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Abstract: In bacteria, cell-surface polysaccharides fulfill
important physiological functions, including interactions
with the environment and other cells as well as protection
from diverse stresses. The Gram-negative delta-proteo-
bacterium Myxococcus xanthus is a model to study social
behaviors in bacteria. M. xanthus synthesizes four cell-
surface polysaccharides, i.e., exopolysaccharide (EPS),
biosurfactant polysaccharide (BPS), spore coat poly-
saccharide, and O-antigen. Here, we describe recent
progress in elucidating the three Wzx/Wzy-dependent
pathways for EPS, BPS and spore coat polysaccharide
biosynthesis and the ABC transporter-dependent pathway
for O-antigen biosynthesis. Moreover, we describe the
functions of these four cell-surface polysaccharides in the
social life cycle of M. xanthus.

Keywords: biosurfactant polysaccharide; exopoly-
saccharide; O-antigen; spore coat polysaccharide; sporu-
lation; type IV pili.

Introduction: polysaccharides and
the bacterial cell envelope

In bacteria, the cell envelope serves as the important first
barrier of protection against the environment, confers
resistance to internal turgor pressure, and is also an
important site of interaction of bacterial cells with the
environment as well as with eukaryotic cells and other
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bacteria (Silhavy et al. 2010). Accordingly, antibacterial
compounds often target the synthesis of cell envelope
components (Raetz and Whitfield 2002; Sperandeo et al.
2019). In Gram-positive bacteria, the cell envelope consists
of a single membrane composed of phospholipids sur-
rounded by a thick peptidoglycan (PG) layer and also
contains wall teichoic acids and lipoteichoic acids cova-
lently coupled to the PG and membrane lipids, respec-
tively. By contrast, Gram-negative bacteria possess an
inner membrane (IM) composed of phospholipids (Bog-
danov et al. 2020), a thinner PG layer and an asymmetric
outer membrane (OM) in which the inner leaflet is
composed of phospholipids and the outer leaflet mainly of
lipopolysaccharide (LPS) (Silhavy et al. 2010; Whitfield and
Trent 2014). LPS molecules encompass three regions, the
hydrophobic lipid A, a core oligosaccharide that is
attached to lipid A, and the highly variable O-antigen
polysaccharide that is attached to the core and is composed
of repeating oligosaccharide units (Whitfield and Trent
2014). In addition, bacterial cells are often covered by a
layer of secreted polysaccharides. These can be capsular
polysaccharides, which are covalently coupled to compo-
nents in the cell envelope, or polysaccharides that are only
loosely associated with the envelope. From here on, we
refer to O-antigen and secreted polysaccharides as cell-
surface polysaccharides.

In Gram-negative bacteria, cell-surface poly-
saccharides not only have important protective functions,
e.g., protection from desiccation stress, predation and the
immune system (Silhavy et al. 2010) but are also important
virulence factors (Raetz and Whitfield 2002; Whitfield
2006). Moreover, secreted polysaccharides constitute an
important component of the extracellular matrix in bio-
films (Flemming et al. 2016). Cell-surface polysaccharides
can also have more specialized functions in individual
species, including: (i) stimulation of the symbiosis between
rhizobia and legume plants by promoting adhesion of
bacterial cells to root hairs (Downie 2010), (ii) contributing
to swarming of bacteria on surfaces by lowering friction
(Partridge and Harshey 2013), (iii) formation of the cyst coat
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in Azotobacter vinelandii to generate the desiccation
resistant cyst cells (Sabra and Zeng 2009), and the spore
coat in Myxococcus xanthus to generate the environmen-
tally resistant spores (Holkenbrink et al. 2014), and (iv)
acting as a surfactant to reduce surface tension whereby
spore aggregation in several Bacillus spp. is lowered (Li
et al. 2016).

The Gram-negative delta-proteobacterium M. xanthus
is a model organism to study social behaviors in bacteria
(Konovalova et al. 2010). M. xanthus synthesizes four
different cell-surface polysaccharides that have important
functions in its the social lifestyle. Here, we describe recent
progress in elucidating the involved biosynthetic pathways
and the functions of these polysaccharides in the social
lifestyle of M. xanthus.

Cell-surface polysaccharide
biosynthesis pathways in bacteria:
an overview

Synthesis of cell-surface polysaccharides in bacteria typi-
cally occurs via one of three different assembly schemes:
the Wzx/Wzy-, the ABC transporter- and the synthase-
dependent pathways (Figure 1) (Whitfield et al. 2020). In
the Wzx/Wzy- and ABC transporter-dependent pathways,
synthesis starts with the transfer of a sugar-1-phosphate
(sugar-1-P) from an activated uridine diphosphate (UDP)-
sugar to a molecule of the lipid carrier undecaprenyl-
phosphate (Und-P) in the IM to form an Und-PP-sugar. This
reaction is catalyzed by priming or initiating enzymes,
which can be broadly classified into two protein families:
the polyisoprenyl-phosphate hexose-1-phosphate trans-
ferases (PHPTs) or the polyisoprenyl-phosphate N-ace-
tylhexosamine-1-phosphate transferases (PNPTs) (Lukose
et al. 2017; Valvano 2011). Subsequently, the two pathways
diverge. In the Wzx/Wzy-dependent pathway, glycosyl-
transferases (GTs) add sugars to the Und-PP-sugar mole-
cule to synthesize the repeat unit. Each lipid-linked
individual unit is translocated across the IM by the Wzx
flippase and polymerized into the longer polysaccharide
chain in the periplasm by the Wzy polymerase with the
help of a polysaccharide co-polymerase (PCP) with chain
elongation taking place at the reducing terminus of the
Und-PP-linked polymer. Two families of PCPs (i.e., PCP-1
and PCP-2) are involved in regulating synthesis and chain
length. While both are integral membrane proteins, the
PCP-2 proteins contain an additional tyrosine kinase
domain either located in the C-terminus of the protein or as
a separate protein (Whitfield et al. 2020).
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By contrast, in the ABC transporter-dependent
pathway, GTs act sequentially to transfer sugar mole-
cules to the distal end of the growing Und-PP-linked
polysaccharide chain to generate the complete poly-
saccharide chain of repeat units in the cytoplasm. Subse-
quently, the completed chain is translocated across the IM
to the periplasm by an ABC transporter (Greenfield and
Whitfield 2012; Whitfield et al. 2020). In the ABC
transporter-dependent pathways, chain extension can be
regulated by proteins of the WhdD methyltransferase/
kinase-methyltransferase family that add a terminal
modification (i.e. methyl or methyl-phosphate) in systems
where the ATPase of the involved ABC transporter contains
a C-terminal carbohydrate binding domain (e.g. Escher-
ichia coli serotypes 08, 09 and 09a) (Greenfield and
Whitfield 2012). Alternatively, in systems lacking this ter-
minal modification, it has been suggested that length could
be controlled through the coupling of synthesis and
transport (Greenfield and Whitfield 2012).

In both Wzx/Wzy- and ABC transporter-dependent
pathways, the polysaccharide chain reaches the cell sur-
face by translocation through an OM polysaccharide export
(OPX) protein (Cuthbertson et al. 2009). In the specific case
of O-antigen synthesized by such a pathway, it is trans-
ported as described below after ligation to lipid A-core.

In the synthase dependent pathway, polymerization
and transport to the periplasm occur simultaneously by a
synthase protein and transport to the cell-surface depends
on a f3-barrel protein in the OM together with a periplasmic
TPR-rich protein which can be part of the f3-barrel protein
or a separate protein (Whitfield et al. 2020).

Multicellular lifecycle of M. xanthus

M. xanthus is a predatory rod-shaped bacterium with a social
lifecycle that is regulated by nutrient availability (Figure 2A).
In the presence of nutrients, cells grow, divide and move
across surfaces to form coordinately-spreading colonies
(Schumacher and Sogaard-Andersen 2017; Zhang et al.
2012). In response to nutrient starvation, M. xanthus initiates
a multicellular developmental program that culminates in
the formation of spore-filled fruiting bodies (Konovalova
et al. 2010). In this program, cells initially aggregate to form
small aggregation centers and, as cells continue to accu-
mulate, these centers increase in size and eventually become
mound-shaped. By 24 h, the aggregation process is complete
and cells that have accumulated inside the nascent fruiting
bodies differentiate into spherical spores resulting in mature
fruiting bodies. Myxospores germinate in the presence of
nutrients, thus, closing the cycle. M. xanthus is also a
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Figure 1: General overview of the Wzx/Wzy-, the ABC transporter- and the synthase-dependent pathways for surface polysaccharides

biosynthesis in Gram-negative bacteria.

For simplicity only one GT is shown per pathway. In the schematic of the Wzx/Wzy-pathway, the light orange symbol indicates the tyrosine

kinase associated with some PCPs. See text for details.

predator that can prey on other microorganisms in what has
been described as a wolf pack-like manner whereby
M. xanthus cells jointly penetrate prey colonies and lyse prey
cells (Berleman and Kirby 2009). The execution of these
social activities depends on cell motility and its regulation as
well as on cell-surface polysaccharides. M. xanthus cells
have two motility systems for translocation across surfaces
(Hodgkin and Kaiser 1979). One depends on type IV pili
(T4P), which undergo cycles of extension, adhesion and
retraction to pull cells forward (Craig et al. 2019), and one is
for gliding motility and depends on the Agl-Glt complexes
(Schumacher and Sogaard-Andersen 2017; Zhang et al.
2012). Both systems are polarized and only assemble at the
leading pole of the rod-shaped cells (Figure 2B). Motility is
regulated by controlling the cellular reversal frequency
(Blackhart and Zusman 1985). During reversals, which are
induced by the Frz chemosensory system (Mercier and
Mignot 2016), cells stop and then resume movement in the
opposite direction with the old leading pole becoming the
new lagging pole (Figure 2B).

The four cell-surface polysaccharides synthesized by
M. xanthus include (1) a polysaccharide referred to as exo-
polysaccharide (EPS), (2) a recently discovered poly-
saccharide with biosurfactant properties and referred to as
biosurfactant polysaccharide (BPS), (3) a spore coat poly-
saccharide, and (4) the O-antigen of LPS. M. xanthus cells
translocating across a surface generate a slime trail, which
by lectin staining was suggested to contain sugar molecules
(Ducret et al. 2012, 2013). However, the nature and synthesis
of slime remain unknown (see below).

EPS, BPS and the spore coat polysaccharide are syn-
thesized by dedicated Wzx/Wzy-dependent pathways and
the O-antigen is synthesized by an ABC transporter-
dependent pathway. EPS, BPS, and O-antigen-capped
LPS are important for motility and development (Bowden
and Kaplan 1998; Islam et al. 2020; Lu et al. 2005; Pérez-
Burgos et al., 2019, 2020a), while the spore coat poly-
saccharide is specifically required for formation of the
environmentally-resistant spores (Holkenbrink et al. 2014;
Miiller et al. 2012; Pérez-Burgos et al. 2020b).

Biosynthesis and function of EPS

M. xanthus cells are surrounded by an extracellular matrix
composed of EPS and proteins in a ratio of approximately
1:1 (Behmlander and Dworkin 1994). Initially, it was pro-
posed that EPS was a capsular polysaccharide (Arnold and
Shimkets 1988a; Behmlander and Dworkin 1994; Kim et al.
1999; Merroun et al. 2003); however, recent evidence sup-
ports a model whereby it is only loosely associated with the
cell surface (Berleman et al. 2016; Gloag et al. 2016; Hu et al.
2013). The monosaccharide composition of EPS was re-
ported in three studies with different results, but the
common components include glucose, galactose and
glucosamine (Behmlander and Dworkin 1994; Islam et al.
2020; Sutherland and Thomson 1975). The structure of EPS
remains unknown.

Biosynthesis of EPS occurs via a Wzx/Wzy-dependent
pathway and the core components of this pathway are
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encoded by the eps locus (Berleman et al. 2011; Islam et al.
2020; Lu et al. 2005; Pérez-Burgos et al. 2020a; Zhou and
Nan 2017). In addition, the eps locus encodes five GTs and a
serine O-acetyltransferase (Figure 3A) (Islam et al. 2020;
Pérez-Burgos et al. 2020a), several of which were shown to
be important for EPS biosynthesis (Lu et al. 2005). Based on
heterologous expression experiments in Salmonella enter-
ica, the EpsZ protein is a PHPT with Galactose-1-P (Gal-1-P)
transferase activity and initiates synthesis of the EPS repeat
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Figure 2: M. xanthus life cycle and motility.

(A) The life cycle of M. xanthus is regulated by nutrient
availability. In the predation diagram, purple cells
indicate prey cells. (B) M. xanthus has two polarized
motility systems. T4P are extended at the leading cell
pole and the Agl-Glt complexes for gliding motility are
assembled at the leading cell pole (bent arrow), adhere
to the substratum, and disassemble at the lagging cell
pole (upwards bent arrow) (Schumacher and Sogaard-
Andersen 2017; Zhang et al. 2012). In response to
signaling by the Frz chemosensory system, cells reverse
their direction of movement and the motility machineries
become active at the new leading cell pole (Mercier and
Mignot 2016).

unit likely by transferring Gal-1-P to Und-P. In the current
model, the repeat unit is then extended by the action of the
five GTs (EpsU, EpsH, EpsE, EpsD, EpsA) and, subse-
quently, individual repeat units are translocated across the
IM to the periplasm by the Wzxgps flippase. Next, the
Wzygps polymerase with the help of the PCP protein EpsV
polymerizes the repeat units to generate the high molecular
weight polysaccharide, which is transported to the surface
via the OPX protein (EpsY). It has been also suggested that
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Figure 3: Biosynthesis of EPS, BPS, spore coat polysaccharide, and LPS O-antigen in M. xanthus.

See text for details. In (A), tyrosine kinase activity of WzeX has been suggested but not shown. Structure of M. xanthus BPS (B) and LPS (D) is
indicated. In (B), ManNAcA is short for N-acetyl-D-mannosaminuronic acid. In (D), ac in bold/black in the lipid A structure is short for 13-methyl-
C14-30H (iso-C15-30H), C16-30, or 15-methyl-C16-30H (iso-C17-30H) based on Maclean et al. (2007), Man and Xyl are short for mannose and
xylose, respectively. In (D) the red line indicates how core is linked to lipid A. Color code indicates function of proteins. _XXXX is short for

MXAN_XXXX protein identifiers.

WzeX is a stand-alone tyrosine kinase that forms part of a
bipartite PCP together with EpsV. Additionally, the serine
O-acetyltransferase EpsC is thought to be involved in sugar
nucleotide precursor biosynthesis (Islam et al. 2020; Pérez-
Burgos et al. 2020a).

Generally, there is agreement that EPS is important for
cell—cell cohesion, T4P-dependent motility, and develop-
ment. In suspension, M. xanthus cells cohere to form
macroscopic aggregates that agglutinate and mutants
lacking EPS (EPS”) are defective in cohesion and
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aggregation (Arnold and Shimkets 1988a, b; Hu et al.

2012b; Pérez-Burgos et al. 2020a; Shimkets 1986b; Yang

et al. 2000b). Mutants with an EPS™ phenotype have

reduced T4P-dependent motility (Berleman et al. 2016;

Islam et al. 2020; Li et al. 2003; Lu et al. 2005; Pérez-Burgos

et al. 2020a; Yang et al. 2000a; Zhou and Nan 2017); how-

ever, detailed analyses suggest that the underlying mech-
anisms causing this motility defect are different in different
mutants. Three different mechanisms have been proposed
for the connection between EPS and/or the EPS biosyn-
thetic pathway and stimulation of T4P-dependent motility:

(i) First, mutants lacking any one of the five core com-
ponents of the Wzx/Wzy pathway for EPS biosynthesis
(Aeps mutants), are hypo-piliated, and the few pili
formed are able to retract (Pérez-Burgos et al. 2020a).
These observations suggest that EPS and/or the EPS
biosynthetic protein(s) are important for T4P exten-
sion (Pérez-Burgos et al. 2020a).

(ii) Second, EPS™ strains with mutations in genes for the
Dif chemosensory system, which is an important
regulator of EPS biosynthesis (see below) (Bellenger
et al. 2002; Yang et al. 1998a), make T4P at WT levels
or are hyper-piliated (Li et al. 2003; Yang et al. 2000b).
Importantly, addition of isolated EPS to a AdifA
mutant, which has an EPS™ phenotype, caused
reduced piliation (Hu et al. 2011; Li et al. 2003). It has
also been reported that T4P as well as the major pilin
PilA bind to extracted EPS (Hu et al. 2012a; Li et al.
2003). Because dif mutants with an EPS™ phenotype
make T4P but have reduced T4P-dependent motility,
these observations altogether suggest that EPS per se
(rather than the EPS biosynthetic protein(s)) might
promote T4P-dependent motility by stimulating T4P
retraction (Hu et al. 2012b; Li et al. 2003).

(iii) Third, it has been proposed that EPS is involved in
regulating the cell reversal frequency: A AepsZ mutant
was reported to have an increased reversal frequency
(Zhou and Nan 2017) while dif mutants with an EPS™
phenotype were reported to have decreased reversal
frequencies (Kearns et al. 2000; Shi et al. 2000).

The three mechanisms for the connection between EPS
and/or the EPS biosynthetic pathway and T4P-dependent
motility were obtained using different mutations and
different WT strains, and mutants were tested under
different conditions. Nevertheless, they support the idea
that EPS and/or the EPS biosynthetic pathway may inter-
face with the T4P machinery via several mechanisms.
Concerning fruiting body formation and sporulation,
and as for T4P-dependent motility, different results have
been obtained for different EPS™ mutants. The biosynthetic
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Aeps mutants have a conditional defect in development:
They develop and form fruiting bodies on a solid surface
with only a slight delay and sporulate as WT (Berleman
et al. 2016; Islam et al. 2020; Pérez-Burgos et al. 2020a).
However, under submerged conditions, the Aeps mutants
have an aggregation defect likely due to the lack of cell-
cell cohesion and agglutination and, therefore, these mu-
tants also have a sporulation defect under these conditions
(Pérez-Burgos et al. 2020a). By contrast, other mutants with
an EPS™ phenotype, generally, do not aggregate to make
fruiting bodies and do not sporulate under any condition
tested (Bellenger et al. 2002; Downard et al. 1993; Lancero
et al. 2002; Pham et al. 2005; Ramaswamy et al. 1997;
Shimkets 1986a; Yang et al., 1998b, 2000a). Moreover,
addition of extracted EPS to EPS™ dif mutants, rescued
these developmental defects (Chang and Dworkin 1994;
Yang et al. 2000b). As for the experiments in which isolated
EPS was found to stimulate T4P retraction in EPS™ dif
mutants, these experiments suggest that EPS is directly
involved in development.

In contrast to the recently described biosynthetic
pathway for EPS (Islam et al. 2020; Pérez-Burgos et al.
2020a), many mutants with mutations in regulatory genes
and with altered EPS biosynthesis have been described
(Figure 4). At the molecular level, it is not known how these
regulators function to affect EPS synthesis. Therefore, it
remains an open question whether the effect of these mu-
tations is directly on EPS synthesis or indirect by affecting
other processes. Among the different regulators, the Dif
chemosensory system (Yang et al. 1998a; Yang and Li 2005)
is the best-characterized. DifA (a methyl-accepting
chemotaxis protein [MCP]), DifE (a CheA-type histidine
kinase), DifC (a CheW coupling protein) together with the
single-domain response regulator EpsW, which is phos-
phorylated by DifE, are positive regulators of EPS synthesis
(Bellenger et al. 2002; Black et al. 2015; Lancero et al. 2005;
Yang et al. 1998b; Yang and Li 2005) (Figure 4). The single-
domain response regulator DifD is also phosphorylated by
DifE and has been suggested to act as a phosphate sink for
the phosphate flow from DifE and inhibits EPS synthesis
(Black and Yang, 2004, 2010). DifD is dephosphorylated by
the CheC-like phosphatase DifG, which is also an inhibitor
of EPS synthesis (Black and Yang, 2004, 2010). DifE has
also been suggested to interact with the NtrC-like tran-
scriptional regulator Nla19 (Lancero et al. 2005); however,
it is not known whether DifE phosphorylates Nla19.
Genetically, Nla19 is an inhibitor of EPS synthesis (Lancero
et al. 2005). How the Dif system regulates EPS synthesis is
not known. The activity of the Dif system has been sug-
gested to be regulated by the T4P machinery involved in
extending and retracting T4P (Black et al., 2006, 2017; Wu
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and Kaiser 1995). Specifically, mutants of this machinery
that are unable to make T4P have an EPS™ phenotype while
a ApilT mutant, which lacks the PilT retraction ATPase and
is hyper-piliated, produces increased levels of EPS (Black
etal., 2006, 2017; Bretl et al. 2016; Dana and Shimkets 1993;
Shimkets 1986b). In the current model, the PilB ATPase for
T4P extension is an important link between the T4P
machinery and EPS synthesis (Black et al. 2017). The DnaK
homolog StkA is a negative regulator of EPS synthesis and
has also been implicated in linking the T4P machinery and
EPS synthesis (Black et al. 2006; Dana and Shimkets 1993;
Moak et al. 2015) (Figure 4). Thus, EPS and/or the EPS
biosynthetic machinery is important for T4P formation and
function and, inversely, the T4P machinery is important for
EPS biosynthesis (Figure 4).

The second messenger c-di-GMP is a key regulator of
the biosynthesis of secreted polysaccharides in many spe-
cies (R6mling et al. 2013). Recently, c-di-GMP has also
emerged as involved in regulation of EPS biosynthesis in
M. xanthus (Figure 4). C-di-GMP accumulates at the same
level in exponentially growing and stationary phase
M. xanthus cells while the level increases approximately
10-fold during development (Skotnicka et al., 2015, 2016).
Lack of the diguanylate cyclase DmxA causes an increase in
EPS biosynthesis and in the cellular level of c-di-GMP
during growth (Skotnicka et al. 2015). Moreover, lack of
SgmT, which contains an enzymatically inactive

Dif pathway

eeeeeee g

Other activators:
FrzS
SglK (Hsp70)

RasA/SgmO

StkB

StkC

EasA

EasB

RppA (MCP)/MmrA

NtrC-like trs. regulator

Figure 4: Regulation of EPS synthesis.

MXAN_4832 (Hsp100)
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diguanylate cyclase domain (GGDEF domain) but is still
able to bind c-di-GMP (Petters et al. 2012; Skotnicka et al.
2015), or its cognate response regulator DigR causes an
increase in EPS synthesis as well as in the cellular level of
c-di-GMP during growth (Overgaard et al. 2006; Petters
et al. 2012; Skotnicka et al. 2015). Also, lack of the histidine
kinase TmoK, which has an enzymatically inactive GGDEF
domain and does not bind c-di-GMP, caused an increase in
EPS biosynthesis without altering the c-di-GMP level dur-
ing growth (Skotnicka et al. 2015). How these proteins and
c-di-GMP interface with EPS synthesis is not known. The
diguanylate cyclase DmxB is specifically synthesized dur-
ing development and is responsible for the increase in c-di-
GMP during development (Skotnicka et al. 2016). DmxB is
also important for the increased EPS synthesis during
development. During development, c-di-GMP has been
suggested to bind to the NtrC-like transcriptional regulator
Nla24 to stimulate transcription of eps genes (Skotnicka
et al. 2016).

Biosynthesis and function of BPS

BPS is a recently discovered secreted polysaccharide in
M. xanthus (Islam et al. 2020) that consists of randomly
acetylated tetrasaccharide repeats composed of N-ace-
tylmannosaminuronic acid (ManNAcA) and N-

EPS synthesis

Eps proteins

Other inhibitors:
SgmT/DigR
DmxA (DGC)
TmoK
MasK (TK)

NtrC-like trs. regulator

T DGC

!
Starvation

Green and red, activators and inhibitors of EPS synthesis, respectively; gray, the histidine kinase Eps) phosphorylates Nla24 in vitro (Willett
etal. 2013) but its effect on EPS synthesis is not known. Stippled line, interaction mechanism unknown; continuous line, direct interaction. For
the connection between T4P, the T4P machinery (T4PM), the Dif chemosensory system and the DnaK homolog StkA, see main text for details.
Underlined proteins indicate proteins with a GGDEF domain among which only DmxA and DmxB have diguanylate cyclase (DGC) activity. For
the connection between c-di-GMP and EPS synthesis, see main text for details. Abbreviations used: RR, single-domain response regulator, HK,
histidine kinase, MCP (methyl-accepting chemotaxis protein), TK (tyrosine kinase). References for these regulators are: MasK (Thomasson

et al. 2002), FrzS (Berleman et al. 2011), SglK (Weimer et al. 1998; Yang et al. 1998a), MXAN_4832 (Yan et al. 2012), RasA/SgmO (Pham et al.
2005; Youderian and Hartzell 2006), StkB and StkC (Moak et al. 2015), EasA and EasB (Lu et al. 2005), RppA and MmrA (Kimura et al. 2004).
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acetylmannosamine (ManNAc) (Figure 3B) (Islam et al.
2020). BPS is suggested to be released by cells (Islam et al.
2020). Biosynthesis of BPS involves a Wzx/Wzy-dependent
pathway, which is encoded by two loci (Islam et al. 2020;
Pérez-Burgos et al. 2020a) (Figure 3B). Repeat unit syn-
thesis is initiated by the PNPT MXAN_1043, and then sug-
gested to be extended by different glycosyltransferases.
The repeat units are translocated to the periplasm via the
flippase MXAN_1035 (WzxB) and polymerized through the
action of the Wzy polymerase MXAN_1052 or, alternatively,
MXAN_1028 (WzyB). Transport across the OM occurs
through the OPX protein MXAN_1915 (WzaB) with the help
of the PCP MXAN_1025 (WzcB, also referred to as BtkB
(Kimura et al. 2012)) (Islam et al. 2020; Pérez-Burgos et al.
2020a). The tyrosine phosphatase PhpA is thought to de-
phosphorylate phosphorylated WzcB/BtkB (Mori et al.
2012).

BPS has biosurfactant activity and was suggested to
stimulate T4P-dependent motility by reducing surface
tension (Figure 2A) (Islam et al. 2020). Moreover, bps mu-
tants were reported to form fruiting bodies at a lower cell
density than WT (Islam et al. 2020) but it is not known
whether BPS is important for sporulation. T4P were sug-
gested to inhibit BPS synthesis (Islam et al. 2020) while it
remains unknown whether BPS and/or the BPS biosyn-
thetic machinery is important for T4P formation. Interest-
ingly, Islam et al. (2020) also reported that BPS is
predominantly synthesized by cells at the center of a
spreading colony while EPS is synthesized by cells towards
the periphery.

Biosynthesis of the spore coat
polysaccharide

During development, the rod-shaped M. xanthus cells that
have accumulated inside fruiting bodies differentiate to
environmentally resistant spherical spores (Figure 2A)
(Dworkin and Voelz 1962). During spore differentiation, PG
is thought to be removed (Bui et al. 2009) and replaced by a
highly resistant spore coat that is mainly composed of
polysaccharide (Holkenbrink et al. 2014; Kottel et al. 1975)
but also contains several proteins (Inouye et al. 1979a;
Leng et al. 2011; McCleary et al. 1991). The spore coat pro-
tects the cells from environmental stresses (e.g., heat,
desiccation, ultraviolet light and sonication) (Sudo and
Dworkin 1969). None of the proteins in the spore coat are
essential for spore formation (Curtis et al. 2007; Inouye
et al. 1979b; Komano et al. 1984; Lee et al. 2011; Leng et al.
2011), while the spore coat polysaccharide is.
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The spore coat polysaccharide is composed of 1-3-, 1-
4-linked N-acetylgalactosamine (GalNAc), 1-4-linked
glucose (Glc) and additionally contains glycine, which
was suggested to form glycine bridges between the poly-
saccharide chains (Holkenbrink et al. 2014). Synthesis and
export of the spore coat polysaccharide depend on the
ExoA-P proteins, which constitute a Wzx/Wzy pathway
exclusively dedicated to this process (Holkenbrink et al.
2014; Islam et al. 2020; Pérez-Burgos et al. 2020b)
(Figure 3C). The NfsA-H proteins, powered by the AglQRS
proteins in a proton motive force-dependent manner, are
also important for sporulation and modify the Exo gener-
ated polysaccharide to generate the rigid, stress-bearing
spore coat (Holkenbrink et al. 2014; Miiller et al. 2012;
Wartel et al. 2013). Based on chemical analysis of the spore
coat polysaccharide in the absence and presence of the Nfs
proteins, this modification involves an alteration in the
chain length of the spore coat polysaccharide (Holkenbrink
et al. 2014).

The ExoA-P proteins are encoded by three loci (Hol-
kenbrink et al. 2014; Islam et al. 2020; Pérez-Burgos et al.
2020b). In the current model, ExoE is the priming enzyme
for repeat unit biosynthesis (Holkenbrink et al. 2014; Pérez-
Burgos et al. 2020b) (Figure 3C). Based on heterologous
expression experiments in E. coli, ExoE likely transfers
GalNAc-1-P to Und-P despite belonging to the PHPT family
of priming enzymes (Pérez-Burgos et al. 2020b). Three GTs
(ExoK, Exo0 and ExoP) synthesize the repeat unit, which is
likely a tetrasaccharide composed of GalNAc and Glc
(Holkenbrink et al. 2014; Pérez-Burgos et al. 2020b)
(Figure 3C). Additionally, the N-acetyltransferase homo-
logs ExoG and Exol, the aminotransferase homolog ExoH,
and the polysaccharide deacetylase homolog ExoL could
modify sugars before or after incorporation into the repeat
unit (Figure 3C). For instance, based on their homology to
the FemX protein that is involved in addition of glycine to
the lipid II PG precursor in Staphylococcus aureus (Favrot
etal. 2016), ExoG and Exol were suggested to be involved in
glycine addition to the repeat unit by transferring glycine to
the amino group added by ExoH (Pérez-Burgos et al.
2020b). Moreover, ExoF (Holkenbrink et al. 2014) and ExoN
(Pérez-Burgos et al. 2020b) have been suggested to be
involved in synthesis of precursors important for synthesis
of the repeat unit (Figure 3C). Translocation of the repeat
unit to the periplasm occurs via the ExoM flippase, fol-
lowed by polymerization of the repeat units by the Wzy
polymerase, Exo] (Islam et al. 2020; Pérez-Burgos et al.
2020b). Polymerization is thought to be controlled by the
bipartite PCP formed by the transmembrane protein ExoC
and the cytoplasmic ExoD tyrosine kinase (Holkenbrink
et al. 2014; Kimura et al. 2011).The tyrosine phosphatase
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PhpA dephosphorylates the phosphorylated ExoD/BtkA
protein (Mori et al. 2012). The polysaccharide polymer is
transported to the cell-surface via the OPX protein homolog
ExoA. The OM protein ExoB is important for spore coat
polysaccharide synthesis (Holkenbrink et al. 2014), but its
precise function in this process is not known.

An intriguing aspect of the spore differentiation pro-
cess is that the PG is likely removed (Bui et al. 2009) and
replaced with the spore coat (Miiller et al. 2012). It has been
suggested that the spore coat protects cells from bursting
due to intracellular turgor in the absence of PG (Bui et al.
2009). Interestingly exo and nfs mutants, which cannot
synthesize the intact spore coat, initiate the spore differ-
entiation process and become shorter and wider (Holken-
brink et al. 2014; Miiller et al. 2012; Pérez-Burgos et al.
2020b). However, at some point the spore differentiation
process is aborted and cells either return to rod-shape or
remain morphologically highly abnormal (Holkenbrink
et al. 2014; Miiller et al. 2012; Pérez-Burgos et al. 2020b)
suggesting that PG removal and spore coat polysaccharide
synthesis are closely coupled.

Biosynthesis and function of LPS
O-antigen

Biosynthesis and transport of O-antigen and lipid A-core
occur in separate pathways, and the two moieties are
joined on the periplasmic side of the IM and then trans-
ported to the OM via the Lpt (LPS transport) system (Sper-
andeo et al. 2019; Whitfield and Trent 2014) (Figure 3D).
The structures of the M. xanthus LPS O-antigen and lipid
A-core have been elucidated (Maclean et al. 2007)
(Figure 3D).

In M. xanthus, synthesis of O-antigen depends on an
ABC transporter-dependent pathway (Guo et al. 1996)
(Figure 3D), which is encoded by two loci and dedicated to
this process (Pérez-Burgos et al. 2019). O-antigen synthesis
is primed by the PHPT homolog WhbaP, which based on
heterologous expression experiments in S. enterica, trans-
fers Gal-1-P to Und-P (Pérez-Burgos et al. 2019). The GTs
WhgA and WhgB are involved in O-antigen synthesis (Guo
et al. 1996; Yang et al. 2000a). It has been suggested that
WhbgB adds a-D-Glcp to the priming Gal residue of Und-
PP-Gal, while WbgA extends the polymer by alternatively
transferring a-GalpNAc and a-D-Glcp in successive cycles
of catalysis (Pérez-Burgos et al. 2019). To terminate chain
extension, the methyltransferase homolog SgmR has been
suggested to methylate a-GalpNAc (Pérez-Burgos et al.
2019), consistent with the structure and composition of the
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O-antigen (Maclean et al. 2007). Subsequently, the ABC
transporter composed of Wzm and Wzt translocates the
full-length Und-PP-linked O-antigen chain across the IM to
the periplasm (Guo et al. 1996; Pérez-Burgos et al. 2019).
Similarly to the E. coli Og/Oy systems (Greenfield and
Whitfield 2012), the C-terminal carbohydrate binding
domain of Wzt may recognize the modified terminus prior
to transport of the O-antigen chain to the periplasm. The
Waal. ligase (Pérez-Burgos et al. 2019) forms a glycosidic
bond between the core part of the lipid A-core and the first
sugar in the O-antigen to form the mature LPS molecule
(Figure 3D). Finally, the LPS molecules are transported
from the periplasmic side of the IM to the cell-surface via
the Lpt pathway (Figure 3D). Generally, lipid A-core
biosynthesis depends on the Lpx and Waa pathways
(Raetz pathway) (Raetz and Whitfield 2002; Whitfield and
Trent 2014) and the lipid A-core is translocated across the
IM by the MsbA ABC transporter to the periplasm. Based on
bioinformatic analyses, the Raetz and Lpt pathways are
conserved in M. xanthus (Pérez-Burgos et al. 2019); how-
ever, they have not been analyzed experimentally.

The function of LPS O-antigen in M. xanthus has been
controversial. However, using a AwbaP mutant, which is
specifically blocked in the initiation of O-antigen synthesis,
it was recently shown that LPS O-antigen is essential for
gliding motility and fruiting body formation (Pérez-Burgos
et al. 2019). In addition, cells of the AwbaP mutant had
reduced T4P-dependent motility while assembling T4P at
slightly higher levels than in WT (Pérez-Burgos et al. 2019).
How LPS O-antigen affects these processes remains
unknown.

The enigmatic M. xanthus slime

When translocating across a surface, M. xanthus cells leave
behind a phase-bright trail that can be visualized with
phase-contrast microscopy (Gloag et al. 2016; Wolgemuth
et al. 2002). These trails are typically referred to as slime
trails. Other M. xanthus cells tend to follow these trails
independently of which motility system is active (Ducret
et al. 2012; Gloag et al. 2016; Wolgemuth et al. 2002).
Accordingly, it has been suggested that this trail-following
behavior helps M. xanthus cells to coordinate their multi-
cellular behaviors (Ducret et al. 2012; Gloag et al. 2016). It
has also been suggested that slime may function as an
adhesive for the Agl-Glt complexes for gliding motility
(Ducret et al. 2012). For many years, major outstanding
questions have been the nature, chemical composition and
synthesis of slime. Recently, some progress has been made.
First, slime can be stained using the lectin Concanavalin A
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(Ducret et al. 2012), the lipophilic dye FM1-43FX (Gloag
et al. 2016), and acridine orange (Wolgemuth et al. 2002)
suggesting that slime contains sugar(s), lipid(s) and
extracellular DNA (eDNA). Moreover, outer membrane
vesicles, which are produced in large amounts by M. xan-
thus (Kahnt et al. 2010), were also identified in slime trails
using transmission electron microscopy (Ducret et al.
2013). Interestingly, Gloag et al. (2016) also reported that
translocating M. xanthus cells generate phase-bright fur-
rows in the underlying substratum. Altogether, these ob-
servations suggest that the phase bright trails are the result
of physical deformation of the underlying substratum and
the deposition of different chemical components,
i.e., slime, of M. xanthus cells.

It has been suggested that slime is likely deposited
from beneath cells (Ducret et al. 2012). However, it is not
known whether this is a passive process and/or whether
these components are actively secreted. Concerning the
saccharidic content of slime, it has been detected using
Concanavalin A staining in a wzm wzt wbgA triple mutant,
which lacks O-antigen, in a difA mutant, which is deficient
in EPS synthesis, and in a AwzaB mutant, which lacks
BPS, as well as in a triple mutant that lacks all three OPX
proteins of the three Wzx/Wzy pathways in M. xanthus
(Ducret et al. 2012) (Figure 3A-C). These experimental
data indicate that none of the four identified biosynthetic
machineries is single-handedly responsible for producing
the saccharidic component of slime. However, it remains
a possibility that the saccharidic component is a mixture
of BPS, EPS and LPS. Alternatively, a yet to be identified
pathway could be involved in producing the saccharidic
component of slime.

Concluding remarks

Recently, major progress has been made in our under-
standing of the biosynthetic pathways for EPS, BPS, spore
coat polysaccharide and the O-antigen of LPS in M. xan-
thus. This work not only provides an important foundation
to understand in detail the function of EPS, BPS and
O-antigen capped LPS in the social life cycle of M. xanthus
but also form the basis to elucidate the precise composition
and structure of these polysaccharides. Also, it will be of
interest to disentangle the regulatory relationship between
the T4P machinery and EPS biosynthesis to understand
how EPS and/or the EPS biosynthetic machinery stimulates
T4P formation and function as well as how the T4P ma-
chinery interfaces with EPS synthesis. Also, a completely
open question is how the spatial regulation of BPS and EPS
synthesis is accomplished. It will also be of interest to
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address the mechanism coordinating PG removal and
spore coat polysaccharide biosynthesis during sporula-
tion. Finally, purification and characterization of the sac-
charidic component of slime would be highly interesting as
a way forward to understand its origin and biosynthesis.
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