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Regulatory Linkages between Flagella and Surfactant during Swarming
Behavior: Lubricating the Flagellar Propeller?
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,VI any bacteria explore their immediate environment using fla-
gellar locomotion, and on semisolid surfaces, this type of
flagellum-driven motility is known as swarming (22). Dozens of
genera exhibit swarming motility, and it can play an important
role in biofilm formation (9, 28), virulence functions (1, 2, 31),
and the colonization of new environments. Swarming generally
relies upon the release of surfactants, compounds that reduce the
critical surface tension of liquids. Bacterial biosurfactants are
complex organic molecules, often lipids, glycolipids, or lipopep-
tides. Surfactant production is generally thought to reduce the
drag of the bacterial cell on the surface during swarming and fa-
cilitate lateral movement. Given the functional linkage between
flagellum-driven swarming locomotion and surfactant produc-
tion, coregulation of these processes might be expected. Flagellar
biogenesis is exquisitely controlled in a stepwise assembly process,
providing abundant opportunities for additional regulatory in-
puts and outputs on motility and related functions. In addition to
flagellar biogenesis (1, 12, 19, 37) and chemotaxis functions (8,
26), several other bacterial behaviors can be integrated with
swarming motility; these behaviors include virulence functions
(2) and the production of cell-surface polysaccharides (17).

In this issue of the Journal of Bacteriology, Burch et al. (7) report
intriguing findings; they identified 3-(3-hydroxyalkanoyloxy) al-
kanoic acid (HAA), a lipid-type surfactant from the epiphytic
plant pathogen Pseudomonas syringae pv. syringae B728a. P. syrin-
gae is the causative agent of plant brown spot disease and has
served as an excellent model for plant leaf surface colonization
(15). A transposon mutant screen led to the identification of P.
syringae genes required for HAA synthesis. Several transposon
mutants had incurred disruptions in flagellar biosynthetic genes,
resulting in either diminished or elevated HAA production. Fur-
ther exploration of these mutants revealed a highly nuanced co-
ordination of flagellar assembly and function with surfactant pro-
duction.

SURFACTANT PRODUCTION AND CONTROL

Among the pseudomonads, surfactants are best studied in the
opportunistic human pathogen Pseudomonas aeruginosa. A family
of related biosurfactants called rhamnolipids are important for
swarming motility in P. aeruginosa; these biosurfactants include
HAA, their rhamnose-free lipid precursor (7). Burch et al. (7)
demonstrate that P. syringae produces HAA, in addition to the
previously characterized lipopeptide surfactant syringafactin—
which arguably plays a dominant role in P. syringae swarming (5).
Swarming motility is thought to be important in the epiphytic
fitness of this pathogen as well as its invasion of plant tissues (18,
30, 31).

Burch etal. (7) observed that P. syringae mutants disrupted for
syringafactin biosynthesis exhibit limited surface motility, sug-
gesting the production of additional biosurfactants. However, tra-
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ditional methods used to detect surfactants failed to demonstrate
the presence of a surfactant produced by the syringafactin-
deficient (AsyfA) mutant. In earlier studies, however, the same
authors developed a more sensitive assay for biosurfactants based
on observing halos of dewetting surrounding colonies of
surfactant-producing strains that have been misted with atomized
oil droplets (6). This assay allowed them to detect production of a
surfactant in the P. syringae AsyfA mutant that they subsequently
characterized using mass spectrometry as HAA. Synthesis of HAA
requires the rhlA acyltransferase gene, homologous to the rhlA
gene required for rhamnolipid biosynthesis in P. aeruginosa.

FLAGELLAR ASSEMBLY AND COORDINATE REGULATION OF
HAA SURFACTANT PRODUCTION

Burch et al. (7) report that mutations which disrupt flagellar bio-
synthesis can dramatically impact HAA synthesis. The bacterial
flagellum is composed of three basic components, the basal body,
hook, and flagellar filament (4). The biogenesis of the flagellar
machinery is quite complex and costly, involving nearly 30 differ-
ent proteins in many copies with ~30,000 flagellin subunits re-
quired in filament formation (20). Many bacteria have therefore
evolved precise control of flagellar assembly. Flagellar gene ex-
pression is regulated by a temporally fixed, structurally responsive
mechanism (27). Several checkpoints exist to ensure that the fla-
gellar biogenesis occurs in a specific sequence, so that early struc-
tures are always completed prior to subsequent additions to the
nascent flagellum.

In contrast to the well-studied three-tier regulatory cascade
controlling flagellar assembly in Escherichia coli and Salmonella
enterica serovar Typhimurium, Pseudomonas aeruginosa has a
four-tiered flagellar regulatory hierarchy (Fig. 1) (10). The NtrC-
type transcription factor FleQ (designated a class I flagellar gene)
is the major flagellar gene regulator. Class I genes also include the
gene encoding the sigma factor FliA (07*), which, when it is active,
directs transcription of class IV genes. FleQ transcriptionally acti-
vates class II genes, which encode the two-component response
regulators FleSR and include genes required for site selection and
initiation of hook-basal body complex formation (33). Activated
FleR controls expression of class III genes, which are required for
completion of the hook-basal body complex. Class IV genes en-
code FliA-dependent products including flagellin and chemotaxis
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FIG 1 P. syringae swarming with surfactant and flagella. A population of P. syringae cells exhibiting active swarming motility on a bean leaf surface are depicted
(bacteria are not drawn to scale). Bacterial motility is indicated with curved arrows showing the cells converging on nutrient-rich sites on the plant surface where
bacterial aggregates form. An enlarged bacterial cell is shown with a small tuft of polar flagella (extending off the page; P. syringae generally produces 2 to 4 polar
flagella). HAA is synthesized by the activity of RhlA from acylated precursors. HAA is indicated as the linked squiggles reflective of its dual branched structure (not
drawn to scale). HAA is exported from the cell by an uncharacterized export machinery (simplified as a red rectangle). As shown, HAA associates with the surface
of the cell and the flagella, although this has not been proven. Blue hexagons on the flagella indicate putative glycosylation. Flagellar biosynthesis genes are
diagrammatically simplified as thick, colored arrows (there are in fact multiple genes for each class). The FliA o factor is inhibited by the FlgM anti-o factor, which
is exported through the hook-basal body complex (not shown). The black squiggly arrows indicate gene expression, the black dashed arrows indicate export or
catalytic activity, the thin solid black arrows indicate putative positive regulatory interactions, and the thin solid black lines with bars indicate inhibition. Dashed

or broken arrows are speculative but consistent with the findings reported.

proteins. Upon the completion of the hook-basal body complex,
the anti-o factor FIgM is thought to be secreted through the hook-
basal body complex, thereby relieving inhibition of FliA, resulting
in expression of flagellin and other class IV genes (21) (Fig. 1).
There are homologues of all these regulators in P. syringae, and it
is likely that flagellar assembly occurs by a similar regulatory cas-
cade.

Burch et al. (7) found that interruption of early or late flagellar
genes could have opposing impacts on the production of HAA by
P. syringae. For example, disruption of fleQ (class I) resulted in a
complete deficiency of HAA production, and disruption of fliA
(class 1), fliF (class II; MS ring) and fIgD (class III; scaffolding
protein for hook assembly) all decreased surfactant production. In
contrast, disruption in fliC (class IV; flagellin) or fgtI and fgr2
(putatively required for flagellar glycosylation) resulted in surfac-
tant overproduction. These findings suggest that HAA surfactant
production is coordinately activated with early flagellar assembly
but that late stages of flagellar maturation act conversely to limit
surfactant production. Alternatively, fliC and fgtI or fgt2 mutants
may result in incomplete or easily sheared flagellar structures, re-
spectively, that aberrantly result in elevated surfactant produc-
tion. Either way, the increased surfactant in the class IV mutants
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indicates a mechanism by which HAA production is fine-tuned
with flagellar assembly.

Expression analysis revealed that rhlA promoter activity is sig-
nificantly reduced in a fleQ (class I) mutant, slightly reduced in a
flgC (class I1I) mutant, but not obviously affected in a fliC (class
IV) mutant (Fig. 1). Although unproven, it is plausible that FleQ
directly regulates the transcription of rhlA, while class II and class
III mutants, such as the flgC mutant, influence rhlA transcription
and hence HAA production through a feedback response on fleQ
(Fig. 1). Feedback regulation is common in flagellar biogenesis
control (3). In Salmonella enterica, the FIiT protein serves as an
export chaperone for flagellar assembly but also inhibits the
FIhDC complex, thereby limiting class II flagellar gene expression
(36). In Proteus mirabilis, an flhA (class II; flagellum export) mu-
tant decreased flhDC (class I) expression by 10-fold (16). Similar
feedback control on fleQ could be readily tested in P. syringae.
Elevated HAA levels in the fliC and fgtI or fgt2 mutants are appar-
ently due to posttranscriptional effects, although the mechanism
by which this might occur remains undefined. It is interesting to
note that mutations in both the fliC gene and the fgt1 or fgt2 gene
increased expression of fliC itself, perhaps reflective of a common
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feedback mechanism for flagellar maturation triggered in these
mutants, impacting surfactant and flagellin synthesis.

The studies reported by Burch et al. (7) suggest that in wild-
type P. syringae, assembly of the hook-basal body complex stimu-
lates HAA surfactant production, and once the hook-basal body
complex is completed, increased levels of class IV gene products
limit HAA production. This model would be more convincing if
the fliA mutant phenocopied the fliC null mutant in terms of HAA
production, since fliA turns on flagellin synthesis. However, the
fliA mutant exhibits a modest reduction in HAA synthesis, in con-
trast to the fliC mutant, suggesting a more complex mechanism
than simply lack of flagellin. Indeed, flagella are recognized to
function directly in regulation and can provide a sensory mecha-
nism for surface detection. For example, in Vibrio parahaemolyti-
cus, a polar flagellum is thought to act as a mechanosensor for
switching on production of lateral flagella required for swarming
(3, 35). Similarly, in Caulobacter crescentus and Agrobacterium tu-
mefaciens, surface contact stimulates production of a polar surface
adhesin, and this may involve interactions of flagella with surfaces
(24). It is conceivable that in P. syringae structural and functional
perturbation of flagella may similarly modulate surfactant pro-
duction.

The observations reported by Burch et al. (7) lead to an appeal-
ing proposal for the role of the HAA surfactant in P. syringae
swarming motility, in which HAA serves primarily as a lubricant
of the flagella and perhaps to some extent for the cell, whereas
syringafactin plays the major role in reducing surface tension be-
tween the cell and the surface. However, there are other possible
explanations accounting for HAA’s role in swarming motility. For
example, HAA could be the primary surfactant under environ-
mental conditions not achieved in the laboratory—with the syn-
thesis of HAA under strict environmental control.

This work raises many questions that warrant further investi-
gation and particularly highlights the limitations on our under-
standing of surfactant function and its production during swarm-
ing. Both syringafactin and HAA contribute to swarming motility,
but they are clearly regulated very differently. FleQ and flagellar
biogenesis regulate HAA but apparently do not impact syringafac-
tin, perhaps reflecting the different spectrum of functions for
HAA and syringafactin. How is production of these two surfac-
tants coordinated so that each can fulfill its proper activity? In P.
aeruginosa, rhamnolipids are regulated by acylhomoserine lactone
(AHL) quorum sensing (29), and in P. syringae, AHLs have a pro-
found impact on colonization and the distribution of bacterial
populations across the leaf surface, as well as in virulence (32). For
P. syringae, quorum sensing inhibits motility and thereby pro-
motes aggregate formation on leaves (Fig. 1). It, however, remains
to be elucidated whether the HAA surfactant control observed
here is also influenced by quorum sensing. Syringafactin and a
second surfactant activity, likely to be HAA, are both influenced
by a regulator called PmpR, and this may provide a mechanism for
coordinating their activity (5). In addition, iron and the presence
of other bacteria in the phyllosphere community can have impor-
tant effects on P. syringae swarming motility and hence surfactants
(13, 14, 25). In P. aeruginosa, specific nutrients promote more
efficient biosurfactant production, modulating swarming motil-
ity, and HAA synthesis may be similarly environmentally respon-
sive (11, 23, 34). Burch et al. also provide results that suggest that
HAA synthesis, and thus perhaps swarming motility, is influenced
by the AlgT stress response pathway (7).
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Even with these unanswered questions, the findings reported
by Burch et al. (7) reveal an intricate level of integration between
flagellar function and surfactant synthesis. The flagellum is a re-
markably complex molecular machine in its assembly and activity.
As with other mechanical systems that function through the dy-
namic interactions of many individual components, appropriate
lubrication is a crucial feature for optimal performance. HAA may
function as a lubricating surfactant, enhancing flagellar perfor-
mance, and also perhaps contributing in additional ways to
flagellum-driven propulsion across surfaces. Coregulation of
HAA with flagellar assembly, both positively and negatively, may
ensure that surfactant production is balanced or calibrated so that
sufficient levels are synthesized to facilitate flagellar function but
prevent surfactant overproduction, which would waste resources
and could compromise motility.
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