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ABSTRACT Members of the phylum Bacteroidetes have many
unique features, including gliding motility and the type IX protein
secretion system (T9SS). Bacteroidetes gliding and T9SSs are
common in, but apparently confined to, this phylum. Most,
but not all, members of the phylum secrete proteins using the
T9SS, and most also exhibit gliding motility. T9SSs secrete cell
surface components of the gliding motility machinery and also
secrete many extracellular or cell surface enzymes, adhesins,
and virulence factors. The components of the T9SS are novel
and are unrelated to those of other bacterial secretion systems.
Proteins secreted by the T9SS rely on the Sec system to cross the
cytoplasmic membrane, and they use the T9SS for delivery
across the outer membrane. Secreted proteins typically have
conserved C-terminal domains that target them to the T9SS.
Some of the T9SS components were initially identified as
proteins required for gliding motility. Gliding does not involve
flagella or pili and instead relies on the rapid movement of
motility adhesins, such as SprB, along the cell surface by the
gliding motor. Contact of the adhesins with the substratum
provides the traction that results in cell movement. SprB and
other motility adhesins are delivered to the cell surface by the
T9SS. Gliding and the T9SS appear to be intertwined, and
components of the T9SS that span the cytoplasmic membrane
may energize both gliding and protein secretion. The functions
of the individual proteins in each process are the subject of
ongoing investigations.

INTRODUCTION
Members of the phylum Bacteroidetes have many unique
features, including novel machinery for protein secretion
and gliding motility (1–3). Most members secrete pro-
teins across the outer membrane (OM) using the type IX
protein secretion system (T9SS), which is confined to this
phylum. Many also crawl rapidly over surfaces by glid-
ing motility. For these gliding bacteria, the motility ma-
chinery and T9SS appear to be intertwined. Here we
explore gliding motility, the T9SS, and the connections
between them.

GLIDING MOTILITY
Bacteroidetes gliding motility was observed 100 years
ago (4), but the mechanism of movement was unknown
until recently. These bacteria crawl rapidly over surfaces
without the aid of flagella or pili. Instead, motility in-
volves the rapid movement of cell surface adhesins (5, 6).
Gliding also occurs in bacteria that belong to other phyla
(myxobacteria, mycoplasmas, cyanobacteria, and others),
but these have their own unique motility machineries (1,
7–10). Gliding of Flavobacterium johnsoniae is typical of
members of the Bacteroidetes (Fig. 1A). The long slender
cells (0.4 μm by 5 to 10 μm) move over surfaces at speeds
of approximately 2 μm/s. Cells glide following their long
axes and may reverse direction, with the head becoming
the tail. Cells on wet surfaces often flip or pivot and may
also attach by one pole and rotate at frequencies of about
2 revolutions per s (11, 12). The proton motive force
(PMF) powers movement, and uncouplers that dissipate
it block gliding (5, 12). Movement of cells on agar often
results in thin spreading colonies (Fig. 1B).

Genetic analyses revealed F. johnsoniae Gld proteins
that are essential for gliding and Spr proteins whose
absence results in severe but incomplete motility defects
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(13). Most of the Gld and Spr proteins are novel, com-
plicating prediction of function. The 669-kDa, repeti-
tive cell surface protein SprB was the first F. johnsoniae
motility protein to be assigned a function. SprB is an

adhesin that is required for cell movement over agar,
and sprB mutants thus form nonspreading colonies (6).
SprB filaments extend from the cell surface. Antibodies
against SprB were used to label live cells, revealing that
SprB is propelled rapidly from pole to pole following an
apparent closed helical loop (5, 6). Cells lacking SprB
retain the ability to move on some surfaces other than
agar because of the presence of additional motility adhe-
sins, such as RemA (14). The multiple motility adhesins
allow cells tomove over diverse surfaces. PMF-dependent
rotary motors embedded in the cell envelope are thought
to propel the motility adhesins along a helical track (13,
15–17). When the adhesins attach to the substratum,
the motors pushing against them result in rotation of
and forward movement of the cell in a screw-like man-
ner (Fig. 1C). The cytoplasmic membrane (CM) proteins
GldL and GldM (Fig. 2B) are candidates for the motor
proteins that harvest the PMF (5, 16, 18, 19). The only
other known motility proteins that span the CM are
components of the GldA-GldF-GldG ATP-binding cas-
sette (ABC) transporter. This is unlikely to be the glid-
ing motor because the ABC transporter is presumably
powered by ATP rather than PMF and because several
members of the Bacteroidetes that lack this transporter
exhibit gliding motility (1, 20).

Analyses of many nonmotile gld mutants revealed
surprising phenotypes. The mutants failed to digest chitin
or to adhere to surfaces and they were resistant to bac-
teriophages (18, 19, 21). The reason for these phenotypes
is now known. gldK, gldL, gldM, and gldN encode core
components of the T9SS that secretes SprB and RemA to
the cell surface (19, 22, 23). The unexpected phenotypes
of these gld mutants were caused by failure to secrete
adhesins, phage receptors, a chitinase, and dozens of
other proteins.

DISCOVERY OF THE T9SS
The first hint that the Bacteroidetes might have a novel
protein secretion system came from studies of the non-
motile human pathogen Porphyromonas gingivalis. P.
gingivalis secretes virulence factors, such as gingipain
proteases, that are important in periodontal disease (24,
25). The secreted proteins typically remain attached to the
P. gingivalis cell surface. A conserved carboxy-terminal
domain (CTD) of secreted proteins was suggested to be
linked to secretion and surface attachment (26–28). In
2005, genetic experiments revealed the first component
of the secretion system, the OM protein PorT (29). Two
years later, studies on F. johnsoniae motility and P. gin-
givalis secretion converged with the publication of papers

FIGURE 1 Gliding of F. johnsoniae cells. (A) Characteristic
movements of cells. (B) Spreading colonies formed by wild-
type cells and nonspreading colonies formed by cells of a
nonmotile gldA mutant. Bar corresponds to 1 mm. (C) Model
of F. johnsoniae gliding. Gld proteins in the cell envelope form
the PMF-powered rotary motors that are attached to the cell
wall and propel adhesins, such as SprB and RemA, along
looped helical tracks on the cell surface. The action of the
motors on adhesins that are attached to the substratum
results in forward movement and rotation of the cell. Two
rotary motors are shown. Rotation of one motor propels a
baseplate carrying SprB and RemA adhesins and delivers it to
the next motor. Modified from reference 13.
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FIGURE 2 T9SS and gliding motility proteins. Proteins in blue are associated with the
T9SS, and proteins in green are motility proteins that are not directly associated with the
T9SS. Orthologous T9SS proteins between panels A and B are shown in the same relative
positions, color, and shapes. F. johnsoniae GldK, GldL, GldM, GldN, SprA, SprE, and SprT
correspond to P. gingivalis PorK, PorL, PorM, PorN, Sov, PorW, and PorT, respectively.
Black lines are lipid tails on lipoproteins. Proteins secreted by the T9SS have predicted
N-terminal signal peptides (yellow) that target them to the Sec system for export across
the cytoplasmic membrane (CM) and C-terminal domains (red) that target them to the
T9SS for secretion across the outer membrane (OM). Proteins are not drawn to scale, and
stoichiometry of components is not illustrated. (A) P. gingivalis T9SS proteins. Where
protein names were not available, locus tags (from P. gingivalis strain W83) were used. The
gingipain protease RgpB is shown covalently attached to the outer membrane acidic
lipopolysaccharide (A-LPS). Secretion complex and attachment complex are indicated by
the large and small blue barrels, respectively. (B) F. johnsoniae T9SS and gliding motility
proteins. SprB is a motility adhesin that is propelled by some of the other proteins shown.
SprF is required for secretion of SprB but not for secretion of other proteins. SprF and nine
other F. johnsoniae proteins are related to P. gingivalis PorP. F. johnsoniae PorV is required
for secretion of ChiA and many other proteins, but not for secretion of SprB.
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on the F. johnsoniae OM motility protein SprA (30) and
the orthologous P. gingivalis protein involved in secretion
of virulence factors, Sov (31). Another OM protein in-
volved in secretion, PorV, was recognized soon after (32).
Many of the remaining T9SS proteins were discovered by
comparative genome analyses that revealed genes that co-
occur with the secretion gene porT (23). Targeted muta-
genesis of these identified 10 P. gingivalis genes that were
required for optimal secretion. Among these were or-
thologs of six F. johnsoniae gliding motility genes (gldK,
gldL, gldM, gldN, sprA, and sprE, named porK, porL,
porM, porN, sov, and porW in P. gingivalis) and porP,
porQ, and porU. Mutations in any of these P. gingivalis
genes resulted in defects ranging from partial to complete
loss of secretion. Analysis of F. johnsoniae strains with
mutations in the corresponding genes revealed similar
secretion defects (19, 22, 23), except that porQ and porU
mutants were largely competent for secretion (33, 34).
The secretion system was initially referred to as the Por
secretion system and was later named the T9SS (1, 35).
T9SSs are found in most Bacteroidetes but are absent in
most members of the genus Bacteroides (1, 36), which
instead rely on other secretion systems (37). Some bacteria
that have T9SSs also use other secretion systems (1, 38).

SECRETED PROTEINS
Proteins secreted by T9SSs have cleavable N-terminal
signal peptides that are thought to target them to the Sec
system for export across the CM. They also typically have
conserved 70- to 100-amino-acid CTDs that are required
for secretion across the OM and are often cleaved dur-
ing this process (26, 27, 29, 34, 39–43). Attachment of a
T9SS CTD to a foreign protein results in its efficient se-
cretion (34, 40, 41). The structures of two CTDs have
been determined (44, 45). Both have an Ig-like fold with
seven β-strands forming a sandwich-like structure that
is thought to interact with components of the T9SS. The
conserved CTD sequences allow predictions of secreted
proteins from genomic data. Most T9SSs are predicted to
secrete dozens of proteins, and some secrete many more.
The cellulolytic bacterium Cytophaga hutchinsonii is pre-
dicted to use its T9SS to secrete at least 147 proteins (46),
many of which have been verified by proteomic analyses
(43), and Fluviicola taffensis is predicted to secrete 230
proteins (36). Given the large number of proteins secreted,
it is not surprising that T9SSs are important for many
processes in environmental and host-associated bacteria,
including virulence (23, 47, 48), polymer degradation (40,
46), adhesion (19, 22), S-layer formation (49, 50), mo-
tility (19, 22, 46, 47, 51), and biofilm formation (49–51).

Many T9SS-secreted proteins are large. F. johnsoniae
SprB, for example, is 669 kDa. Some proteins are se-
creted in soluble form, and others become attached to the
cell surface. Most proteins secreted by P. gingivalis are of
the latter type and are cell surface associated as a result of
covalent bonding to an acidic form of lipopolysaccharide
(A-LPS) (52). This modification occurs after transit of the
OM and removal of the CTD (53).

COMPONENTS AND STRUCTURE
OF THE T9SS
At least 17 proteins are thought to have roles in T9SS-
mediated secretion (Fig. 2; Table 1). Several regulatory
proteins, not discussed here, have also been identified (23,
54, 55). P. gingivalis T9SS proteins that are essential or
nearly essential for secretion include PorK, PorL, PorM,
PorN, Sov, PorW, PorT, PorP, PorV, and PG1058 (23,
31, 56–58). The F. johnsoniae orthologs of the first 7 of
these (GldK, GldL, GldM, GldN, SprA, SprE, and SprT)
are also required for secretion (19, 22, 23), but the situ-
ation is more complicated for PorP, PorV, and PG1058.
P. gingivalis has a single PorP, whereas F. johnsoniae has
10 porP-like genes (59). Requirement of these genes for
F. johnsoniae secretion has likely been masked by redun-
dancy. One F. johnsoniae PorP-like protein, SprF, is re-
quired for T9SS-mediated secretion of SprB, but it is not
required for secretion of other proteins examined (59).
Redundancy may also occur for the five F. johnsoniae
proteins that are related to PG1058. The genes encoding
these PG1058-like proteins are each adjacent to sprF-like
genes. These have not yet been examined for roles in se-
cretion. P. gingivalis PorV is required for secretion (32),
whereas F. johnsoniae PorV is required only for secre-
tion of some proteins that are targeted to its T9SS (34).
PG0189 interacts with PorK and PorN and thus may be
involved in secretion (60), but mutants lacking PG0189
have apparently not been examined.

The P. gingivalis proteins described above all local-
ize to the cell envelope and may constitute the core of
the secretion complex (Fig. 2A). Only PorL and PorM
span the CM, and they may be involved in energy trans-
duction to power secretion, similar to the proposed role
of GldL and GldM in gliding motility (5, 18, 19, 61).
PorL/GldL proteins have a completely conserved gluta-
mate predicted to be buried in the membrane that might
facilitate transit of protons to energize both processes
(19, 61).

Recent studies of protein-protein interactions, protein
complexes, and protein structures have added greatly
to our understanding of the T9SS secretion complex
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TABLE 1 T9SS componentsa

P. gingivalis
protein name
or locus tagb

F. johnsoniae
protein name
or locus tag Localization

Predicted role in
secretion/motility

Essential for
F. johnsoniae
gliding?

Interaction
partner Notes Reference(s)

Secretion complex
PorL GldL CM Energizes secretion/motility Essential PorM Forms complex with

PorK, PorM, and PorN
18, 19, 23, 61

PorM GldM CM Energizes secretion/motility Essential PorK, PorL, PorN,
PorP

Forms complex with
PorK, PorL, and PorN

18, 19, 23, 61,
62

PorK GldK OM lipoprotein Component of periplasmic
channel

Essential PorM, PorN, PorP,
PG0189

Forms complex with
PorL, PorM, and PorN

18, 19, 23, 60,
61

PorN GldN and GldO P Component of periplasmic
channel

Essential PorK, PorM,
PG0189

Forms complex with
PorK, PorL, and PorM

18, 19, 22, 23,
60, 61

Sov SprA OM OM pore Nearly essential PorV, plug 19, 30, 31, 58,
64

PorT SprT OM Unknown Nearly essential ND 23, 29, 71
PorP SprF and 9 other

PorP-like proteinsc
OM Unknown ND PorK, PorM 23, 46, 59, 61

PorW SprE OM lipoprotein Unknown Nearly essential ND 23, 72
PG1058 (PGN_1296) Fjoh_1647,d Fjoh_2275,

Fjoh_3950, Fjoh_3973,
Fjoh_4540

OM lipoprotein Anchors T9SS to peptidoglycan ND ND OmpA C-terminal
peptidoglycan-
binding domain

57

PG0189 (PGN_0297) Fjoh_1692 OM Unknown ND PorK, PorN 60
PG2092 (PGN_0144) Fjoh_1759, plug P/OM Forms plug on periplasmic

side of SprA pore. Prevents
nonspecific leakage of
periplasmic contents.

ND SprA 64

Attachment complex
PorVe PorV OM Shuttles secreted proteins

from secretion complex to
attachment complex

Not needed for
gliding

PorU, SprA Forms complex with
PorU, PorQ, and PorZ

32, 34, 56, 64,
73, 74

PorU PorU Cell surface CTD cleavage; attachment of
substrates to A-LPS

Not needed for
gliding

PorV Forms complex with
PorV, PorQ, and PorZ

39, 56, 73

PorQ Fjoh_2755 OM Unknown Not needed for
gliding

Forms complex with
PorU, PorV, and PorZ

23, 56

PorZ Fjoh_0707 Cell surface Assembly of PorU on cell
surface; secretion and/or
modification of secreted
proteins

ND Forms complex with
PorU, PorV, and PorQ

45, 56

Other
PG0534 (PGN_1437) Fjoh_0118 OM Secretion and/or modification

of secreted proteins
ND 65

Omp17; PG0192
(PGN_0300)

Fjoh_0599,f Fjoh_1000,
Fjoh_1688, Fjoh_1689

OM PorU maturation or stabilization;
post-secretion processing

ND OmpH-like 66

aAbbreviations: CM, cytoplasmic membrane; OM, outer membrane; P, periplasm; ND, not determined.
bLocus tags for P. gingivalis strains W83 (PG) and ATCC33277 (PGN_) are listed, with the PGN_ locus tags in parentheses.
cPorP-like proteins recognized by assignment to Tigrfam “type IX secretion system membrane protein PorP/SprF family” TIGR03519.
dPG1058-like proteins recognized by the presence of domains corresponding to pfam00691 (OmpA_C terminal domain), pfam07676 (WD40-like Beta propeller repeat), and pfam13620 (carboxypeptidase

regulatory-like domain).
ePorV may be a component of the secretion complex and the attachment complex.
fProteins related to PG0192 (PGN_0300) recognized by the presence of domains corresponding to pfam03938 (OmpH-like).
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(60–63). PorL/PorM and PorK/PorN complexes were
isolated, and additional protein-protein interactions were
identified (Table 1), suggesting a potential envelope-
spanning complex comprised of PorK, PorL, PorM, PorN,
PorP, and PG0189. Stoichiometry was suggested to be
PorL3/PorM2/PorN2/PorK2, with perhaps 3 or 4 copies
of this basic structure forming the core of the secretion
machine. Crystal structures of dimers of the periplasmic
domains of PorM and GldM were recently reported
(62). Despite only 22% amino acid identity, the proteins
formed remarkably similar four-domain structures pre-
dicted to span most of the periplasm. In GldM the do-
mains were linear, whereas in PorM there was a bend
between domains 2 and 3. The PorM and GldM struc-
tures may represent different dynamic states associated
with protein translocation. Transition between these states
could involve PorL/GldL-mediated PMF-driven energy
transduction. The very large (267-kDa) SprA protein ap-
pears to form the OM pore of the secretion system (64).
Cryo-electron microscopic analysis revealed that a single
SprA protein forms a 36-strand transmembrane β-barrel
with an internal pore of approximately 70 Å in diameter,
which should allow transit of folded proteins. The SprA
pore appears to be alternately occluded on the periplas-
mic side by the Plug protein (Fjoh_1759) and on the ex-
ternal side by PorV. This may prevent nonspecific leakage
of periplasmic contents. PorV is thought to escort pro-
teins from the lumen of the SprA channel to the outside of
the cell.

P. gingivalis PorU, PorQ, and PorZ appear to form a
complex with PorV that modifies secreted proteins and
attaches them to the cell surface (56). PorU is the pepti-
dase that removes CTDs after secretion (39). It may also
covalently attach the newly exposed C termini of the se-
creted proteins to A-LPS via a “sortase-like” mechanism
(53). Cells of porU mutants secrete proteins, but these
retain their CTDs and fail to attach to the cell surface.
PorZ is required for proper localization and stability of
PorU, and thus, porZ mutants behave similarly to porU
mutants (45). PorV is thought to function as the shut-
tle that delivers proteins from SprA and the secretion
complex to the attachment complex (56). Cells lacking
PG0534 and PGN_0300 (PG0192) have phenotypes
that may indicate that they also function in modification
of secreted proteins (65, 66).

RELATIONSHIP BETWEEN THE T9SS
AND GLIDING MOTILITY
The F. johnsoniae T9SS and gliding motility machines
appear to be intertwined, since many mutations disrupt

gliding and secretion (67). This is reminiscent of the bac-
terial flagellum, which has a type III secretion system in-
volved in flagellar assembly at its core (68, 69). GldL and
GldM have been suggested to be part of the PMF-driven
rotary gliding motor, and they are also thought to ener-
gize secretion (5, 18, 19, 61). Other core components
of the T9SS (GldK, GldN, SprA, SprE, and SprT) are
also essential for gliding, suggesting the possibility that a
transmembrane complex of these T9SS proteins may be
central to gliding and secretion. Loss of some other mo-
tility proteins, GldA, GldB, GldD, GldF, GldG, GldH,
GldI, and GldJ (green in Fig. 2B), also results in defects
in motility and secretion (67). The secretion defects were
unexpected, since these proteins are not associated with
the P. gingivalis T9SS. The reason for the loss of secretion
became clear when it was discovered that the F. john-
soniae motility protein GldJ is required to stabilize the
T9SS protein GldK (67). It was already known that GldA,
GldB, GldD, GldF, GldG, GldH, and GldI are needed
to stabilize GldJ (70). Apparently, the absence of any of
these proteins results in loss of GldJ, which results in loss
of GldK and thus in defects in protein secretion. Trun-
cated forms of GldJ were identified that are nonfunctional
for motility but that stabilize GldK and thus allow se-
cretion (67). This partially untangles gliding from secre-
tion, but if current suggestions that GldL and GldM are
motor proteins for secretion and motility are correct, it
may be difficult to completely separate the two processes.

CONCLUSIONS
The novel machines described above, involved in protein
secretion and cell movement, have remarkable proper-
ties. The T9SS efficiently secretes huge proteins across the
OM, and the gliding motility machinery rapidly propels
some of these along the cell surface. Rapid progress has
been made in our understanding of gliding and secretion,
but many mysteries remain regarding the functioning of
the machines responsible for these processes.
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