/10.1038/s41586-021-03819-2

185. Cambillau C, Mignot T. 2025. Structural model of a bacterial focal 
adhesion complex. Commun Biol 8:119. https://doi.org/10.1038/s42003
-025-07550-w

186. Nan B, Bandaria JN, Moghtaderi A, Sun IH, Yildiz A, Zusman DR. 2013. 
Flagella stator homologs function as motors for myxobacterial gliding 
motility by moving in helical trajectories. Proc Natl Acad Sci USA 
110:E1508–13. https://doi.org/10.1073/pnas.1219982110

187. Faure LM, Fiche J-B, Espinosa L, Ducret A, Anantharaman V, Luciano J, 
Lhospice S, Islam ST, Tréguier J, Sotes M, Kuru E, Van Nieuwenhze MS, 
Brun YV, Théodoly O, Aravind L, Nollmann M, Mignot T. 2016. The 
mechanism of force transmission at bacterial focal adhesion complexes. 
Nature 539:530–535. https://doi.org/10.1038/nature20121

Minireview Journal of Bacteriology

July 2025  Volume 207  Issue 7 10.1128/jb.00071-2532

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/j

b 
on

 1
1 

Fe
br

ua
ry

 2
02

6 
by

 1
34

.9
6.

12
1.

18
1.

https://doi.org/10.1128/jb.152.1.495-501.1982
https://doi.org/10.1007/BF00408958
https://doi.org/10.1073/pnas.74.7.2938
https://doi.org/10.1007/BF00270003
https://doi.org/10.1007/BF00270004
https://doi.org/10.1139/m76-234
https://doi.org/10.1139/m76-190
https://doi.org/10.1139/m77-165
https://doi.org/10.1111/j.1365-2958.1995.mmi_18030547.x
https://doi.org/10.1038/s41579-019-0195-4
https://doi.org/10.1128/JB.00396-09
https://doi.org/10.1073/pnas.2321989121
https://doi.org/10.1016/s0960-9822(00)00705-3
https://doi.org/10.1111/j.1365-2958.2006.05095.x
https://doi.org/10.1111/j.1365-2958.2009.06891.x
https://doi.org/10.1128/JB.01094-13
https://doi.org/10.1038/nmeth.2961
https://doi.org/10.1126/science.aad2001
https://doi.org/10.1038/s41467-020-18803-z
https://doi.org/10.1074/jbc.M115.701284
https://doi.org/10.1038/ncomms15091
https://doi.org/10.1128/JB.01793-07
https://doi.org/10.1073/pnas.2014926118
https://doi.org/10.1073/pnas.2115061119
https://doi.org/10.1371/journal.pgen.1010188
https://doi.org/10.1146/annurev-genet-110410-132547
https://doi.org/10.1111/mmi.13389
https://doi.org/10.1038/nrmicro2405
https://doi.org/10.1046/j.1365-2958.2003.03582.x
https://doi.org/10.1126/science.1137223
https://doi.org/10.1073/pnas.1018556108
https://doi.org/10.1073/pnas.1101101108
https://doi.org/10.1111/j.1365-2958.2010.07184.x
https://doi.org/10.1371/journal.pgen.1002268
https://doi.org/10.1371/journal.pgen.1005341
https://doi.org/10.1126/sciadv.abq0619
https://doi.org/10.7554/eLife.99273
https://doi.org/10.1038/s41586-021-03819-2
https://doi.org/10.1038/s42003-025-07550-w
https://doi.org/10.1073/pnas.1219982110
https://doi.org/10.1038/nature20121
https://doi.org/10.1128/jb.00071-25


188. Chen J, Nan B. 2022. Flagellar motor transformed: biophysical 
perspectives of the Myxococcus xanthus gliding mechanism. Front 
Microbiol 13:891694. https://doi.org/10.3389/fmicb.2022.891694

189. Mauriello EMF, Mouhamar F, Nan B, Ducret A, Dai D, Zusman DR, 
Mignot T. 2010. Bacterial motility complexes require the actin-like 
protein, MreB and the Ras homologue, MglA. Embo J 29:315–326. https:
//doi.org/10.1038/emboj.2009.356

190. Nan B, McBride MJ, Chen J, Zusman DR, Oster G. 2014. Bacteria that 
glide with helical tracks. Curr Biol 24:R169–73. https://doi.org/10.1016/j.
cub.2013.12.034

191. Nudleman E, Wall D, Kaiser D. 2005. Cell-to-cell transfer of bacterial 
outer membrane lipoproteins. Science 309:125–127. https://doi.org/10.
1126/science.1112440

192. Mcvittie A, Messik F, Zahler SA. 1962. Developmental biology of 
Myxococcus. J Bacteriol 84:546–551. https://doi.org/10.1128/jb.84.3.546
-551.1962

193. Burchard RP. 1974. Growth of surface colonies of the gliding bacterium 
Myxococcus xanthus. Arch Microbiol 96:247–254. https://doi.org/10.100
7/BF00590180

194. Morrison CE, Zusman DR. 1979. Myxococcus xanthus mutants with 
temperature-sensitive, stage-specific defects: evidence for independ­
ent pathways in development. J Bacteriol 140:1036–1042. https://doi.or
g/10.1128/jb.140.3.1036-1042.1979

195. Zusman DR. 1982. “Frizzy” mutants: a new class of aggregation-
defective developmental mutants of Myxococcus xanthus. J Bacteriol 
150:1430–1437. https://doi.org/10.1128/jb.150.3.1430-1437.1982

196. Bustamante VH, Martínez-Flores I, Vlamakis HC, Zusman DR. 2004. 
Analysis of the Frz signal transduction system of Myxococcus xanthus 
shows the importance of the conserved C-terminal region of the 
cytoplasmic chemoreceptor FrzCD in sensing signals. Mol Microbiol 
53:1501–1513. https://doi.org/10.1111/j.1365-2958.2004.04221.x

197. Moine A, Espinosa L, Martineau E, Yaikhomba M, Jazleena PJ, Byrne D, 
Biondi EG, Notomista E, Brilli M, Molle V, Gayathri P, Mignot T, Mauriello 
EMF. 2017. The nucleoid as a scaffold for the assembly of bacterial 
signaling complexes. PLoS Genet 13:e1007103. https://doi.org/10.1371/
journal.pgen.1007103

198. Mauriello EMF, Jones C, Moine A, Armitage JP. 2018. Cellular targeting 
and segregation of bacterial chemosensory systems. FEMS Microbiol 
Rev 42:462–476. https://doi.org/10.1093/femsre/fuy015

199. Guiseppi A, Vicente JJ, Herrou J, Byrne D, Barneoud A, Moine A, 
Espinosa L, Basse MJ, Molle V, Mignot T, Roche P, Mauriello EMF. 2019. 
A divergent CheW confers plasticity to nucleoid-associated chemosen­
sory arrays. PLoS Genet 15:e1008533. https://doi.org/10.1371/journal.p
gen.1008533

200. Inclán YF, Laurent S, Zusman DR. 2008. The receiver domain of FrzE, A 
CheA-CheY fusion protein, regulates the CheA histidine kinase activity 
and downstream signalling to the A- and S-motility systems of 
Myxococcus xanthus. Mol Microbiol 68:1328–1339. https://doi.org/10.11
11/j.1365-2958.2008.06238.x

201. Kaimer C, Zusman DR. 2013. Phosphorylation-dependent localization 
of the response regulator FrzZ signals cell reversals in Myxococcus 
xanthus. Mol Microbiol 88:740–753. https://doi.org/10.1111/mmi.12219

202. Guzzo M, Murray SM, Martineau E, Lhospice S, Baronian G, My L, Zhang 
Y, Espinosa L, Vincentelli R, Bratton BP, Shaevitz JW, Molle V, Howard M, 
Mignot T. 2018. A gated relaxation oscillator mediated by FrzX controls 
morphogenetic movements in Myxococcus xanthus. Nat Microbiol 
3:948–959. https://doi.org/10.1038/s41564-018-0203-x

203. Kearns DB, Venot A, Bonner PJ, Stevens B, Boons GJ, Shimkets LJ. 2001. 
Identification of a developmental chemoattractant in Myxococcus 
xanthus through metabolic engineering. Proc Natl Acad Sci USA 
98:13990–13994. https://doi.org/10.1073/pnas.251484598

204. Xu Q, Black WP, Cadieux CL, Yang Z. 2008. Independence and 
interdependence of Dif and Frz chemosensory pathways in Myxococcus 
xanthus chemotaxis. Mol Microbiol 69:714–723. https://doi.org/10.1111
/j.1365-2958.2008.06322.x

205. Shi W, Zusman DR. 1994. Sensory adaptation during negative 
chemotaxis in Myxococcus xanthus. J Bacteriol 176:1517–1520. https://d
oi.org/10.1128/jb.176.5.1517-1520.1994

206. Astling DP, Lee JY, Zusman DR. 2006. Differential effects of chemore­
ceptor methylation-domain mutations on swarming and development 
in the social bacterium Myxococcus xanthus. Mol Microbiol 59:45–55. ht
tps://doi.org/10.1111/j.1365-2958.2005.04926.x

207. Scott AE, Simon E, Park SK, Andrews P, Zusman DR. 2008. Site-specific 
receptor methylation of FrzCD in Myxococcus xanthus is controlled by a 

tetra-trico peptide repeat (TPR) containing regulatory domain of the 
FrzF methyltransferase. Mol Microbiol 69:724–735. https://doi.org/10.11
11/j.1365-2958.2008.06323.x

208. Berleman JE, Scott J, Chumley T, Kirby JR. 2008. Predataxis behavior in 
Myxococcus xanthus. Proc Natl Acad Sci USA 105:17127–17132. https://
doi.org/10.1073/pnas.0804387105

209. Moine A, Agrebi R, Espinosa L, Kirby JR, Zusman DR, Mignot T, Mauriello 
EMF. 2014. Functional organization of a multimodular bacterial 
chemosensory apparatus. PLoS Genet 10:e1004164. https://doi.org/10.
1371/journal.pgen.1004164

210. Schumacher D, Søgaard-Andersen L. 2017. Regulation of cell polarity in 
motility and cell division in Myxococcus xanthus. Annu Rev Microbiol 
71:61–78. https://doi.org/10.1146/annurev-micro-102215-095415

211. Blackhart BD, Zusman DR. 1985. “Frizzy” genes of Myxococcus xanthus 
are involved in control of frequency of reversal of gliding motility. Proc 
Natl Acad Sci USA 82:8767–8770. https://doi.org/10.1073/pnas.82.24.87
67

212. Mignot T, Merlie JP, Zusman DR. 2005. Regulated pole-to-pole 
oscillations of a bacterial gliding motility protein. Science 310:855–857. 
https://doi.org/10.1126/science.1119052

213. Leonardy S, Miertzschke M, Bulyha I, Sperling E, Wittinghofer A, 
Søgaard-Andersen L. 2010. Regulation of dynamic polarity switching in 
bacteria by a Ras-like G-protein and its cognate GAP. EMBO J 29:2276–
2289. https://doi.org/10.1038/emboj.2010.114

214. Zhang Y, Franco M, Ducret A, Mignot T. 2010. A Bacterial ras-like small 
GTP-binding protein and its cognate GAP establish a dynamic spatial 
polarity axis to control directed motility. PLoS Biol 8:e1000430. https://d
oi.org/10.1371/journal.pbio.1000430

215. Szadkowski D, Harms A, Carreira LAM, Wigbers M, Potapova A, Wuichet 
K, Keilberg D, Gerland U, Søgaard-Andersen L. 2019. Spatial control of 
the GTPase MglA by localized RomR-RomX GEF and MglB GAP activities 
enables Myxococcus xanthus motility. Nat Microbiol 4:1344–1355. https:
//doi.org/10.1038/s41564-019-0451-4

216. Szadkowski D, Carreira LAM, Søgaard-Andersen L. 2022. A bipartite, 
low-affinity roadblock domain-containing GAP complex regulates 
bacterial front-rear polarity. PLoS Genet 18:e1010384. https://doi.org/1
0.1371/journal.pgen.1010384

217. Keilberg D, Wuichet K, Drescher F, Søgaard-Andersen L. 2012. A 
response regulator interfaces between the Frz chemosensory system 
and the MglA/MglB GTPase/GAP module to regulate polarity in 
Myxococcus xanthus. PLoS Genet 8:e1002951. https://doi.org/10.1371/j
ournal.pgen.1002951

218. Zhang Y, Guzzo M, Ducret A, Li YZ, Mignot T. 2012. A dynamic response 
regulator protein modulates G-protein–dependent polarity in the 
bacterium Myxococcus xanthus. PLoS Genet 8:e1002872. https://doi.org
/10.1371/journal.pgen.1002872

219. Carreira LAM, Tostevin F, Gerland U, Søgaard-Andersen L. 2020. Protein-
protein interaction network controlling establishment and mainte­
nance of switchable cell polarity. PLoS Genet 16:e1008877. https://doi.o
rg/10.1371/journal.pgen.1008877

220. Carreira LAM, Szadkowski D, Lometto S, Hochberg GKA, Søgaard-
Andersen L. 2023. Molecular basis and design principles of switchable 
front-rear polarity and directional migration in Myxococcus xanthus. Nat 
Commun 14:4056. https://doi.org/10.1038/s41467-023-39773-y

221. Mercier R, Bautista S, Delannoy M, Gibert M, Guiseppi A, Herrou J, 
Mauriello EMF, Mignot T. 2020. The polar ras-like GTPase MglA activates 
type IV pilus via SgmX to enable twitching motility in Myxococcus 
xanthus Proc Natl Acad Sci USA 117:28366–28373. https://doi.org/10.10
73/pnas.2002783117

222. Potapova A, Carreira LAM, Søgaard-Andersen L. 2020. The small GTPase 
MglA together with the TPR domain protein SgmX stimulates type IV 
pili formation in M. xanthus Proc Natl Acad Sci USA 117:23859–23868. h
ttps://doi.org/10.1073/pnas.2004722117

223. Oklitschek M, Carreira LAM, Muratoğlu M, Søgaard-Andersen L, 
Treuner-Lange A. 2024. Combinatorial control of type IVa pili formation 
by the four polarized regulators MglA, SgmX, FrzS, and SopA. J Bacteriol 
206:e0010824. https://doi.org/10.1128/jb.00108-24

224. Attia B, My L, Castaing JP, Dinet C, Le Guenno H, Schmidt V, Espinosa L, 
Anantharaman V, Aravind L, Sebban-Kreuzer C, Nouailler M, Bornet O, 
Viollier P, Elantak L, Mignot T. 2024. A molecular switch controls 
assembly of bacterial focal adhesions. Sci Adv 10:eadn2789. https://doi.
org/10.1126/sciadv.adn2789

225. Inclán YF, Vlamakis HC, Zusman DR. 2007. FrzZ, a dual CheY‐like 
response regulator, functions as an output for the Frz chemosensory 

Minireview Journal of Bacteriology

July 2025  Volume 207  Issue 7 10.1128/jb.00071-2533

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/j

b 
on

 1
1 

Fe
br

ua
ry

 2
02

6 
by

 1
34

.9
6.

12
1.

18
1.

https://doi.org/10.3389/fmicb.2022.891694
https://doi.org/10.1038/emboj.2009.356
https://doi.org/10.1016/j.cub.2013.12.034
https://doi.org/10.1126/science.1112440
https://doi.org/10.1128/jb.84.3.546-551.1962
https://doi.org/10.1007/BF00590180
https://doi.org/10.1128/jb.140.3.1036-1042.1979
https://doi.org/10.1128/jb.150.3.1430-1437.1982
https://doi.org/10.1111/j.1365-2958.2004.04221.x
https://doi.org/10.1371/journal.pgen.1007103
https://doi.org/10.1093/femsre/fuy015
https://doi.org/10.1371/journal.pgen.1008533
https://doi.org/10.1111/j.1365-2958.2008.06238.x
https://doi.org/10.1111/mmi.12219
https://doi.org/10.1038/s41564-018-0203-x
https://doi.org/10.1073/pnas.251484598
https://doi.org/10.1111/j.1365-2958.2008.06322.x
https://doi.org/10.1128/jb.176.5.1517-1520.1994
https://doi.org/10.1111/j.1365-2958.2005.04926.x
https://doi.org/10.1111/j.1365-2958.2008.06323.x
https://doi.org/10.1073/pnas.0804387105
https://doi.org/10.1371/journal.pgen.1004164
https://doi.org/10.1146/annurev-micro-102215-095415
https://doi.org/10.1073/pnas.82.24.8767
https://doi.org/10.1126/science.1119052
https://doi.org/10.1038/emboj.2010.114
https://doi.org/10.1371/journal.pbio.1000430
https://doi.org/10.1038/s41564-019-0451-4
https://doi.org/10.1371/journal.pgen.1010384
https://doi.org/10.1371/journal.pgen.1002951
https://doi.org/10.1371/journal.pgen.1002872
https://doi.org/10.1371/journal.pgen.1008877
https://doi.org/10.1038/s41467-023-39773-y
https://doi.org/10.1073/pnas.2002783117
https://doi.org/10.1073/pnas.2004722117
https://doi.org/10.1128/jb.00108-24
https://doi.org/10.1126/sciadv.adn2789
https://doi.org/10.1128/jb.00071-25


pathway of Myxococcus xanthus . Mol Microbiol 65:90–102. https://doi.o
rg/10.1111/j.1365-2958.2007.05774.x

226. Tostevin F, Wigbers M, Søgaard-Andersen L, Gerland U. 2021. Four 
different mechanisms for switching cell polarity. PLoS Comput Biol 
17:e1008587. https://doi.org/10.1371/journal.pcbi.1008587

227. Tzeng L, Ellis TN, Singer M. 2006. DNA replication during aggregation 
phase is essential for Myxococcus xanthus development. J Bacteriol 
188:2774–2779. https://doi.org/10.1128/JB.188.8.2774-2779.2006

228. Cameron TA, Margolin W. 2024. Insights into the assembly and 
regulation of the bacterial divisome. Nat Rev Microbiol 22:33–45. https:
//doi.org/10.1038/s41579-023-00942-x

229. Lutkenhaus J. 2012. The ParA/MinD family puts things in their place. 
Trends Microbiol 20:411–418. https://doi.org/10.1016/j.tim.2012.05.002

230. Fleurie A, Lesterlin C, Manuse S, Zhao C, Cluzel C, Lavergne JP, Franz-
Wachtel M, Macek B, Combet C, Kuru E, VanNieuwenhze MS, Brun YV, 
Sherratt D, Grangeasse C. 2014. MapZ marks the division sites and 
positions FtsZ rings in Streptococcus pneumoniae. Nature 516:259–262. 
https://doi.org/10.1038/nature13966

231. Schumacher D, Bergeler S, Harms A, Vonck J, Huneke-Vogt S, Frey E, 
Søgaard-Andersen L. 2017. The pomXYZ proteins self-organize on the 
bacterial nucleoid to stimulate cell division. Dev Cell 41:299–314. https:
//doi.org/10.1016/j.devcel.2017.04.011

232. Treuner-Lange A, Aguiluz K, van der Does C, Gómez-Santos N, Harms A, 
Schumacher D, Lenz P, Hoppert M, Kahnt J, Muñoz-Dorado J, Søgaard-
Andersen L. 2013. PomZ, a ParA-like protein, regulates Z-ring formation 
and cell division in Myxococcus xanthus. Mol Microbiol 87:235–253. http
s://doi.org/10.1111/mmi.12094

233. Ramm B, Schumacher D, Harms A, Heermann T, Klos P, Müller F, 
Schwille P, Søgaard-Andersen L. 2023. Biomolecular condensate drives 
polymerization and bundling of the bacterial tubulin FtsZ to regulate 
cell division. Nat Commun 14:3825. https://doi.org/10.1038/s41467-023
-39513-2

234. Schumacher D, Harms A, Bergeler S, Frey E, Søgaard-Andersen L. 2021. 
PomX, a ParA/MinD ATPase activating protein, is a triple regulator of 
cell division in Myxococcus xanthus Elife 10:e66160. https://doi.org/10.7
554/eLife.66160

235. Bergeler S, Frey E. 2018. Regulation of pom cluster dynamics in 
Myxococcus xanthus. PLoS Comput Biol 14:e1006358. https://doi.org/1
0.1371/journal.pcbi.1006358

236. Harms A, Treuner-Lange A, Schumacher D, Søgaard-Andersen L. 2013. 
Tracking of chromosome and replisome dynamics in Myxococcus 
xanthus reveals a novel chromosome arrangement. PLoS Genet 
9:e1003802. https://doi.org/10.1371/journal.pgen.1003802

237. Livny J, Yamaichi Y, Waldor MK. 2007. Distribution of centromere-like 
parS sites in bacteria: insights from comparative genomics . J Bacteriol 
189:8693–8703. https://doi.org/10.1128/JB.01239-07

238. Iniesta AA. 2014. ParABS system in chromosome partitioning in the 
bacterium Myxococcus xanthus. PLoS One 9:e86897. https://doi.org/10.
1371/journal.pone.0086897

239. Bulyha I, Lindow S, Lin L, Bolte K, Wuichet K, Kahnt J, van der Does C, 
Thanbichler M, Søgaard-Andersen L. 2013. Two small GTPases act in 
concert with the bactofilin cytoskeleton to regulate dynamic bacterial 
cell polarity. Dev Cell 25:119–131. https://doi.org/10.1016/j.devcel.2013.
02.017

240. Lin L, Osorio Valeriano M, Harms A, Søgaard-Andersen L, Thanbichler M. 
2017. Bactofilin-mediated organization of the ParABS chromosome 
segregation system in Myxococcus xanthus. Nat Commun 8:1817. https:/
/doi.org/10.1038/s41467-017-02015-z

241. Osorio-Valeriano M, Altegoer F, Steinchen W, Urban S, Liu Y, Bange G, 
Thanbichler M. 2019. ParB-type DNA segregation proteins are CTP-
dependent molecular switches. Cell 179:1512–1524. https://doi.org/10.
1016/j.cell.2019.11.015

242. Sah GP, Wall D. 2020. Kin recognition and outer membrane exchange 
(OME) in myxobacteria. Curr Opin Microbiol 56:81–88. https://doi.org/1
0.1016/j.mib.2020.07.003

243. Cao P, Wei X, Awal RP, Müller R, Wall D. 2019. A highly polymorphic 
receptor governs many distinct self-recognition types within the 
Myxococcales order. MBio 10:e02751-18. https://doi.org/10.1128/mBio.0
2751-18

244. Sah GP, Cao P, Wall D. 2020. MYXO-CTERM sorting tag directs proteins 
to the cell surface via the type II secretion system. Mol Microbiol 
113:1038–1051. https://doi.org/10.1111/mmi.14473

245. Pathak DT, Wei X, Bucuvalas A, Haft DH, Gerloff DL, Wall D. 2012. Cell 
contact–dependent outer membrane exchange in myxobacteria: 

genetic determinants and mechanism. PLoS Genet 8:e1002626. https://
doi.org/10.1371/journal.pgen.1002626

246. Vassallo CN, Cao P, Conklin A, Finkelstein H, Hayes CS, Wall D. 2017. 
Infectious polymorphic toxins delivered by outer membrane exchange 
discriminate kin in myxobacteria. Elife 6:e29397. https://doi.org/10.755
4/eLife.29397

247. Cao P, Wall D. 2019. Direct visualization of a molecular handshake that 
governs kin recognition and tissue formation in myxobacteria. Nat 
Commun 10:3073. https://doi.org/10.1038/s41467-019-11108-w

248. Cao P, Dey A, Vassallo CN, Wall D. 2015. How myxobacteria cooperate. J 
Mol Biol 427:3709–3721. https://doi.org/10.1016/j.jmb.2015.07.022

249. Vassallo C, Pathak DT, Cao P, Zuckerman DM, Hoiczyk E, Wall D. 2015. 
Cell rejuvenation and social behaviors promoted by LPS exchange in 
myxobacteria. Proc Natl Acad Sci USA 112:E2939–46. https://doi.org/10.
1073/pnas.1503553112

250. Subedi K, Roy PC, Saiz B, Basile F, Wall D. 2024. Cell-cell transfer of 
adaptation traits benefits kin and actor in a cooperative microbe. Proc 
Natl Acad Sci USA 121:e2402559121. https://doi.org/10.1073/pnas.2402
559121

251. Vassallo CN, Wall D. 2016. Tissue repair in myxobacteria: a cooperative 
strategy to heal cellular damage. Bioessays 38:306–315. https://doi.org/
10.1002/bies.201500132

252. Vassallo CN, Wall D. 2019. Self-identity barcodes encoded by six 
expansive polymorphic toxin families discriminate kin in myxobacteria. 
Proc Natl Acad Sci USA 116:24808–24818. https://doi.org/10.1073/pnas.
1912556116

253. Vassallo CN, Troselj V, Weltzer ML, Wall D. 2020. Rapid diversification of 
wild social groups driven by toxin-immunity loci on mobile genetic 
elements. ISME J 14:2474–2487. https://doi.org/10.1038/s41396-020-06
99-y

254. Weltzer ML, Wall D. 2023. Social diversification driven by mobile genetic 
elements. Genes (Basel) 14:648. https://doi.org/10.3390/genes1403064
8

255. Kaimer C, Weltzer ML, Wall D. 2023. Two reasons to kill: predation and 
kin discrimination in myxobacteria. Microbiology (Reading) 
169:001372. https://doi.org/10.1099/mic.0.001372

256. Rosenberg E, Varon M. 1984. Antibiotics and lytic enzymes, p 109–125. 
In Rosenberg E (ed), Myxobacteria development and cell interactions. 
Springer-Verlag, New York.

257. Morgan AD, MacLean RC, Hillesland KL, Velicer GJ. 2010. Comparative 
analysis of Myxococcus predation on soil bacteria . Appl Environ 
Microbiol 76:6920–6927. https://doi.org/10.1128/AEM.00414-10

258. Thiery S, Kaimer C. 2020. The predation strategy of Myxococcus xanthus. 
Front Microbiol 11:2. https://doi.org/10.3389/fmicb.2020.00002

259. Contreras-Moreno FJ, Pérez J, Muñoz-Dorado J, Moraleda-Muñoz A, 
Marcos-Torres FJ. 2024. Myxococcus xanthus predation: an updated 
overview. Front Microbiol 15:1339696. https://doi.org/10.3389/fmicb.20
24.1339696

260. McCurdy HD Jr, MacRae TH. 1974. Xanthacin. A bacteriocin of 
Myxococcus xanthus fb. Can J Microbiol 20:131–135. https://doi.org/10.1
139/m74-021

261. Xiao Y, Gerth K, Müller R, Wall D. 2012. Myxobacterium-produced 
antibiotic TA (Myxovirescin) inhibits type II signal peptidase. Antimicrob 
Agents Chemother 56:2014–2021. https://doi.org/10.1128/AAC.06148-
11

262. Berleman JE, Allen S, Danielewicz MA, Remis JP, Gorur A, Cunha J, Hadi 
MZ, Zusman DR, Northen TR, Witkowska HE, Auer M. 2014. The lethal 
cargo of Myxococcus xanthus outer membrane vesicles. Front Microbiol 
5:474. https://doi.org/10.3389/fmicb.2014.00474

263. Pham VD, Shebelut CW, Diodati ME, Bull CT, Singer M. 2005. Mutations 
affecting predation ability of the soil bacterium Myxococcus xanthus. 
Microbiology (Reading) 151:1865–1874. https://doi.org/10.1099/mic.0.2
7824-0

264. Hillesland KL, Velicer GJ, Lenski RE. 2009. Experimental evolution of a 
microbial predator’s ability to find prey. Proc Biol Sci 276:459–467. https
://doi.org/10.1098/rspb.2008.1098

265. Thiery S, Kaimer C. 2020. Myxococcus xanthus–einem bakteriellen 
Räuber auf der Spur. Biospektrum 26:449–449. https://doi.org/10.1007/
s12268-020-1390-6

266. Marshall RC, Whitworth DE. 2019. Is “wolf-pack” predation by 
antimicrobial bacteria cooperative? cell behaviour and predatory 
mechanisms indicate profound selfishness, even when working 
alongside kin. Bioessays 41:e1800247. https://doi.org/10.1002/bies.201
800247

Minireview Journal of Bacteriology

July 2025  Volume 207  Issue 7 10.1128/jb.00071-2534

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/j

b 
on

 1
1 

Fe
br

ua
ry

 2
02

6 
by

 1
34

.9
6.

12
1.

18
1.

https://doi.org/10.1111/j.1365-2958.2007.05774.x
https://doi.org/10.1371/journal.pcbi.1008587
https://doi.org/10.1128/JB.188.8.2774-2779.2006
https://doi.org/10.1038/s41579-023-00942-x
https://doi.org/10.1016/j.tim.2012.05.002
https://doi.org/10.1038/nature13966
https://doi.org/10.1016/j.devcel.2017.04.011
https://doi.org/10.1111/mmi.12094
https://doi.org/10.1038/s41467-023-39513-2
https://doi.org/10.7554/eLife.66160
https://doi.org/10.1371/journal.pcbi.1006358
https://doi.org/10.1371/journal.pgen.1003802
https://doi.org/10.1128/JB.01239-07
https://doi.org/10.1371/journal.pone.0086897
https://doi.org/10.1016/j.devcel.2013.02.017
https://doi.org/10.1038/s41467-017-02015-z
https://doi.org/10.1016/j.cell.2019.11.015
https://doi.org/10.1016/j.mib.2020.07.003
https://doi.org/10.1128/mBio.02751-18
https://doi.org/10.1111/mmi.14473
https://doi.org/10.1371/journal.pgen.1002626
https://doi.org/10.7554/eLife.29397
https://doi.org/10.1038/s41467-019-11108-w
https://doi.org/10.1016/j.jmb.2015.07.022
https://doi.org/10.1073/pnas.1503553112
https://doi.org/10.1073/pnas.2402559121
https://doi.org/10.1002/bies.201500132
https://doi.org/10.1073/pnas.1912556116
https://doi.org/10.1038/s41396-020-0699-y
https://doi.org/10.3390/genes14030648
https://doi.org/10.1099/mic.0.001372
https://doi.org/10.1128/AEM.00414-10
https://doi.org/10.3389/fmicb.2020.00002
https://doi.org/10.3389/fmicb.2024.1339696
https://doi.org/10.1139/m74-021
https://doi.org/10.1128/AAC.06148-11
https://doi.org/10.3389/fmicb.2014.00474
https://doi.org/10.1099/mic.0.27824-0
https://doi.org/10.1098/rspb.2008.1098
https://doi.org/10.1007/s12268-020-1390-6
https://doi.org/10.1002/bies.201800247
https://doi.org/10.1128/jb.00071-25


267. Shilo M. 1970. Lysis of blue-green algae by myxobacter. J Bacteriol 
104:453–461. https://doi.org/10.1128/jb.104.1.453-461.1970

268. McBride MJ, Zusman DR. 1996. Behavioral analysis of single cells of 
Myxococcus xanthus in response to prey cells of Escherichia coli. FEMS 
Microbiol Lett 137:227–231. https://doi.org/10.1111/j.1574-6968.1996.t
b08110.x

269. Seef S, Herrou J, de Boissier P, My L, Brasseur G, Robert D, Jain R, 
Mercier R, Cascales E, Habermann BH, Mignot T. 2021. A tad-like 
apparatus is required for contact-dependent prey killing in predatory 
social bacteria. Elife 10:e72409. https://doi.org/10.7554/eLife.72409

270. Thiery S, Turowski P, Berleman JE, Kaimer C. 2022. The predatory soil 
bacterium Myxococcus xanthus combines a tad- and an atypical type 3-
like protein secretion system to kill bacterial cells. Cell Rep 40:111340. h
ttps://doi.org/10.1016/j.celrep.2022.111340

271. Contreras-Moreno FJ, Moraleda-Muñoz A, Marcos-Torres FJ, Cuéllar V, 
Soto MJ, Pérez J, Muñoz-Dorado J. 2024. Siderophores and competition 
for iron govern myxobacterial predation dynamics. ISME J 18:wrae077. 
https://doi.org/10.1093/ismejo/wrae077

272. Vasse M, Fiegna F, Kriesel B, Velicer GJ. 2024. Killer prey: ecology 
reverses bacterial predation. PLoS Biol 22:e3002454. https://doi.org/10.
1371/journal.pbio.3002454

273. Petters S, Groß V, Söllinger A, Pichler M, Reinhard A, Bengtsson MM, 
Urich T. 2021. The soil microbial food web revisited: predatory 
myxobacteria as keystone taxa? ISME J 15:2665–2675. https://doi.org/1
0.1038/s41396-021-00958-2

274. Burchard RP, Dworkin M. 1966. Light-induced lysis and carotenogenesis 
in Myxococcus xanthus . J Bacteriol 91:535–545. https://doi.org/10.1128/
jb.91.2.535-545.1966

275. Burchard RP, Hendricks SB. 1969. Action spectrum for carotenogenesis 
in Myxococcus xanthus. J Bacteriol 97:1165–1168. https://doi.org/10.112
8/jb.97.3.1165-1168.1969

276. López-García P, Moreira D. 2020. The syntrophy hypothesis for the 
origin of eukaryotes revisited. Nat Microbiol 5:655–667. https://doi.org/
10.1038/s41564-020-0710-4

277. Padmanabhan S, Monera-Girona AJ, Pérez-Castaño R, Bastida-Martínez 
E, Pajares-Martínez E, Bernal-Bernal D, Galbis-Martínez ML, Polanco MC, 
Iniesta AA, Fontes M, Elías-Arnanz M. 2021. Light-triggered caroteno­
genesis in Myxococcus xanthus: new paradigms in photosensory 
signaling, transduction and gene regulation. Microorganisms 9:1067. ht
tps://doi.org/10.3390/microorganisms9051067

278. Martínez-Laborda A, Elías M, Ruiz-Vázquez R, Murillo FJ. 1986. Insertions 
of Tn5 linked to mutations affecting carotenoid synthesis in Myxococcus 
xanthus. Molec Gen Genet 205:107–114. https://doi.org/10.1007/BF024
28039

279. Nicolás FJ, Ruiz-Vázquez RM, Murillo FJ. 1994. A genetic link between 
light response and multicellular development in the bacterium 
Myxococcus xanthus. Genes Dev 8:2375–2387. https://doi.org/10.1101/g
ad.8.19.2375

280. Fontes M, Galbis‐Martínez L, Murillo FJ. 2003. A novel regulatory gene 
for light‐induced carotenoid synthesis in the bacterium Myxococcus 
xanthus . Mol Microbiol 47:561–571. https://doi.org/10.1046/j.1365-295
8.2003.03319.x

281. Gorham HC, McGowan SJ, Robson PRH, Hodgson DA. 1996. Light‐
induced carotenogenesis in Myxococcus xanthus : light‐dependent 
membrane sequestration of ECF sigma factor CarQ by anti‐sigma 
factor CarR . Mol Microbiol 19:171–186. https://doi.org/10.1111/j.1365-
2958.1996.tb02458.x

282. Martínez-Argudo I, Ruiz-Vázquez RM, Murillo FJ. 1998. The structure of 
an ECF-sigma-dependent, light-inducible promoter from the bacterium 
Myxococcus xanthus. Mol Microbiol 30:883–893. https://doi.org/10.1046
/j.1365-2958.1998.01129.x

283. Galbis-Martínez M, Padmanabhan S, Murillo FJ, Elías-Arnanz M. 2012. 
CarF mediates signaling by singlet oxygen, generated via photoexcited 
protoporphyrin IX, in Myxococcus xanthus light-induced carotenogene­
sis. J Bacteriol 194:1427–1436. https://doi.org/10.1128/JB.06662-11

284. Gallego-García A, Monera-Girona AJ, Pajares-Martínez E, Bastida-
Martínez E, Pérez-Castaño R, Iniesta AA, Fontes M, Padmanabhan S, 
Elías-Arnanz M. 2019. A bacterial light response reveals an orphan 
desaturase for human plasmalogen synthesis. Science 366:128–132. htt
ps://doi.org/10.1126/science.aay1436

285. Elías-Arnanz M, Padmanabhan S, Murillo FJ. 2010. The regulatory action 
of the myxobacterial CarD/CarG complex: a bacterial enhanceosome? 
FEMS Microbiol Rev 34:764–778. https://doi.org/10.1111/j.1574-6976.2
010.00235.x

286. Bernal-Bernal D, Abellón-Ruiz J, Iniesta AA, Pajares-Martínez E, Bastida-
Martínez E, Fontes M, Padmanabhan S, Elías-Arnanz M. 2018. 
Multifactorial control of the expression of a CRISPR-Cas system by an 
extracytoplasmic function σ/anti-σ pair and a global regulatory 
complex. Nucleic Acids Res 46:6726–6745. https://doi.org/10.1093/nar/
gky475

287. Bernal-Bernal D, Pantoja-Uceda D, López-Alonso JP, López-Rojo A, 
López-Ruiz JA, Galbis-Martínez M, Ochoa-Lizarralde B, Tascón I, Elías-
Arnanz M, Ubarretxena-Belandia I, Padmanabhan S. 2024. Structural 
basis for regulation of a CBASS-CRISPR-Cas defense island by a 
transmembrane anti-sigma factor and its ECF sigma partner. Sci Adv 
10:eadp1053. https://doi.org/10.1126/sciadv.adp1053

288. Ortiz-Guerrero JM, Polanco MC, Murillo FJ, Padmanabhan S, Elías-
Arnanz M. 2011. Light-dependent gene regulation by a coenzyme B12-
based photoreceptor. Proc Natl Acad Sci USA 108:7565–7570. https://d
oi.org/10.1073/pnas.1018972108

289. Padmanabhan S, Jost M, Drennan CL, Elías-Arnanz M. 2017. A new facet 
of vitamin B12: gene regulation by cobalamin-based photoreceptors. 
Annu Rev Biochem 86:485–514. https://doi.org/10.1146/annurev-bioch
em-061516-044500

290. Pérez-Castaño R, Bastida-Martínez E, Fernández-Zapata J, Polanco MDC, 
Galbis-Martínez ML, Iniesta AA, Fontes M, Padmanabhan S, Elías-Arnanz 
M. 2022. Coenzyme B12 -dependent and independent photoregulation 
of carotenogenesis across Myxococcales. Environ Microbiol 24:1865–
1886. https://doi.org/10.1111/1462-2920.15895

291. Yang Z, Fok HKF, Luo J, Yang Y, Wang R, Huang X, Sun F. 2022. B12-
induced reassembly of split photoreceptor protein enables photores­
ponsive hydrogels with tunable mechanics. Sci Adv 8:eabm5482. https:
//doi.org/10.1126/sciadv.abm5482

292. Mansouri M, Hussherr MD, Strittmatter T, Buchmann P, Xue S, 
Camenisch G, Fussenegger M. 2021. Smart-watch-programmed green-
light-operated percutaneous control of therapeutic transgenes. Nat 
Commun 12:3388. https://doi.org/10.1038/s41467-021-23572-4

293. Zheng Y, Chen F, Frank S, Quispe Haro JJ, Wegner SV. 2024. Three-color 
protein photolithography with green, red, and far-red light. Small 
20:e2405687. https://doi.org/10.1002/smll.202405687

294. Qualls GT, Stephens K, White D. 1978. Morphogenetic movements and 
multicellular development in the fruiting myxobacterium, Stigmatella 
aurantiaca. Dev Biol 66:270–274. https://doi.org/10.1016/0012-1606(78
)90291-9

295. Qualls GT, Stephens K, White D. 1978. Light-stimulated morphogenesis 
in the fruiting myxobacterium Stigmatella aurantiaca. Science 201:444–
445. https://doi.org/10.1126/science.96528

296. Woitowich NC, Halavaty AS, Waltz P, Kupitz C, Valera J, Tracy G, 
Gallagher KD, Claesson E, Nakane T, Pandey S, et al. 2018. Structural 
basis for light control of cell development revealed by crystal structures 
of a myxobacterial phytochrome. IUCrJ 5:619–634. https://doi.org/10.11
07/S2052252518010631

297. Sanchez JC, Carrillo M, Pandey S, Noda M, Aldama L, Feliz D, Claesson E, 
Wahlgren WY, Tracy G, Duong P, Nugent AC, Field A, Šrajer V, Kupitz C, 
Iwata S, Nango E, Tanaka R, Tanaka T, Fangjia L, Tono K, Owada S, 
Westenhoff S, Schmidt M, Stojković EA. 2019. High-resolution crystal 
structures of a myxobacterial phytochrome at cryo and room 
temperatures. Struct Dyn 6:054701. https://doi.org/10.1063/1.5120527

298. Carrillo M, Pandey S, Sanchez J, Noda M, Poudyal I, Aldama L, Malla TN, 
Claesson E, Wahlgren WY, Feliz D, Šrajer V, Maj M, Castillon L, Iwata S, 
Nango E, Tanaka R, Tanaka T, Fangjia L, Tono K, Owada S, Westenhoff S, 
Stojković EA, Schmidt M. 2021. High-resolution crystal structures of 
transient intermediates in the phytochrome photocycle. Structure 
29:743–754. https://doi.org/10.1016/j.str.2021.03.004

299. Giraud E, Fardoux J, Fourrier N, Hannibal L, Genty B, Bouyer P, Dreyfus B, 
Verméglio A. 2002. Bacteriophytochrome controls photosystem 
synthesis in anoxygenic bacteria. Nature 417:202–205. https://doi.org/1
0.1038/417202a

300. Giraud E, Zappa S, Vuillet L, Adriano J-M, Hannibal L, Fardoux J, 
Berthomieu C, Bouyer P, Pignol D, Verméglio A. 2005. A new type of 
bacteriophytochrome acts in tandem with a classical bacteriophyto­
chrome to control the antennae synthesis in Rhodopseudomonas 
palustris. J Biol Chem 280:32389–32397. https://doi.org/10.1074/jbc.M5
06890200

301. Fixen KR, Baker AW, Stojkovic EA, Beatty JT, Harwood CS. 2014. Apo-
bacteriophytochromes modulate bacterial photosynthesis in response 
to low light. Proc Natl Acad Sci USA 111:E237–44. https://doi.org/10.107
3/pnas.1322410111

Minireview Journal of Bacteriology

July 2025  Volume 207  Issue 7 10.1128/jb.00071-2535

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/j

b 
on

 1
1 

Fe
br

ua
ry

 2
02

6 
by

 1
34

.9
6.

12
1.

18
1.

https://doi.org/10.1128/jb.104.1.453-461.1970
https://doi.org/10.1111/j.1574-6968.1996.tb08110.x
https://doi.org/10.7554/eLife.72409
https://doi.org/10.1016/j.celrep.2022.111340
https://doi.org/10.1093/ismejo/wrae077
https://doi.org/10.1371/journal.pbio.3002454
https://doi.org/10.1038/s41396-021-00958-2
https://doi.org/10.1128/jb.91.2.535-545.1966
https://doi.org/10.1128/jb.97.3.1165-1168.1969
https://doi.org/10.1038/s41564-020-0710-4
https://doi.org/10.3390/microorganisms9051067
https://doi.org/10.1007/BF02428039
https://doi.org/10.1101/gad.8.19.2375
https://doi.org/10.1046/j.1365-2958.2003.03319.x
https://doi.org/10.1111/j.1365-2958.1996.tb02458.x
https://doi.org/10.1046/j.1365-2958.1998.01129.x
https://doi.org/10.1128/JB.06662-11
https://doi.org/10.1126/science.aay1436
https://doi.org/10.1111/j.1574-6976.2010.00235.x
https://doi.org/10.1093/nar/gky475
https://doi.org/10.1126/sciadv.adp1053
https://doi.org/10.1073/pnas.1018972108
https://doi.org/10.1146/annurev-biochem-061516-044500
https://doi.org/10.1111/1462-2920.15895
https://doi.org/10.1126/sciadv.abm5482
https://doi.org/10.1038/s41467-021-23572-4
https://doi.org/10.1002/smll.202405687
https://doi.org/10.1016/0012-1606(78)90291-9
https://doi.org/10.1126/science.96528
https://doi.org/10.1107/S2052252518010631
https://doi.org/10.1063/1.5120527
https://doi.org/10.1016/j.str.2021.03.004
https://doi.org/10.1038/417202a
https://doi.org/10.1074/jbc.M506890200
https://doi.org/10.1073/pnas.1322410111
https://doi.org/10.1128/jb.00071-25


302. Wu L, McGrane RS, Beattie GA. 2013. Light regulation of swarming 
motility in Pseudomonas syringae integrates signaling pathways 
mediated by a bacteriophytochrome and a LOV protein. MBio 
4:e00334–13. https://doi.org/10.1128/mBio.00334-13

303. Malla TN, Hernandez C, Muniyappan S, Menendez D, Bizhga D, Mendez 
JH, Schwander P, Stojković EA, Schmidt M. 2024. Photoreception and 
signaling in bacterial phytochrome revealed by single-particle cryo-EM. 
Sci Adv 10:eadq0653. https://doi.org/10.1126/sciadv.adq0653

304. Rockwell NC, Shang L, Martin SS, Lagarias JC. 2009. Distinct classes of 
red/far-red photochemistry within the phytochrome superfamily. Proc 
Natl Acad Sci USA 106:6123–6127. https://doi.org/10.1073/pnas.090237
0106

305. Graniczkowska KB, Bizhga D, Noda M, Leon V, Saraf N, Feliz D, Sharma 
G, Nugent AC, Singer M, Stojković EA. 2024. Photomorphogenesis of 
Myxococcus macrosporus: new insights for light-regulation of cell 
development. Photochem Photobiol Sci 23:1857–1870. https://doi.org/
10.1007/s43630-024-00635-1

306. Baker CL, Kettenbach AN, Loros JJ, Gerber SA, Dunlap JC. 2009. 
Quantitative proteomics reveals a dynamic interactome and phase-
specific phosphorylation in the neurospora circadian clock. Mol Cell 
34:354–363. https://doi.org/10.1016/j.molcel.2009.04.023

307. Golden SS, Ishiura M, Johnson CH, Kondo T. 1997. Cyanobacterial 
circadian rhythms. Annu Rev Plant Physiol Plant Mol Biol 48:327–354. ht
tps://doi.org/10.1146/annurev.arplant.48.1.327

308. Hörnlein C, Confurius-Guns V, Stal LJ, Bolhuis H. 2018. Daily rhythmicity 
in coastal microbial mats. NPJ Biofilms Microbiomes 4:11. https://doi.or
g/10.1038/s41522-018-0054-5

309. Herrmann J, Fayad AA, Müller R. 2017. Natural products from 
myxobacteria: novel metabolites and bioactivities. Nat Prod Rep 
34:135–160. https://doi.org/10.1039/c6np00106h

310. Weissman KJ, Müller R. 2010. Myxobacterial secondary metabolites: 
bioactivities and modes-of-action. Nat Prod Rep 27:1276–1295. https://
doi.org/10.1039/c001260m

311. Hoffmann M, Auerbach D, Panter F, Hoffmann T, Dorrestein PC, Müller 
R. 2018. Homospermidine lipids: a compound class specifically formed 
during fruiting body formation of Myxococcus xanthus DK1622. ACS 
Chem Biol 13:273–280. https://doi.org/10.1021/acschembio.7b00816

312. Hug JJ, Dastbaz J, Adam S, Revermann O, Koehnke J, Krug D, Müller R. 
2020. Biosynthesis of cittilins, unusual ribosomally synthesized and 
post-translationally modified peptides from Myxococcus xanthus ACS 
Chem Biol 15:2221–2231. https://doi.org/10.1021/acschembio.0c00430

313. Viehrig K, Surup F, Volz C, Herrmann J, Abou Fayad A, Adam S, Köhnke J, 
Trauner D, Müller R. 2017. Structure and biosynthesis of crocagins: 
polycyclic posttranslationally modified ribosomal peptides from 
Chondromyces crocatus. Angew Chem Int Ed Engl 56:7407–7410. https:/
/doi.org/10.1002/anie.201612640

314. Finck G. 1950. Biologische und stoffwechselphysiologische studien an 
Myxococcaceen. Archiv Mikrobiol 15:358–388. https://doi.org/10.1007/B
F00407349

315. Ringel SM, Greenough RC, Roemer S, Connor D, Gutt AL, Blair B, Kanter 
G, vonS. 1977. Ambruticin (W7783), a new antifungal antibiotic. J 
Antibiot (Tokyo) 30:371–375. https://doi.org/10.7164/antibiotics.30.371

316. Wenzel SC, Müller R. 2007. Myxobacterial natural product assembly 
lines: fascinating examples of curious biochemistry. Nat Prod Rep 
24:1211–1224. https://doi.org/10.1039/b706416k

317. Marcos-Torres FJ, Volz C, Müller R. 2020. An ambruticin-sensing complex 
modulates Myxococcus xanthus development and mediates myxobac­
terial interspecies communication. Nat Commun 11:5563. https://doi.or
g/10.1038/s41467-020-19384-7

318. Volz C, Kegler C, Müller R. 2012. Enhancer binding proteins act as 
hetero-oligomers and link secondary metabolite production to 
myxococcal development, motility, and predation. Chem Biol 19:1447–
1459. https://doi.org/10.1016/j.chembiol.2012.09.010

319. Gerth K, Jansen R, Reifenstahl G, Höfle G, Irschik H, Kunze B, Reichen­
bach H, Thierbach G. 1983. The myxalamids, new antibiotics from 
Myxococcus xanthus (Myxobacterales). I. production, physico-chemical 
and biological properties, and mechanism of action. J Antibiot (Tokyo) 
36:1150–1156. https://doi.org/10.7164/antibiotics.36.1150

320. Xiao Y, Wei X, Ebright R, Wall D. 2011. Antibiotic production by 
myxobacteria plays a role in predation. J Bacteriol 193:4626–4633. https
://doi.org/10.1128/JB.05052-11

321. Kunze B, Bedorf N, Kohl W, Höfle G, Reichenbach H. 1989. Myxochelin A, 
a new iron-chelating compound from Angiococcus disciformis 

(Myxobacterales). production, isolation, physico-chemical and 
biological properties. J Antibiot (Tokyo) 42:14–17. https://doi.org/10.71
64/antibiotics.42.14

322. Meiser P, Bode HB, Müller R. 2006. The unique DKxanthene secondary 
metabolite family from the myxobacterium Myxococcus xanthus is 
required for developmental sporulation. Proc Natl Acad Sci USA 
103:19128–19133. https://doi.org/10.1073/pnas.0606039103

323. Cortina NS, Krug D, Plaza A, Revermann O, Müller R. 2012. Myxoprinco­
mide: a natural product from Myxococcus xanthus discovered by 
comprehensive analysis of the secondary metabolome. Angew Chem 
Int Ed Engl 51:811–816. https://doi.org/10.1002/anie.201106305

324. Zaburannyi N, Bunk B, Maier J, Overmann J, Müller R. 2016. Genome 
analysis of the fruiting body-forming myxobacterium Chondromyces 
crocatus reveals high potential for natural product biosynthesis. Appl 
Environ Microbiol 82:1945–1957. https://doi.org/10.1128/AEM.03011-1
5

325. Hoffmann T, Krug D, Bozkurt N, Duddela S, Jansen R, Garcia R, Gerth K, 
Steinmetz H, Müller R. 2018. Correlating chemical diversity with 
taxonomic distance for discovery of natural products in myxobacteria. 
Nat Commun 9:803. https://doi.org/10.1038/s41467-018-03184-1

326. Baumann S, Herrmann J, Raju R, Steinmetz H, Mohr KI, Hüttel S, 
Harmrolfs K, Stadler M, Müller R. 2014. Cystobactamids: myxobacterial 
topoisomerase inhibitors exhibiting potent antibacterial activity. 
Angew Chem Int Ed Engl 53:14605–14609. https://doi.org/10.1002/anie
.201409964

327. Hug JJ, Panter F, Krug D, Müller R. 2019. Genome mining reveals 
uncommon alkylpyrones as type III PKS products from myxobacteria. J 
Ind Microbiol Biotechnol 46:319–334. https://doi.org/10.1007/s10295-0
18-2105-6

328. Surup F, Viehrig K, Mohr KI, Herrmann J, Jansen R, Müller R. 2014. 
Disciformycins A and B: 12-membered macrolide glycoside antibiotics 
from the myxobacterium Pyxidicoccus fallax active against multiresist­
ant staphylococci. Angew Chem Int Ed Engl 53:13588–13591. https://do
i.org/10.1002/anie.201406973

329. Haack PA, Harmrolfs K, Bader CD, Garcia R, Gunesch AP, Haid S, Popoff 
A, Voltz A, Kim H, Bartenschlager R, Pietschmann T, Müller R. 2022. 
Thiamyxins: structure and biosynthesis of myxobacterial RNA‐virus 
inhibitors. Angew Chem Int Ed 61:e202212946. https://doi.org/10.1002/
anie.202212946

330. Panter F, Krug D, Baumann S, Müller R. 2018. Self-resistance guided 
genome mining uncovers new topoisomerase inhibitors from 
myxobacteria. Chem Sci 9:4898–4908. https://doi.org/10.1039/c8sc013
25j

331. Krzemieniewska H, Krzemieniewski S. 1926. Miksobakterje polski [die 
myxobakterien von polen]. ACTA SOC BOT Pol 4:1–54. https://doi.org/1
0.5586/asbp.1926.001

332. Dawid W. 2000. Biology and global distribution of myxobacteria in soils. 
FEMS Microbiol Rev 24:403–427. https://doi.org/10.1111/j.1574-6976.2
000.tb00548.x

333. Wielgoss S, Wolfensberger R, Sun L, Fiegna F, Velicer GJ. 2019. Social 
genes are selection hotspots in kin groups of a soil microbe. Science 
363:1342–1345. https://doi.org/10.1126/science.aar4416

334. Velicer GJ, Vos M. 2009. Sociobiology of the myxobacteria. Annu Rev 
Microbiol 63:599–623. https://doi.org/10.1146/annurev.micro.091208.0
73158

335. Rosenberg E, Keller KH, Dworkin M. 1977. Cell density-dependent 
growth of Myxococcus xanthus on casein. J Bacteriol 129:770–777. https:
//doi.org/10.1128/jb.129.2.770-777.1977

336. Shi W, Zusman DR. 1993. The two motility systems of Myxococcus 
xanthus show different selective advantages on various surfaces. Proc 
Natl Acad Sci USA 90:3378–3382. https://doi.org/10.1073/pnas.90.8.337
8

337. Pande S, Velicer GJ. 2018. Chimeric synergy in natural social groups of a 
cooperative microbe. Curr Biol 28:262–267. https://doi.org/10.1016/j.cu
b.2017.11.043

338. Velicer GJ, Freund L, Fortezza M, Mayrhofer N, Schaal K. 2024. Discover 
Myxo. MyxoEE. Available from: https://www.myxoee.org/discover-myxo

339. Yu Y-TN, Yuan X, Velicer GJ. 2010. Adaptive evolution of an sRNA that 
controls Myxococcus development. Science 328:993. https://doi.org/10.
1126/science.1187200

Minireview Journal of Bacteriology

July 2025  Volume 207  Issue 7 10.1128/jb.00071-2536

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/j

b 
on

 1
1 

Fe
br

ua
ry

 2
02

6 
by

 1
34

.9
6.

12
1.

18
1.

https://doi.org/10.1128/mBio.00334-13
https://doi.org/10.1126/sciadv.adq0653
https://doi.org/10.1073/pnas.0902370106
https://doi.org/10.1007/s43630-024-00635-1
https://doi.org/10.1016/j.molcel.2009.04.023
https://doi.org/10.1146/annurev.arplant.48.1.327
https://doi.org/10.1038/s41522-018-0054-5
https://doi.org/10.1039/c6np00106h
https://doi.org/10.1039/c001260m
https://doi.org/10.1021/acschembio.7b00816
https://doi.org/10.1021/acschembio.0c00430
https://doi.org/10.1002/anie.201612640
https://doi.org/10.1007/BF00407349
https://doi.org/10.7164/antibiotics.30.371
https://doi.org/10.1039/b706416k
https://doi.org/10.1038/s41467-020-19384-7
https://doi.org/10.1016/j.chembiol.2012.09.010
https://doi.org/10.7164/antibiotics.36.1150
https://doi.org/10.1128/JB.05052-11
https://doi.org/10.7164/antibiotics.42.14
https://doi.org/10.1073/pnas.0606039103
https://doi.org/10.1002/anie.201106305
https://doi.org/10.1128/AEM.03011-15
https://doi.org/10.1038/s41467-018-03184-1
https://doi.org/10.1002/anie.201409964
https://doi.org/10.1007/s10295-018-2105-6
https://doi.org/10.1002/anie.201406973
https://doi.org/10.1002/anie.202212946
https://doi.org/10.1039/c8sc01325j
https://doi.org/10.5586/asbp.1926.001
https://doi.org/10.1111/j.1574-6976.2000.tb00548.x
https://doi.org/10.1126/science.aar4416
https://doi.org/10.1146/annurev.micro.091208.073158
https://doi.org/10.1128/jb.129.2.770-777.1977
https://doi.org/10.1073/pnas.90.8.3378
https://doi.org/10.1016/j.cub.2017.11.043
https://www.myxoee.org/discover-myxo
https://doi.org/10.1126/science.1187200
https://doi.org/10.1128/jb.00071-25

	Milestones in the development of Myxococcus xanthus as a model multicellular bacterium
	MYXOBACTERIAL RESEARCH: EARLY DAYS AND PIONEERING WAYS
	FROM LEA TO LAB: ORIGINS OF M. XANTHUS LABORATORY STRAINS
	FROM CODE TO COMPLEXITY: MYXOBACTERIAL GENOMICS
	M. XANTHUS AS THE FOUNDING BACTERIAL MODEL FOR MULTICELLULAR DEVELOPMENT
	M. XANTHUS AS A MODEL GRAM-NEGATIVE BACTERIUM FOR SPORULATION
	FRESH OPPORTUNITIES FOR PROBING PG DYNAMICS
	DEVELOPMENTAL GENE EXPRESSION
	SIGNALING ROLES OF NUCLEOTIDE DERIVATIVES IN MYXOBACTERIA
	M. XANTHUS POLYSACCHARIDES: PIVOTAL PLAYERS IN PHENOTYPIC PLASTICITY AND PHYSIOLOGY
	SOCIAL MOTILITY AND TYPE IV PILI
	GLIDING MOTILITY AND THE FLUID GLIDING MACHINERY
	FOLLOWING A CHEMICAL COMPASS: CHEMOTAXIS FOR SURFACE MOVEMENTS
	SPATIOTEMPORAL REGULATION OF M. XANTHUS MOTILITY
	SPATIOTEMPORAL REGULATION OF CELL DIVISION IN M. XANTHUS
	FRIEND OR FOE: KIN RECOGNITION THROUGH OUTER-MEMBRANE EXCHANGE
	KILLER COHORTS: M. XANTHUS ON THE HUNT
	SHEDDING LIGHT ON CAROTENOID DEFENSE IN THE MYXOBACTERIA
	LIGHT AND MULTICELLULAR DEVELOPMENT IN MYXOBACTERIA
	SECONDARY METABOLITES OF M. XANTHUS AND OTHER MYXOBACTERIA
	ADAPTING AND THRIVING: MYXOBACTERIAL EVOLUTION AND ECOLOGY
	PERSPECTIVES
	Synthetic biology and genetic engineering
	Evolution and ecology of social behaviors
	Physiology and stress responses
	Harnessing advanced analytical tools

	CONCLUSION


