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Myxobacteria are ubiquitous in soil environments. They display a complex life cycle:
vegetatively growing cells coordinate their motility to form multicellular swarms, which
upon starvation aggregate into large fruiting bodies where cells differentiate into spores.
In addition to growing as saprophytes, Myxobacteria are predators that actively Kill bacteria
of other species to consume their biomass. In this review, we summarize research on the
predation behavior of the model myxobacterium Myxococcus xanthus, which can access
nutrients from a broad spectrum of microorganisms. M. xanthus displays an epibiotic
predation strategy, i.e., it induces prey lysis from the outside and feeds on the released
biomass. This predatory behavior encompasses various processes: Gliding motility and
induced cell reversals allow M. xanthus to encounter prey and to remain within the area
to sweep up its biomass, which causes the characteristic “rippling” of preying populations.
Antibiotics and secreted bacteriolytic enzymes appear to be important predation factors,
which are possibly targeted to prey cells with the aid of outer membrane vesicles. However,
certain bacteria protect themselves from M. xanthus predation by forming mechanical
barriers, such as biofims and mucoid colonies, or by secreting antibiotics. Further
understanding the molecular mechanisms that mediate myxobacterial predation will offer
fascinating insight into the reciprocal relationships of bacteria in complex communities,
and might spur application-oriented research on the development of novel
antibacterial strategies.

Keywords: bacterial soil communities, protein secretion system, outer membrane vesicle, myxovirescin,
gliding motility

INTRODUCTION

Predatory bacteria are found in different phyla and apply different mechanisms to kill bacteria
of other species and consume their biomass (Jurkevitch, 2007). Endobiotic predators, like the
Bdellovibrio species, enter the periplasm of a prey cell, utilize its biomass to multiply and lyse
the prey cell from within (Sockett, 2009). In contrast, epibiotic predators induce prey lysis
from the outside and feed on the released biomass. Epibiotic predation has been described
for different proteobacteria, such as Ensifer adhaerens and Micavibrio admirandus (a-proteobacteria),
Cupriavidus necator (f-proteobacteria), Lysobacter sp. (y-proteobacteria) and the Myxobacteria
(6-proteobacteria) (Jurkevitch, 2007; Pérez et al., 2016).

Myxobacteria are ubiquitous in soil and known for their elaborate multicellular behaviors
(Keane and Berleman, 2016; Mufoz-Dorado et al., 2016): single cells form large clusters that
move slowly along surfaces and secrete enzymes at high concentrations to access nutrients.
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When nutrients become scarce, cells coordinate their motility
and aggregate into complex multicellular structures, called
fruiting bodies, where they differentiate into spores (Figure 1A,
white arrowhead). In this mini-review, we summarize our
current understanding of the epibiotic predation strategy
displayed by the model myxobacterium Myxococcus xanthus.

Predation is a facultative behavior of M. xanthus, since it
can also grow saprophytically by degrading dead biomass derived
from plants or microorganisms (Shimkets, 1984). Its preferred
energy and carbon source are amino acids and lipids, which
are catabolized via various pathways. Moreover, M. xanthus lacks
the biosynthetic pathways for valine, leucine, and isoleucine
and thus relies on external sources for these branched amino
acids (Curtis and Shimkets, 2008). Comparative genome analysis
revealed that genes associated with secondary metabolites, digestive
enzymes, protein secretion, and TonB-dependent receptors/metal
transport, which may be utilized for killing other bacteria and
consuming their biomass, are overrepresented in M. xanthus
(Goldman et al., 2006; Karlin et al., 2006; Korp et al., 2016).

Compared to other bacterial predators, which display a
limited prey spectrum, M. xanthus is a generalist that is able
to feed on a broad range of bacteria and some fungi: It has
been observed to prey on soil bacteria (Rosenberg and Varon,
1984; Morgan et al., 2010; Mendes-Soares and Velicer, 2013),
including plant pathogens (Pham et al., 2005), on cyanobacteria
(Shilo, 1970), clinically relevant species, such as Pseudomonas
aeruginosa and Staphylococcus aureus (Miiller et al, 2014;
Livingstone et al., 2017), yeasts (Berleman et al., 2006; Livingstone
et al, 2017), and other fungi (Bull et al., 2002). Comparative
analysis of predation performance indicates that, under laboratory
conditions, most prey species significantly support M. xanthus
growth (Morgan et al., 2010; Mendes-Soares and Velicer, 2013;
Livingstone et al.,, 2017). Considering the broad spectrum of
prey that can be utilized by M. xanthus, it is likely that different
molecular mechanisms, acting either in isolation or synergistically,

are required to prey on different species. Moreover, numerous
studies addressing different aspects of M. xanthus predation
have corroborated that predation is a complex, multilayered
process that requires a combination of different traits: prey
cells are encountered, recognized, and lysed, while the predator
remains unharmed. Biomass released from prey is degraded,
taken up, and metabolized. These processes can require
individuals or a large number of predator cells and may evoke
a specific response by the prey.

GLIDING MOTILITY ALLOWS FREQUENT
PREY ENCOUNTERS

Regardless of the prey species used, M. xanthus must be in
close proximity to prey cells in order to induce their lysis
and to benefit from their biomass (Figure 1B; McBride and
Zusman, 1996; Berleman and Kirby, 2009; Munoz-Dorado et al.,
2016). M. xanthus encounters prey cells by gliding slowly on
surfaces, powered by two motility mechanisms (Mercier and
Mignot, 2016; Schumacher and Segaard-Andersen, 2017): polar
type IV pili are extended and retracted to move by “social”
S-motility, where cells typically form large clusters that are
embedded in exopolysaccharides. Alternatively, M. xanthus cells
can move as individuals, which are powered by motility engines
that are laterally embedded in the cell envelope (“adventurous”
A-motility). The S- and A-motility mechanisms were both
shown to contribute to efficient predation (Pham et al., 2005;
Hillesland et al., 2007; Pérez et al., 2014).

By using time-lapse microscopy, it was demonstrated that
an individual M. xanthus cell is able to induce lysis of an
E. coli cell (Figure 1B; McBride and Zusman, 1996; Zhang
et al., 2019). Moreover, the M. xanthus cell was observed to
change its behavior upon contact with E. coli, by halting next
to a prey cell (Zhang et al., 2019) and/or repeatedly reversing
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FIGURE 1 | Epibiotic predation by the myxobacterium Myxococcus xanthus. (A) M. xanthus cells that are placed next to E. coli on a CF agar plate, which only
provides a minimal amount of nutrients, expand radially using gliding motility, enter the prey colony, and lyse prey cells. Multicellular fruiting bodies (white arrowhead),
in which M. xanthus cells differentiate into spores, start to emerge near the inoculation spot. Preying M. xanthus induces regular cell reversals, which appear as
macroscopic ripples within the prey area (yellow arrowhead). The image was taken 2 days after the initial inoculation of predator and prey. (B) M. xanthus secretes
hydrolytic enzymes and secondary metabolites, which presumably kill and degrade prey cells for biomass acquisition. Outer membrane vesicles (OMVs) may
contribute to the delivery of these Iytic factors. M. xanthus cells typically move and prey in large clusters, but also individual cells are able to induce prey cell lysis.
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its direction of movement (McBride and Zusman, 1996). This
presumably allows M. xanthus to remain within the area and
ensure lysis of all available prey cells. Cell reversals in M.
xanthus are regulated by a specialized chemosensory system,
the frz pathway (Kaimer et al, 2012), and mutation of key
regulators reduces predation efficiency (Pham et al, 2005;
Berleman et al., 2008). Regulated reversals are also essential
for the characteristic rippling pattern, which can be observed
in preying M. xanthus populations: upon entering and lysing
a prey colony, M. xanthus cells synchronize their motility and
reverse in oscillating waves (Figure 1A, yellow arrowhead)
(Reichenbach, 1966; Berleman et al., 2006, 2008). It was shown,
both experimentally and by computational simulation, that
rippling in presence of prey increases the rate of colony expansion
by the predator (Berleman et al, 2008; Zhang et al, 2012).
At the same time, rippling reduces the mean square displacement
of individual cells, which would allow the predator cells to
remain within the prey area longer (Zhang et al., 2012).

Overall, regulated cell motility determines how frequently
M. xanthus encounters prey, and therefore mutations in the
respective genes reduce predation efficiency. However, the
ability to kill and consume prey cells is not affected, as
motility mutants are still able to lyse and grow on prey
(Berleman and Kirby, 2009).

HOW ARE PREY CELLS LYSED
AND CONSUMED?

According to our current understanding, M. xanthus uses a
combination of secondary metabolites and secreted enzymes
to kill and lyse prey cells, and to consume their biomass
(Figure 1B; Keane and Berleman, 2016; Mufoz-Dorado et al.,
2016; Pérez et al., 2016). M. xanthus encodes for 24 biosythetic
clusters that produce secondary metabolites. In addition to
several unknown products, these clusters synthesize pigments,
siderophores, bacteriocins, and antibiotics that target bacteria
or fungi (Korp et al, 2016). For two antibiotics, myxovirescin
A and myxoprincomide, a role in predation has been
demonstrated. Myxoprincomide is a linear peptide of nine
amino acids that is synthesized by a hybrid biosynthetic module
of non-ribosomal peptide/polyketide synthases (Cortina et al.,
2012), but its mode of action remains unknown. Lack of
myxoprincomide reduces M. xanthus growth on B. subtilis and
increases the number of surviving prey cells (Miller et al,
2016). However, myxoprincomide is not required for growth
of M. xanthus on E. coli, and also not for growth on a B.
subtilis mutant that is unable to produce the antibiotic bacillaene
(Muller et al., 2014, 2016). It therefore does not appear to
be a general killing factor, but might rather be required to
specifically counteract antibiotics that are produced by prey
in response to M. xanthus (Miuller et al., 2016).
Myxovirescin A (or “TA”) is a bactericidal antibiotic, which
targets signal peptidase II (LspA) and thereby inhibits lipoprotein
maturation, leading to the formation of lethal cross-links between
the cell wall and the inner membrane in growing cells (Rosenberg
and Varon, 1984; Xiao et al., 2012). In co-culture experiments,

significantly more E. coli cells survive in the presence of a
myxovirescin A mutant compared to M. xanthus wild type,
which implies a role for myxovirescin A in prey killing (Xiao
et al,, 2011). However, lack of myxovirescin makes no difference
for predation under nutrient-free conditions, i.e., when prey
cells are not actively growing. The resulting hypothesis is that
bactericidal antibiotics, such as myxovirescin A, are secreted
by M. xanthus to neutralize prey metabolism, which might
facilitate the subsequent degradation of prey biomass by hydrolytic
enzymes (Xiao et al, 2011). Obviously, prey Kkilling can
be accomplished by other secondary metabolites or additional
mechanisms. The production of myxovirescin is controlled by
the alternative sigma factor ¢* in conjunction with specific
enhancer binding proteins (EBPs) (Volz et al, 2012). o**-
dependent regulators are abundant in M. xanthus (Goldman
et al, 2006; Karlin et al, 2006) and regulate the expression
of many secondary metabolites and proteins, mainly during
development (e.g., Jelsbak et al., 2005). Transcriptional control
by ¢*/EBPs might therefore coordinate secondary metabolite
production, development, and predation (Volz et al., 2012).

The production and secretion of hydrolytic proteins by
M. xanthus is well documented (Rosenberg and Varon, 1984):
bacteriolytic proteins with amidase and glucosaminidase activity
have been isolated from M. xanthus culture supernatant early
on (Hart and Zahler, 1966; Sudo and Dworkin, 1972). Sequencing
of the M. xanthus genome revealed several proteins with an
annotated function related to peptidoglycan degradation, as
well as numerous secreted enzymes with putative proteolytic
activity (Goldman et al., 2006). Proteases and peptidases, such
as MepA (Berleman et al., 2014), presumably contribute to
predation by degrading proteins that are released from prey
cells. More importantly, enzymes with peptidoglycan-degrading
activity could potentially serve as killing factors that induce
prey cell lysis. Recently, GluM, an outer membrane f-1,6-
glucanase of the myxobacterium Corallococcus, was shown to
be required for lysing the chitinous cell wall of certain fungi
(Li et al, 2019). The homologous protein in M. xanthus, Oar,
has glucanase activity as well (Li et al., 2019), but was
independently shown to be involved in exporting a protease
that is required for induction of the cell differentiation program
(Gomez-Santos et al.,, 2019). The possibility of a dual role of
Oar in the predation of fungi and the regulation of development
remains to be investigated, but these observations emphasize
a putative role of cell wall-lytic proteins as killing factors
in myxobacterial predation. However, while the expression
and secretion of bacteriolytic enzymes by M. xanthus is
unquestionable, predation factors that might specifically mediate
the lysis of prey cells have not been identified, yet.

THE DELIVERY OF
PREDATION FACTORS

The requirement for close proximity to induce prey lysis implies
that the delivery of killing factors by M. xanthus is locally
restricted. For protein effectors, this could be achieved by
targeted secretion via protein secretion systems of the types
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II, III, IV or VI, which are used in other bacteria to deliver
lethal effectors in the proximity or directly into prokaryotic
or eukaryotic cells (Galdn and Waksman, 2018). The M. xanthus
genome encodes for protein secretion systems of type II, III
(incomplete), and VI (Konovalova et al, 2010). The type VI
secretion system (T6SS) was shown to mediate antagonism
between different kin of myxobacteria, and even between
physiologically challenged siblings of the same kin (Troselj
et al,, 2018). One effector delivered via the T6SS is the toxin
MXAN_0050, a nuclease, against which the secreting cell
protects itself by a concomitantly expressed anti-toxin,
MXAN_0049 (Gong et al., 2018). However, it has not been
reported, whether the T6SS and MXAN_0050 contribute to
killing of other species for biomass acquisition during predation.
A recent study reports that the survival of E. coli in prolonged
co-culture with M. xanthus correlates with mutation of the E.
coli outer membrane protease, OmpT (Nair et al., 2019). This
led to the intriguing suggestion that pre-lytic factors secreted
by M. xanthus might be activated by the prey itself, indicating
a putative mechanism to limit lysis to the prey cells.

Another mode of protein secretion and delivery may
be provided by outer membrane vesicles (OMVs, Figure 1B),
which are produced by many Gram-negative bacteria (Palsdottir
et al., 2009; Kulp and Kuehn, 2010). Indeed, M. xanthus OMVs
were shown to contain lytic components and to be involved
in predation (Evans et al., 2012; Berleman et al., 2014). OMVs
emerge after fission from the secreting cell and are released
into the environment. When OMVs reach a recipient cell via
diffusion, they could deliver their cargo by fusing with the
outer membrane of Gram-negative bacteria, or by disintegrating
next to a Gram-positive cell (Whitworth, 2011). The packaging
of lytic compounds into a vesicle instead of freely secreting
them into the extracellular space might provide several
advantages: The lytic compounds remain at high local
concentration, and the slow passive diffusion of a large vesicle
increases the likelihood of a secreting cell to be in close
proximity for nutrient uptake after prey killing, reducing the
risk of exploitation by non-secreting cells (Whitworth, 2011).
Moreover, delivering a cocktail of various lytic factors would
increase efficiency and prevent resistance formation by prey
(Berleman et al, 2014). With OMVs, membrane-associated
lytic components could also be transported to the prey cell,
and soluble secreted cargo would be protected from the
environment (Kulp and Kuehn, 2010).

The proteome of M. xanthus OMVs has been shown to
differ from that of the periplasm and outer membrane, hinting
to the presence of a dedicated protein sorting mechanism to
load OMVs (Kahnt et al., 2010; Evans et al., 2012; Berleman
et al., 2014; Whitworth et al., 2015). OMVs contain several
proteins with predicted hydrolytic functions, as well as antibiotics,
such as myxovirescin A and the antifungal myxalamide (Kahnt
et al,, 2010; Evans et al., 2012; Berleman et al., 2014). Indeed,
the lytic potential of isolated M. xanthus OMVs toward E.
coli was experimentally demonstrated (Evans et al., 2012; Remis
et al,, 2014). However, as in the case of freely secreted enzymes,
it is not clear, which of the OMV cargo components mediate
prey killing or just degradation of dead biomass. Furthermore,

the lytic effect of M. xanthus OMVs toward Gram-negative
bacteria other than E. coli or Gram-positive bacteria has not
been been demonstrated, so far. In multicellular swarms,
individual M. xanthus cells were observed to be connected
via a network of membrane tubes and OMV chains. It was
hypothesized that these appendices may play a role for inter-
cellular signaling and outer membrane exchange among
myxobacteria (Pathak et al., 2012; Ducret et al, 2013; Remis
et al., 2014). However, membrane tubes were also observed
under experimental conditions that prevent outer membrane
exchange, which suggests that both processes are functionally
separate (Wei et al., 2014). It remains to be investigated, how
outer membrane structures within a myxococcal swarm relate
to the proposed function of OMVs in the delivery of lytic
factors during predation, and how M. xanthus cells might
protect themselves against their lytic cargo.

REGULATORY MECHANISMS AND PREY
COUNTERACTIONS

The synthesis and release of putative predation-specific lytic
factors by M. xanthus consumes energy and resources, and
can only be productive when prey cells are available. A
transcriptome study singled out only a few M. xanthus genes
that are differentially expressed when starved cells are supplied
with live E. coli prey, suggesting the constitutive expression
of the predatory arsenal under the tested conditions (Livingstone
et al., 2018). However, M. xanthus gene transcription did
respond both to the addition of pre-killed bacteria and of
hydrolyzed peptides. These observations indicate that lysed
bacteria, but not live prey cells, are perceived as nutrients
(Livingstone et al., 2018). If the production of lytic factors is
not regulated on the level of transcription, their release from
the cell might be triggered upon prey encounter to reduce
the loss of costly molecules (Berleman and Kirby, 2009). Indeed,
individual M. xanthus cells alter their motility behavior when
in contact with live prey, but not with dead cells (McBride
and Zusman, 1996; Zhang et al, 2019). This indicates that
M. xanthus can recognize cells of other bacterial species and
can discriminate live from dead cells, but the underlying
molecular mechanisms are unknown. When competing with
other myxobacterial kin groups, M. xanthus is able to identify
its own kin and eliminate cells of relatives (Vos and Velicer,
2009). This form of self/non-self discrimination is mediated
by a modular surface receptor, TraA, that differs among M.
xanthus kin groups (Pathak et al., 2013; Vassallo et al., 2017;
Vassallo and Wall, 2019). However, a possible function for
this system during predation of other bacterial species has
not been described, yet.

While the recognition and response to live prey cells remains
elusive, it is clear that M. xanthus can sense and react to the
presence of lysed prey: peptidoglycan (or its break-down
products) induce coordinated cell reversals that induce rippling
patterns (Shimkets and Kaiser, 1982; Berleman et al., 2006).
Although this behavior has been termed “predataxis” and
requires the frz chemosensory pathway (Berleman et al., 2008),
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it does not represent a directed, chemotactic movement of
M. xanthus toward prey. In fact, several studies have shown
that M. xanthus is not chemotactic toward prey (Dworkin,
1983; Shi and Zusman, 1993), and it remains controversial,
whether M. xanthus shows chemotactic behaviors in general
(Dworkin and Eide, 1983; Shi et al., 1993; Mercier and Mignot,
2016). However, Shi and Zusman observed chemotactic behavior
of E. coli prey toward M. xanthus when conducting predation
assays under conditions where both M. xanthus and E. coli
are motile (Shi and Zusman, 1993). This led to the striking
proposal that M. xanthus releases chemoattractants as a primitive
form of prey ensnarement, which still awaits further investigation.

Several prey bacteria have been observed to induce specific
counteractions to protect themselves against predation by
M. xanthus, with the predominant mechanisms being the formation
of a mechanical barrier or the secretion of antibiotics. For
example, Bacillus subtilis builds biofilm megastructures, which
are filled with spores that cannot be attacked by M. xanthus
(Muller et al., 2015). Also, biofilm-forming E. coli with a matrix
of curli are less sensitive to predation by M. xanthus than
non-biofilm producing mutants (DePas et al., 2014). Recently,
co-evolution experiments with E. coli and M. xanthus demonstrated
that predation, in fact, selects toward a mucoid prey phenotype
(Nair et al, 2019). Similarly, a galactoglucane-producing
Sinorhizobium meliloti strain is more resistant toward M. xanthus
predation compared to the non-mucoid mutant (Pérez et al,
2014). The exact mechanism behind the resistance provided by
biofilm barriers is not clear, but they might simply obstruct
access of predator cells and their lytic factors to prey. Another
protective strategy is the production of antibiotics: B. subtilis
was reported to escape killing by M. xanthus by production of
the antimicrobial peptide bacillaene (Miiller et al., 2014, 2015).
Although this compound does not impede predator growth, it
seems to transiently inhibit predation, providing B. subtilis with
enough time to differentiate into predation-resistant spores (Miiller
et al, 2014). Streptomyces coelicolor produces an antibiotic,
actinorhodin, upon co-cultivation with M. xanthus, which however
does not confer a survival advantage (Pérez et al., 2011). Recently,
an enzyme released by Bacillus licheniformis was found to
glycosylate myxovirescin A, which inactivates the antibiotic and
renders the producing strain less susceptible to predation by
M. xanthus (Wang et al., 2019).

PREDATION AS A
MULTICELLULAR BEHAVIOR

The M. xanthus life cycle is largely directed to maintain multicellular
interactions, for example manifested in social motility and
coordinated cell differentiation (Dworkin and Bonner, 1972).
Vegetative growth and predation have been discussed in the
context of multicellularity, since Rosenberg et al. observed that
the growth rate of M. xanthus growing in liquid culture increases
depending on cell density, and suggested that nutrient acquisition
during predation might involve cooperative behavior similar to
a “wolf pack,” where the cooperation between individuals with
specific tasks enhances the efficiency of the group: hydrolytic

enzymes to degrade prey biomass are secreted by the members
of a M. xanthus swarm as common goods and increase in
concentration with the number of secreting cells, allowing the
efficient degradation of (prey) biomass (Rosenberg et al., 1977).
This indicated that predation by a M. xanthus swarm might
be more efficient than by individual cells. Indeed, Zhang et al.
recently reported that individual M. xanthus cells most often
leave E. coli prey they have killed without degrading the biomass,
presumably because they do not produce a sufficient amount
of degradative enzymes (Zhang et al., 2019).

The “wolf pack” analogy has been used frequently to describe
and discuss the predation behavior of myxobacteria (Berleman
and Kirby, 2009; Keane and Berleman, 2016; Mufoz-Dorado
et al,, 2016; Pérez et al.,, 2016). Recently, the concept of wolf
pack predation by M. xanthus was revisited (Marshall and
Whitworth, 2019), and a new interpretation of the M. xanthus
predation strategy was proposed, which highlights that the
secretion of lytic factors and nutrient release are in fact
proportionate to cell density. Additional arguments were that
the secretion of hydrolytic factors during predation likely is
constitutive, and that cell density-dependent nutrient hydrolysis
in liquid culture cannot be extrapolated to the native soil
habitat of M. xanthus, in which diffusion parameters of hydrolytic
compounds and predator motility play a different role (Marshall
and Whitworth, 2019). Indeed, on a solid agar surface an
individual M. xanthus cell is able to lyse several E. coli cells
(McBride and Zusman, 1996). Moreover, transposon mutagenesis
revealed that mutants that lack exopolysaccharides, and therefore
are unable to form stable multicellular swarms, show increased
predation (Miiller et al., 2016). These observations may point
out the impact of individual M. xanthus cells, rather than of
EPS-coated swarms, for prey killing.

CONCLUDING REMARKS

Predation behavior of M. xanthus is a process of astonishing
complexity: various prey are specifically recognized and killed,
while the predator remains undamaged. Some prey species actively
react by initiating counter-mechanisms, which implies elaborate
signaling and regulatory pathways. Therefore, M. xanthus predation
offers fascinating insights into the interspecies interactions that
shape bacterial communities. However, addressing the ecological
significance of predation in soil environments will require a more
detailed understanding of the molecular mechanisms that mediate
predation, namely the recognition and killing of prey. A key
goal should be to identify additional predation factors that
specifically kill bacteria, rather than degrade dead biomass, and
to analyze their mode of action, which may also hold information
on resistance formation by prey. Understanding the delivery of
killing factors might point toward the mechanisms the predator
uses for prey recognition and self-protection. However, dissecting
the contribution of individual components might be a difficult
task, considering the various different compounds that already
have been described to be involved in the process, and which
possibly have redundant functions. To address the complexity
of predation, it might be useful to analyze the behavior of mutants
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on different temporal and spatial scales, which discriminate
between prey killing and biomass acquisition. Finally, a detailed
knowledge of the molecular mechanisms that M. xanthus uses
to kill various prey species might also spur the development of
novel antibacterial strategies to control pathogenic bacteria in
medicine or agriculture.

AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct and intellectual
contribution to the work, and approved it for publication.

REFERENCES

Berleman, J. E., Allen, S., Danielewicz, M. A., Remis, J. P, Gorur, A., Cunha, J.,
et al. (2014). The lethal cargo of Myxococcus xanthus outer membrane
vesicles. Front. Microbiol. 5:474. doi: 10.3389/fmicb.2014.00474

Berleman, J. E., Chumley, T., Cheung, P, and Kirby, J. R. (2006). Rippling is
a predatory behavior in Myxococcus xanthus. ]. Bacteriol. 188, 5888-5895.
doi: 10.1128/JB.00559-06

Berleman, J. E., and Kirby, J. R. (2009). Deciphering the hunting strategy of
a Dbacterial wolfpack. FEMS Microbiol. Rev. 33, 942-957. doi:
10.1111/j.1574-6976.2009.00185.x

Berleman, J. E., Scott, J., Chumley, T, and Kirby, J. R. (2008). Predataxis
behavior in Myxococcus xanthus. Proc. Natl. Acad. Sci. USA 105, 17127-17132.
doi: 10.1073/pnas.0804387105

Bull, C. T, Shetty, K. G., and Subbarao, K. V. (2002). Interactions between
myxobacteria, plant pathogenic fungi, and biocontrol agents. Plant Dis. 86,
889-896. doi: 10.1094/PDIS.2002.86.8.889

Cortina, N. S., Krug, D., Plaza, A., Revermann, O., and Miiller, R. (2012).
Myxoprincomide: a natural product from Myxococcus xanthus discovered
by comprehensive analysis of the secondary metabolome. Angew. Chem.
Int. Ed. Eng. 51, 811-816. doi: 10.1002/anie.201106305

Curtis, P. D., and Shimkets, L. J. (2008). “Metabolic pathways relevant to predation,
signaling and development” in Myxobacteria — multicellularity and differentiation.
ed. D. E. Whitworth (Washington, DC: ASM Press), 241-258.

DePas, W. H., Syed, A. K., Sifuentes, M., Lee, J. S., Warshaw, D., Saggar, V.,
et al. (2014). Biofilm formation protects Escherichia coli against killing by
Caenorhabditis elegans and Myxococcus xanthus. Appl. Environ. Microbiol.
80, 7079-7087. doi: 10.1128/AEM.02464-14

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

Dworkin, M. (1983). Tactic behavior of Myxococcus xanthus. J. Bacteriol. 154,
452-459. doi: 10.1128/JB.154.1.452-459.1983

Dworkin, M., and Bonner, J. T. (1972). The Myxobacteria: new directions in
studies of procaryotic development. Crit. Rev. Microbiol. 2, 435-452.

Dworkin, M., and Eide, D. (1983). Myxococcus xanthus does not respond
chemotactically to moderate concentration gradients. J. Bacteriol. 154,
437-442. doi: 10.1128/]B.154.1.437-442.1983

Evans, A. G. Davey, H. M., Cookson, A., Currinn, H., Cooke-Fox, G.,
Stanczyk, P. ], et al. (2012). Predatory activity of Myxococcus xanthus outer-
membrane vesicles and properties of their hydrolase cargo. Microbiology
158, 2742-2752. doi: 10.1099/mic.0.060343-0

Galan, J. E., and Waksman, G. (2018). Protein-injection machines in bacteria.
Cell 172, 1306-1318. doi: 10.1016/j.cell.2018.01.034

Goldman, B. S., Nierman, W. C., Kaiser, D., Slater, S. C., Durkin, A. S., Eisen,
J. A., et al. (2006). Evolution of sensory complexity recorded in a myxobacterial
genome. Proc. Natl. Acad. Sci. USA 103, 15200-15205. doi: 10.1073/pnas.0607335103

Gong, Y., Zhang, Z., Liu, Y., Zhou, X. W,, Anwar, M. N, Li, Z. S, et al. (2018).
A nuclease-toxin and immunity system for kin discrimination in Myxococcus
xanthus. Environ. Microbiol. 20, 2552-2567. doi: 10.1111/1462-2920.14282

Gomez-Santos, N., Glatter, T, Koebnik, R., Swiatek-Potatyfiska, M. A., and
Segaard-Andersen, L. (2019). A TonB-dependent transporter is required for

FUNDING

This work was funded by grants from the MERCUR Foundation
(An-2016-0033) and the Deutsche Forschungsgemeinschaft
(Ka-3361/3-1) to CK. The authors acknowledge support by the
DFG Open Access Publication Funds of the Ruhr University Bochum.

ACKNOWLEDGMENTS

We thank Prof. Dr. Franz Narberhaus (Ruhr University Bochum)
for supporting our research.

secretion of protease PopC across the bacterial outer membrane. Nat. Commun.
10:1360. doi: 10.1038/s41467-019-09366-9

Hart, B. A., and Zahler, S. A. (1966). Lytic enzyme produced by Myxococcus
xanthus. J. Bacteriol. 92, 1632-1637. doi: 10.1128/JB.92.6.1632-1637.1966

Hillesland, K. L., Lenski, R. E., and Velicer, G. J. (2007). Ecological variables
affecting predatory success in Myxococcus xanthus. Microb. Ecol. 53, 571-578.
doi: 10.1007/500248-006-9111-3

Jelsbak, L., Givskov, M., and 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. doi:
10.1073/pnas.0409371102

Jurkevitch, E. (2007). Predatory prokaryotes - biology, ecology and evolution.
Heidelberg: Springer.

Kahnt, J., Aguiluz, K., Koch, J., Treuner-Lange, A., Konovalova, A., Huntley, S.,
et al. (2010). Profiling the outer membrane proteome during growth and
development of the social bacterium Myxococcus xanthus by selective
biotinylation and analyses of outer membrane vesicles. J. Proteome Res. 9,
5197-5208. doi: 10.1021/pr1004983

Kaimer, C., Berleman, J. E., and Zusman, D. R. (2012). Chemosensory signaling
controls motility and subcellular polarity in Myxococcus xanthus. Curr. Opin.
Microbiol. 15, 751-757. doi: 10.1016/j.mib.2012.10.005

Karlin, S., Brocchieri, L., Mrazek, J., and Kaiser, D. (2006). Distinguishing
features of delta-proteobacterial genomes. Proc. Natl. Acad. Sci. USA 103,
11352-11357. doi: 10.1073/pnas.0604311103

Keane, R., and Berleman, J. (2016). The predatory life cycle of Myxococcus
xanthus. Microbiology 162, 1-11. doi: 10.1099/mic.0.000208

Konovalova, A., Petters, T., and Segaard-Andersen, L. (2010). Extracellular
biology of Myxococcus xanthus. FEMS Microbiol. Rev. 34, 89-106. doi:
10.1111/j.1574-6976.2009.00194.x

Korp, J., Vela Gurovic, M. S., and Nett, M. (2016). Antibiotics from predatory
bacteria. Beilstein J. Org. Chem. 12, 594-607. doi: 10.3762/bjoc.12.58

Kulp, A., and Kuehn, M. J. (2010). Biological functions and biogenesis of
secreted bacterial outer membrane vesicles. Annu. Rev. Microbiol. 64,
163-184. doi: 10.1146/annurev.micro.091208.073413

Li, Z., Ye, X,, Liu, M,, Xia, C., Zhang, L., Luo, X, et al. (2019). A novel outer
membrane f-1,6-glucanase is deployed in the predation of fungi by
myxobacteria. ISME J. 13, 2223-2235. doi: 10.1038/s41396-019-0424-x

Livingstone, P. G., Millard, A. D., Swain, M. T, and Whitworth, D. E. (2018).
Transcriptional changes when Myxococcus xanthus preys on Escherichia coli
suggest myxobacterial predators are constitutively toxic but regulate their
feeding. Microb Genom. 4. doi: 10.1099/mgen.0.000152

Livingstone, P. G., Morphew, R. M., and Whitworth, D. E. (2017). Myxobacteria
are able to prey broadly upon clinically-relevant pathogens, exhibiting a
prey range which cannot be explained by phylogeny. Front. Microbiol. 8:1593.
doi: 10.3389/fmicb.2017.01593

Marshall, R. C., and Whitworth, D. E. (2019). Is “wolf-pack” predation by
antimicrobial bacteria cooperative? Cell behaviour and predatory mechanisms
indicate profound selfishness, even when working alongside kin. BioEssays
41:21800247. doi: 10.1002/bies.201800247

McBride, M. J,, and Zusman, D. R. (1996). Behavioral analysis of single cells
of Myxococcus xanthus in response to prey cells of Escherichia coli. FEMS
Microbiol. Lett. 137, 227-231. doi: 10.1111/j.1574-6968.1996.tb08110.x

Frontiers in Microbiology | www.frontiersin.org

January 2020 | Volume 11 | Article 2


https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles
https://doi.org/10.3389/fmicb.2014.00474
https://doi.org/10.1128/JB.00559-06
https://doi.org/10.1111/j.1574-6976.2009.00185.x
https://doi.org/10.1073/pnas.0804387105
https://doi.org/10.1094/PDIS.2002.86.8.889
https://doi.org/10.1002/anie.201106305
https://doi.org/10.1128/AEM.02464-14
https://doi.org/10.7554/eLife.00868
https://doi.org/10.1128/JB.154.1.452-459.1983
https://doi.org/10.1128/JB.154.1.437-442.1983
https://doi.org/10.1099/mic.0.060343-0
https://doi.org/10.1016/j.cell.2018.01.034
https://doi.org/10.1073/pnas.0607335103
https://doi.org/10.1111/1462-2920.14282
https://doi.org/10.1038/s41467-019-09366-9
https://doi.org/10.1128/JB.92.6.1632-1637.1966
https://doi.org/10.1007/s00248-006-9111-3
https://doi.org/10.1073/pnas.0409371102
https://doi.org/10.1021/pr1004983
https://doi.org/10.1016/j.mib.2012.10.005
https://doi.org/10.1073/pnas.0604311103
https://doi.org/10.1099/mic.0.000208
https://doi.org/10.1111/j.1574-6976.2009.00194.x
https://doi.org/10.3762/bjoc.12.58
https://doi.org/10.1146/annurev.micro.091208.073413
https://doi.org/10.1038/s41396-019-0424-x
https://doi.org/10.1099/mgen.0.000152
https://doi.org/10.3389/fmicb.2017.01593
https://doi.org/10.1002/bies.201800247
https://doi.org/10.1111/j.1574-6968.1996.tb08110.x

Thiery and Kaimer

The Predation Strategy of Myxococcus xanthus

Mendes-Soares, H., and Velicer, G. J. (2013). Decomposing predation: testing
for parameters that correlate with predatory performance by a social bacterium.
Microb. Ecol. 65, 415-423. doi: 10.1007/s00248-012-0135-6

Mercier, R., and Mignot, T. (2016). Regulations governing the multicellular
lifestyle of Myxococcus xanthus. Curr. Opin. Microbiol. 34, 104-110. doi:
10.1016/j.mib.2016.08.009

Morgan, A. D., MacLean, R. C., Hillesland, K. L., and Velicer, G. J. (2010).
Comparative analysis of myxococcus predation on soil bacteria. Appl. Environ.
Microbiol. 76, 6920-6927. doi: 10.1128/AEM.00414-10

Muioz-Dorado, J., Marcos-Torres, F. J., Garcia-Bravo, E., Moraleda-Munoz, A.,
and Pérez, J. (2016). Myxobacteria: moving, killing, feeding, and surviving
together. Front. Microbiol. 7:781. doi: 10.3389/fmicb.2016.00781

Miiller, S., Strack, S. N., Hoefler, B. C., Straight, P. D., Kearns, D. B., and
Kirby, J. R. (2014). Bacillaene and sporulation protect Bacillus subtilis from
predation by Myxococcus xanthus. Appl. Environ. Microbiol. 80, 5603-5610.
doi: 10.1128/AEM.01621-14

Miiller, S., Strack, S. N., Ryan, S. E., Kearns, D. B, and Kirby, J. R. (2015).
Predation by Myxococcus xanthus induces Bacillus subtilis to form spore-filled
megastructures. Appl. Environ. Microbiol. 81, 203-210. doi: 10.1128/AEM.02448-14

Miiller, S., Strack, S. N., Ryan, S. E., Shawgo, M., Walling, A., Harris, S., et al.
(2016). Identification of functions affecting predator-prey interactions between
Myxococcus xanthus and Bacillus subtilis. J. Bacteriol. 198, 3335-3344. doi:
10.1128/]JB.00575-16

Nair, R. R, Vasse, M., Wielgoss, S., Sun, L., Yu, Y. N,, and Velicer, G. J.
(2019). Bacterial predator-prey coevolution accelerates genome evolution and
selects on virulence-associated prey defences. Nat. Commun. 10:4301. doi:
10.1038/s41467-019-12140-6

Palsdottir, H., Remis, J. P, Schaudinn, C., O’Toole, E., Lux, R., Shi, W, et al.
(2009). Three-dimensional macromolecular organization of cryofixed Myxococcus
xanthus biofilms as revealed by electron microscopic tomography. J. Bacteriol.
191, 2077-2082. doi: 10.1128/JB.01333-08

Pathak, D. T., Wei, X., Dey, A., and Wall, D. (2013). Molecular recognition
by a polymorphic cell surface receptor governs cooperative behaviors in
bacteria. PLoS Genet. 9:¢1003891. doi: 10.1371/journal.pgen.1003891

Pathak, D. T, Wei, X., and Wall, D. (2012). Myxobacterial tools for social
interactions. Res. Microbiol. 163, 579-591. doi: 10.1016/j.resmic.2012.10.022

Pham, V. D., Shebelut, C. W.,, Diodati, M. E., Bull, C. T, and Singer, M.
(2005). Mutations affecting predation ability of the soil bacterium Myxococcus
xanthus. Microbiology 151, 1865-1874. doi: 10.1099/mic.0.27824-0

Pérez, J., Jiménez-Zurdo, J. 1., Martinez-Abarca, F, Millan, V., Shimkets, L. J.,
and Munoz-Dorado, J. (2014). Rhizobial galactoglucan determines the predatory
pattern of Myxococcus xanthus and protects Sinorhizobium meliloti from
predation. Environ. Microbiol. 16, 2341-2350. doi: 10.1111/1462-2920.12477

Pérez, J., Moraleda-Munoz, A., Marcos-Torres, E ], and Mufoz-Dorado, J.
(2016). Bacterial predation: 75 years and counting! Environ. Microbiol. 18,
766-779. doi: 10.1111/1462-2920.13171

Pérez, J., Munoz-Dorado, J., Brafa, A. E, Shimkets, L. J., Sevillano, L., and
Santamarfa, R. I (2011). Myxococcus xanthus induces actinorhodin
overproduction and aerial mycelium formation by Streptomyces coelicolor.
Microb. Biotechnol. 4, 175-183. doi: 10.1111/j.1751-7915.2010.00208.x

Reichenbach, H. (1966). “Myxococcus spp. (Myxobacteriales) Schwarmentwickling
und Bildung von Protocysten” in Encyclopaedia Cinematographica. ed.
G. Wolf (Géttingen: Institut fir wissenschaftlichen Film).

Remis, J. P, Wei, D., Gorur, A., Zemla, M., Haraga, J., Allen, S., et al. (2014).
Bacterial social networks: structure and composition of Myxococcus xanthus
outer membrane vesicle chains. Environ. Microbiol. 16, 598-610. doi:
10.1111/1462-2920.12187

Rosenberg, E., Keller, K. H., and Dworkin, M. (1977). Cell density-dependent
growth of Myxococcus xanthus on casein. J. Bacteriol. 129, 770-777. doi:
10.1128/]JB.129.2.770-777.1977

Rosenberg, E., and Varon, M. (1984). “Antibiotics and lytic enzymes” in
Myxobacteria - development and cell interactions. ed. E. Rosenberg (New York:
Springer Verlag), 109-125.

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

Shi, W, Kohler, T,, and Zusman, D. R. (1993). Chemotaxis plays a role in the
social behaviour of Myxococcus xanthus. Mol. Microbiol. 9, 601-611. doi:
10.1111/j.1365-2958.1993.tb01720.x

Shi, W,, and Zusman, D. R. (1993). Fatal attraction. Nature 366, 414-415. doi:
10.1038/366414a0

Shilo, M. (1970). Lysis of blue-green algae by myxobacter. J. Bacteriol. 104,
453-461. doi: 10.1128/JB.104.1.453-461.1970

Shimkets, L. J. (1984). “Nutrition, metabolism and the initiation of development”
in Myxobacteria - development and cell interactions. ed. E. Rosenberg
(New York: Springer Verlag), 92-107.

Shimkets, L. J., and Kaiser, D. (1982). Induction of coordinated movement of
Myxococcus xanthus cells. J. Bacteriol. 152, 451-461.
Sockett, R. E. (2009). Predatory lifestyle of Bdellovibrio bacteriovorus. Annu.
Rev. Microbiol. 63, 523-539. doi: 10.1146/annurev.micro.091208.073346
Sudo, S., and Dworkin, M. (1972). Bacteriolytic enzymes produced by
Myxococcus  xanthus. J.  Bacteriol. 110, 236-245. doi: 10.1128/
JB.110.1.236-245.1972

Troselj, V., Treuner-Lange, A., Segaard-Andersen, L., and Wall, D. (2018).
Physiological heterogeneity triggers sibling conflict mediated by the type
VI secretion system in an aggregative multicellular bacterium. MBio 9,
pii:e01645-17. doi: 10.1128/mBio.01645-17

Vassallo, C. N., Cao, P,, Conklin, A., Finkelstein, H., Hayes, C. S., and Wall, D.
(2017). Infectious polymorphic toxins delivered by outer membrane exchange
discriminate kin in myxobacteria. elife 6, pii:e29397. doi: 10.7554/eLife.29397

Vassallo, C. N., and 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. doi: 10.1073/pnas.1912556116

Volz, C., Kegler, C., and Miiller, 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. doi: 10.1016/j.
chembiol.2012.09.010

Vos, M., and Velicer, G. J. (2009). Social conflict in centimeter-and global-scale
populations of the bacterium Myxococcus xanthus. Curr. Biol. 19, 1763-1767.
doi: 10.1016/j.cub.2009.08.061

Wang, C., Liu, X., Zhang, P, Wang, Y., Li, Z,, Li, X,, et al. (2019). Bacillus
licheniformis escapes from Myxococcus xanthus predation by deactivating
myxovirescin a through enzymatic glucosylation. Environ. Microbiol. 21,
4755-4772. doi: 10.1111/1462-2920.14817

Wei, X., Vassallo, C. N., Pathak, D. T, and Wall, D. (2014). Myxobacteria
produce outer membrane-enclosed tubes in unstructured environments. J.
Bacteriol. 196, 1807-1814. doi: 10.1128/JB.00850-13

Whitworth, D. E. (2011). Myxobacterial vesicles death at a distance? Adv. Appl.
Microbiol. 75, 1-31. doi: 10.1016/B978-0-12-387046-9.00001-3

Whitworth, D. E., Slade, S. E., and Mironas, A. (2015). Composition of distinct
sub-proteomes in Myxococcus xanthus: metabolic cost and amino acid
availability. Amino Acids 47, 2521-2531. doi: 10.1007/s00726-015-2042-x

Xiao, Y., Gerth, K., Miiller, R., and Wall, D. (2012). Myxobacterium-produced
antibiotic TA (myxovirescin) inhibits type II signal peptidase. Antimicrob.
Agents Chemother. 56, 2014-2021. doi: 10.1128/AAC.06148-11

Xiao, Y., Wei, X., Ebright, R., and Wall, D. (2011). Antibiotic production by
myxobacteria plays a role in predation. J. Bacteriol. 193, 4626-4633. doi:
10.1128/]B.05052-11

Zhang, H., Vaksman, Z., Litwin, D. B., Shi, P, Kaplan, H. B, and Igoshin,
O. A. (2012). The mechanistic basis of Myxococcus xanthus rippling behavior
and its physiological role during predation. PLoS Comput. Biol. 8:¢1002715.
doi: 10.1371/journal.pcbi.1002715

Zhang, W., Wang, Y., Lu, H,, Liu, Q., Wang, C., Hu, W,, et al. (2019). Dynamics
of solitary predation by Myxococcus xanthus on Escherichia coli observed
at the single-cell level. Appl. Environ. Microbiol. doi: 10.1128/ AEM.02286-19
[Epub ahead of print].

Conflict of Interest: The authors declare that the research was conducted in
the absence of any commercial or financial relationships that could be construed
as a potential conflict of interest.

Copyright © 2020 Thiery and Kaimer. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The
use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Microbiology | www.frontiersin.org

January 2020 | Volume 11 | Article 2


https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles
https://doi.org/10.1007/s00248-012-0135-6
https://doi.org/10.1016/j.mib.2016.08.009
https://doi.org/10.1128/AEM.00414-10
https://doi.org/10.3389/fmicb.2016.00781
https://doi.org/10.1128/AEM.01621-14
https://doi.org/10.1128/AEM.02448-14
https://doi.org/10.1128/JB.00575-16
https://doi.org/10.1038/s41467-019-12140-6
https://doi.org/10.1128/JB.01333-08
https://doi.org/10.1371/journal.pgen.1003891
https://doi.org/10.1016/j.resmic.2012.10.022
https://doi.org/10.1099/mic.0.27824-0
https://doi.org/10.1111/1462-2920.12477
https://doi.org/10.1111/1462-2920.13171
https://doi.org/10.1111/j.1751-7915.2010.00208.x
https://doi.org/10.1111/1462-2920.12187
https://doi.org/10.1128/JB.129.2.770-777.1977
https://doi.org/10.1146/annurev-micro-102215-095415
https://doi.org/10.1111/j.1365-2958.1993.tb01720.x
https://doi.org/10.1038/366414a0
https://doi.org/10.1128/JB.104.1.453-461.1970
https://doi.org/10.1146/annurev.micro.091208.073346
https://doi.org/10.1128/JB.110.1.236-245.1972
https://doi.org/10.1128/JB.110.1.236-245.1972
https://doi.org/10.1128/mBio.01645-17
https://doi.org/10.7554/eLife.29397
https://doi.org/10.1073/pnas.1912556116
https://doi.org/10.1016/j.chembiol.2012.09.010
https://doi.org/10.1016/j.chembiol.2012.09.010
https://doi.org/10.1016/j.cub.2009.08.061
https://doi.org/10.1111/1462-2920.14817
https://doi.org/10.1128/JB.00850-13
https://doi.org/10.1016/B978-0-12-387046-9.00001-3
https://doi.org/10.1007/s00726-015-2042-x
https://doi.org/10.1128/AAC.06148-11
https://doi.org/10.1128/JB.05052-11
https://doi.org/10.1371/journal.pcbi.1002715
https://doi.org/10.1128/AEM.02286-19
http://creativecommons.org/licenses/by/4.0/

	The Predation Strategy of ﻿Myxococcus xanthus﻿
	Introduction
	Gliding Motility Allows Frequent Prey Encounters
	How Are Prey Cells Lysed 
and Consumed?
	The Delivery of 
Predation Factors
	Regulatory Mechanisms and Prey Counteractions
	Predation as a 
Multicellular Behavior
	Concluding Remarks
	Author Contributions

	References

