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Swarming motility in plant-associated bacteria

A. Venieraki*, P.Ch. Tsalgatidou, D.G. Georgakopoulos, M. Dimou and P. Katinakis*

Summary Plant-associated environments harbor a huge number of diverse bacteria that compete
and/or cooperate for the occupation of the most nutrient-rich ecological niches. Motility, a common
trait among bacteria, has long been assumed to provide a survival advantage to skilful bacteria in in-
vading these environments. Bacterial surface motility, such as swarming, a flagella-driven type of sur-
face movement, although mostly observed and studied on agar substrates, is emerging as a major trait
involved in many functions of plant-associated bacteria in regard to their ability to colonize and spread
on their host. In this review, we address some novel swarming motility strategies, which enable bacte-
ria to colonize, disperse and compete in plant surfaces.
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Introduction

Plants harbor epiphytic or endophytic com-
munities of bacteria that colonize almost
all tissues (roots, leaves, stems, vascular tis-
sues, seeds and fruit). In general, plant-asso-
ciated prokaryotes can be grouped based
on the nature of their interaction with host
into commensal, mutualistic, and pathogen-
ic; mutualistic, when it is beneficial for both
organisms, commensal, when one organism
benefits and the other is not affected and
pathogenic, when only the microbe bene-
fits at the expense of the host or host dam-
age. Mutualistic and commensal bacteria in
association with plants are either so-called
ectophytes or endophytes, if their location
is outside or within plant tissues, respective-
ly (Mentes et al., 2013; Berg et al., 2015).
Bacteria move from one location to an-
other in natural niches and this movement
is referred as motility. Plant colonization is a
complex process and motility of bacteria in
soil and/or on plant surfaces is a basic com-
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ponent of this process. Bacterial motility has
been classified into discrete types, based on
structural surface appendages or internal struc-
tures involved, and bacterial species may em-
ploy more than one type for translocation
and colonization (Jarrell and McBride, 2008).
Most bacteria are able to swim in aquatic en-
vironments powered by rotating flagella.
This type of motility is referred as swimming
motility. However, a range of different mech-
anisms have evolved that facilitate move-
ment and spreading on a variety of surfaces
(Jarrell and McBride, 2008). Swimming mo-
tility is considered to be an individual bac-
terial behavior (Jarrell and McBride, 2008;
Harshey, 2003; Kearns, 2010). Surface move-
ment can depend on the presence of flagella
(i.e., swarming), the extension and retraction
of type IV pili (i.e., twitching motility), the in-
volvement of rearrangements in the shape
of the cell that generate standing waves, the
secretion of material from the poles, and lo-
calized focal adhesion complexes between
cells and the substrate (i.e., gliding), or “pas-
sive” surface translocation where the expan-
sive force of cell proliferation moves cells at
the periphery of a cell mass (i.e., sliding).
Swarming is a multicellular movement
of flagellated bacteria over solid surfaces
and this trait is displayed by dozens of bac-
terial species under laboratory conditions.
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Such a mode of motility allows bacteria to
escape local stresses, translocate to a bet-
ter nutritional environment and efficiently
invade host tissue (Harshey, 2003). Thus, we
can infer that swarming motility must be an
important mean for overriding surface im-
pediments and claiming more space in the
bacteria’s natural habitat. However, despite
the benefits, this trait is energy expensive
and is dependent on surface wetness. The
loss of motility may be considered as anoth-
er adaptive strategy of bacteria to cope with
harsh environmental conditions

Swarming regulatory mechanisms and
strategies are diverse among the different
bacteria species and have recently been re-
viewed (Harshey, 2003; Kearns, 2010; Par-
tridge and Harshey, 2013; Harshey and Par-
tridge, 2015). In plant-associated bacteria
the ability to swarm can play an important
role in colonization of interior and exterior
surfaces of plants, in biofilm formation and
in virulence or protective functions (Xu et al.,
2012). In this review, we focus on highlight-
ing the recently emerging novel tactics of
plant-associated swarming bacteria to occu-
py, disperse and duel and/or cooperate on
plant surfaces.

Swarming bacteria dispersed over
fungi

While numerous studies have been focused
on identifying bacterial genes involved in
root colonization, limited attention was giv-
en to the involvement of fungi in facilitating
migration of bacteria (Hannula et al., 2011).
Soils are heterogeneous particulate systems
exhibiting chemical heterogeneity. In the
majority of soils, the patchiness and thick-
ness of the liquid films restrict the dispersal
of individual cells or populations. Flagellum-
driven swimming requires bacterial cells to
be fully immersed in liquid while swarming
is restricted to a narrow range of wet condi-
tions (Partridge and Harshey, 2013; Partridge
and Harshey, 2015). Thus, flagellated bacte-
ria would be expected to swim or to swarm
under certain soil saturation levels. Recent
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studies demonstrated that displacement
of Bradyrhizobium japonicum is achieved in
80% saturated soil (Covelli et al., 2013) while
Pseudomonas fluorescens strain X (Kremmy-
das et al., 2013) displayed a fast movement
in 50% saturated soil (Fig. 1). Movement of
bacteria in bulk unsaturated soils or rhizo-
sphere, conditions that limit the dispersal of
microbes due to environments of low water
potential or discontinuous water films, may
not be achievable without additional aid.
Several lines of evidence suggested that my-
celia may also provide the appropriate con-
ditions for motile bacteria migration in un-
saturated soils. First, the abundance of fungi
which is ranging from 100 to 700 mgr per
g of soil, the extensive network of growing
mycelia which according to estimates sum
up to 20.000 km per m? of soil (Simon et al.,
2015). Second, their ability to colonize both
water-saturated and air-filled voids between
soil particles (Wosten, 2001). Third, flagellat-
ed bacterial strains could move along the
hyphal surface (Kohlmeier et al., 2005).The
role of fungi in facilitating the dispersal of
bacteria was further substantiated in a re-
cent work, where it was shown that fungal
mycelia facilitate the spread of motile bacte-

100%

50%

Figure 1. Motility of Pseudomonas fluorescens strain Xin 100%
and 50% saturated soil.

The soil tablets included in solid (0.5% agar) Nutrient Agar
(NA) medium were inoculated with 3 pl of bacteria in the cen-
ter of each tablet and growth was recorded at the NA—soil in-
terfaces after incubation for 20 h.
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ria in the soil, acting as highways for motile
bacteria (Nazir et al., 2010). In a recent study,
this concept was further extended; the au-
thors using the bacterium Paenibacillus vor-
tex have shown that P. vortex swarms can
transport conidia of the Aspergillus fumiga-
tus over long distances. Inoculation of A. fu-
migatus conidia near to an artificial air re-
vealed that the fungi grown across the gap,
permitting a successful cross of P. vortex,
suggesting a role for swarming and/or fla-
gella in this mutually facilitating migration
process (Ingham et al., 2011).

Dispersal along fungal hyphae appears
to be a widespread trait of swarming bacte-
ria (Bravo et al., 2013; Furuno et al., 2102; Pion
etal., 2013; Simon et al., 2015). In vitro studies
have shown that migration along mycelium
surface facilitated the bacterial degradation
of organic soil pollutants (Banitz et al., 2013)
and the migration of Burkholderia terrae
BS001 along mycelium surface (Warmink et
al., 2011). Shiga toxin-producing Escherichia
coli was found to spread over several food-
related fungi (Lee et al., 2013). Enhanced col-
onization of rhizosphere by saprotrophic
fungi stimulated root surface colonization
by indigenous rhizosphere inhabiting bio-
control bacteria (de Boer et al., 2014).

Bacterial swarms recruit cargo bacteria
or facilitate the migration of fellow
swarmers

Swarming offers a competitive advantage to
some bacteria in invading some plant habi-
tats (Barak et al., 2009). However, co-swarm-
ing or transporting other bacterial species
may expand the abilities of the partners in
occupying and exploiting new territories.
This combination of properties is well illus-
trated by recent studies at laboratory condi-
tions. A non-swarming gentamycin resistant
Burkholderia cepacia (cargo bacterium) al-
lowed the gentamycin-sensitive profi-
cient-swarming Pseudomonas aeruginosa
to swarm and colonize a gentamycin-con-
taining area of the plate, dispersing both
bacteria (Venturi et al., 2010). Moreover, it

has been shown that an ampicillin-sensi-
tive Paenibacillus vortex was capable to
swarm and colonize an ampicillin plate us-
ing non-motile ampicillin resistant Escher-
ichia coli as a cargo organism; one species
provides an enzyme that detoxifies the an-
tibiotic (a sessile cargo bacterium carrying
a resistance gene), while the other (P. vor-
tex) moves itself and transports the cargo
bacterium (Finkelshtein et al., 2015). Fast-
swarming Myxococcus xanthus strains coop-
erated with slower isolates, allowing the lat-
ter to keep pace with faster strains in mixed
groups (Kraemer and Velicer, 2014).

Whether these cooperative phenome-
na between swarming bacteria may occur in
natural habitats is not clear. However, in situ
experiments have provided evidence that
non-motile bacteria may behave as hitch-
hikers and thus are able to move along fun-
gal hyphae only with the aid of other motile
bacteria acting as ‘community migrators’ (Si-
mon et al., 2015). Cooperation among non-
competitive swarming bacterial strains pro-
vide a mechanism for mixing, thus it would
be predicted that they may form mixed
strains biofilm (Reichenbach et al., 2007). The
ability of three species (an antibiotic-produc-
ing Pseudomonas aeruginosa strain P1, a re-
sistant Raoultella ornithinolytica strain R1 and
a sensitive Brevibacillus borstelensis strain S1)
to establish biofilms (Narisawa et al., 2008),
and the recent demonstration that kin but
notidentical swarming B. subtilis strains were
able to co-exist in biofilms formed in Arabi-
dopsis thaliana roots (Stefanic et al., 2015),
suggested that co-swarming but non-com-
petitive bacterial strains may lead to the es-
tablishment of an non-transitive competitive
network in natural habitat.

Interspecies communication affecting
swarming motility

In most environmental niches, multiple bac-
terial species coexist as dynamic commu-
nities. Bacteria have developed intercellu-
lar signaling to adapt and survive in natural
environments and to detect each other as
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they colonize different surfaces (Park, 2003).
Many bacteria secrete small diffusible as
quorum sensing (QS) signaling molecules
such as acyl-homoserine lactones (AHLs)
(Rajput et al., 2015) or volatile signal mole-
cules such as terpenoids, alkenes, aldehydes
(Piechulla and Degenhardt, 2014), thus me-
diating different types of cell-to-cell com-
munication among physically separated mi-
croorganisms (Schmidt et al., 2015).

AHLs are commonly synthesized by
members of the LuxI family of proteins and
are sensed by members of the LuxR fami-
ly of transcriptional regulators (Daniels et
al., 2004). Above threshold concentrations
which is dependent by the cell population
density (quorum sense signals), AHLs are in-
volved in the activation of expression of cer-
tain genes which confer the ability to the
bacterium to migrate in a wide range of eco-
logical niches.

The complexity of AHL signal molecules
(QS signals) produced by bacteria are limited,
thus there is considerable opportunity for
cross talk among bacteria, as in most envi-
ronmental niches, multiple bacterial species
coexist as dynamic communities. Gantner
and colleagues, using a reporter engineered
Pseudomonas putida strain on plant surfaces,
showed that some AHL signals were able to
travel relatively long distances (up to 78 mm)
but was most commonly detected only a few
micrometers away from the producing strain
(Gantner et al., 2006). This was referred to as
the cell-to-cell calling distance. Culturable
rhizosphere bacteria of wheat also produced
signal that could inhibit QS in P. chlororaphis
(aureofaciens) via mechanisms that remain
uncharacterized (Morello et al., 2004).

The ability of QS signals to influence
QS regulated networks is an important
mechanism in modulating the QS-con-
trolled surface motility of physically sepa-
rated bacteria. This conjecture was elegant-
ly demonstrated in recent studies where it
was shown that bacterial epiphytes pro-
duced signals capable of interfering with
the QS system of Pseudomonas syringae pv.
syringae (Pss) affected its swarming motil-
ity (Dulla et al., 2009). The plant epiphytic
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pathogenic bacterium Pss grows and sur-
vives on leaf surfaces, invades into the leaf
tissue and contributes to brown spot dis-
ease, thus the assessment of lesion forma-
tion was considered as sensitive marker
of its motility behavior; non-motile bacte-
ria were less virulent (Haefele and Lindow,
1987). In this respect, proficiency in swarm-
ing motility on plant surface has been cate-
gorized as a virulence factors.

QS suppresses swarming in Pss and QS-
deficient hyperswarmer strains invade leaves
more readily than wild-type strains, thereby
causing a higher incidence of brown spot
lesions on bean, suggesting that swarm-
ing motility of Pss strongly contributes to its
ability to invade leaves and incite disease on
the leaves (Quinones et al., 2005). Nonmotile
mutants of Pss are less able to survive des-
iccation stresses on leaves, apparently be-
cause they cannot access protected sites in
or on the leaf surface (Quinones et al., 2004).
Microarray analysis of Pss gene expression
during growth in epiphytic versus apoplas-
tic sites, revealed that genes involved in mo-
tility were relatively expressed at higher lev-
els when bacteria are located in former site,
suggesting that bacteria are requiring active
motility for relocation on leaves surface com-
pared to a the apoplast where these traits
were less expressed (Yu et al., 2013 ). Co-in-
oculation of wild type Pss along with select-
ed AHLs-producing epiphytic bacteria which
produced large amounts of AHLs identical to
those produced by Pss, decreased mobility
Pss B728a on the leaf surface caused by in-
appropriate induction of Pss B728a QS sys-
tem, resulting in less invasion into the tissue
(Dulla et al., 2009). Similarly, premature in-
duction of Xylella fastidiosa by its QS diffus-
ible signal factor which however was pro-
duced by the transgenic host plant enforced
the pathogen to prematurely adopt a suite
of phenotypes that would restrict its abili-
ty to move in the plant. Diffusible signal fac-
tor is also produced by other beneficial en-
dophytic bacteria such as Stenotrophomonas
maltiphila (Fouhy et al., 2007; Zhu et al., 2012),
thus it may represent an alternative to inhibit
the migration of X. fastidiosa.
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Volatile organic compounds (VOCs) pro-
duced by plant-associated bacteria are in-
volved in their interaction with plant asso-
ciated microorganisms as well as with host
plants, providing a new source of com-
pounds with antibiotic and plant growth-
promoting activities. Rhizobacterial VOCs
have been shown to inhibit microbial plant
pathogens, induce systemic resistance in
plants and trigger plant growth promotion
(Bitas et al., 2013). Volatiles emitted by Ser-
ratia plymuthica decreased the cell-to-cell
communication quorum-sensing (QS) net-
work mediated by AHLs produced in several
plant pathogenic and plant-beneficial bac-
teria (Chernin et al., 2011).

The ability of bacterial volatiles signals
to influence motility of physically separat-
ed bacteria demonstrated in a recent study,
where the authors presented data show-
ing that volatiles produced by bouquet of
phylogenetically different bacterial isolates
(Collimonas pratensis, S. plymuthica, Paeniba-
cillus sp. and Pedobacter sp. ) affected the ex-
pression of genes involved in P. fluorescens
motility (Garbeva et al., 2014). Recent stud-
ies further substantiated swarming motil-
ity among the traits influenced by VOCs.
Co-inoculation experiments of physically
separated P. vortex and the non-motile plant
pathogen Xanthomonas perforans revealed
a massively spread of both bacteria on the
plates (Hagai et al., 2014). The influence of
diffusible and/or volatile signals on mobili-
zation of X. perforans appears also to occur
in planta; fluorescence-stained X. perforans
spotted on a leaf surface seems to swarm to-
wards the distantly located P. vortex (Hagai
et al., 2014). Modulation of swarming motil-
ity by interspecies or cross- cross-kingdom
signaling appears a quite common phe-
nomenon among bacteria. Volatiles emitted
by B. subtilis 168 to modulate the swarming
motility of an array of bacterial species in-
cluding E. coli (Kim et al., 2013). Several Xan-
thomonas species affected Paenibacillus vor-
tex, Paenibacillus dendritiformis and Proteus
mirabilis surface motility through volatiles
(Hagai et al., 2014). Volatile metabolites such
as farnesol produced by Candida albicans re-

duce the swarming motility of Pseudomonas
aeruginosa (McAlester et al., 2008).

Swarmers dueling

Plant surfaces are the habitat to a complex
and competitive microbiota. The root sur-
face and surrounding rhizosphere are signif-
icant carbon sinks which is produced by the
plant (Compant et al., 2005). Thus, along root
surfaces, there are various suitable nutrient-
rich niches attracting a great diversity of mi-
croorganisms, including phytopathogens
(Nelson et al., 2004). Competition for these
nutrients and niches is a fundamental mech-
anism by which biological control agents
such as biocontrol bacteria protect plants
from phytopathogens. Thus proficiency in
surface motility can provide a competitive
advantage to the invading bacterial popu-
lations over other swarming or non-swarm-
ing microorganisms that are colonizing sim-
ilar plant niches and either intercept and/or
kill the opponents or merge with them.

In vitro studies using converging swarm-
ing colonies between less or more phyloge-
netically related bacteria revealed the pres-
ence of a complex social behavior pattern
ranging from discriminatory aggression, by
forming a boundary between the two ad-
vancing swarms, to cooperating merging
of the two swarms. This phenomenon pro-
vided evidence that there is a general ten-
dency for discrimination of self and non-self
between phylogenetically unrelated inter-
acting swarms, and have been studied in
the soil bacterium Myxococcus xantus (Vos
and Velicer, 2009; Rendueles et al., 2015),
Burkholderia pseudomallei (Ngamdee et al.,
2015), the pathogen Proteus mirabilis (Gibbs
et al., 2008; Alteri et al., 2013; Wenren et al.,
2013) and in B. subtillis (Stefanic et al., 2015).

Different strains of the soil inhabiting
bacterium B. subtilis, isolated from 1-cm? soil
samples, examined on swarm plates in pair-
wise combinations were found to form ei-
ther distinct boundaries (phylogenetical-
ly unrelated, nonkin strains) or the swarms
merge (phylogenetically related, kin strains).
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Interestingly, the nonkin bacteria compet-
ed with each other and only one was able
to colonize plant roots. The possible lack of
alive cells in many swarm boundaries and
the competition for root surface coloniza-
tion between nonkin strains may suggest
that antagonistic mechanisms preventing
coexistence of nonkin B. subtilis on roots
(Stefanic et al., 2015). On the other hand,
the kin strains demonstrated the ability to
merge on agar substrate and in situ - colo-
nization of the same root surface suggests
that co-swarming on root surface is tak-
ing place which permitted the formation of
mixed biofilms. In contrast, genetically iden-
tical strains (siblings) of Paenibacillus dendri-
tiformis swarming colonies mutually inhibit
growth through secretion of a toxic protein
termed sibling lethal factor (SIf) (Be'er et al.,
2009; Be'er et al., 2010). SIf is produced in an
isolated, nutrient-starved colony. This pro-
tein is not toxic for other phylogenetically
related bacteria such as B. subtilis. However
SIf is produced along with subtilisin, a bio-
surfractant, in swarming colonies and not
in immobile isolated colonies; thus, we sug-
gest that the SIf represents a new class of
toxins that are most effective for regulating
swarming interspecies competition.

Proteus mirabilis is capable of move-
ment on solid surfaces by swarming motility.
Swarms of independent P. mirabilis isolates
can recognize each other as nonkin and es-
tablish a visible boundary where they meet.
In contrast, genetically identical swarms
merge (Gibbs et al., 2003; Alteri et al., 2013). In
an elegant study, Alteri and coworkers have
shown that in P. mirabilis upon initiation of
swarming differentiation, the type VI secre-
tion system (T6SS) apparatus is assembled
and appears to fire when opposing swarms
meet by injecting the toxin into the cytosol
of the rival strain. The Dienes line represents
a zone of dead bacteria of the less dominant
strain. The dominant strain infiltrates deep-
ly beyond the boundary of the two swarms
and continues to assemble and discharge
the T6SS (Alteri et al., 2013; Sarris et al., 2013).

The T6SSs are prevalent and conserved
among plant pathogenic and plant bene-
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ficial Gram-negative bacteria (Loper et al.,
2012; Sarris et al., 2013). By now multiple cas-
es have been described where T6SS-har-
boring plant associated bacteria are able
to duel and outcompete competitor bacte-
rial cells. For example, the plant beneficial
Pseudomonas protegens strains were com-
peted under cell contact-promoting condi-
tions against P. putida, a bacterium that in-
habits similar environments, whereas those
lacking tge2, a type VI effector resembling
glycoside hydrolase protein, were 6-fold less
fit compared with the wild-type (Whitney et
al., 2003). Hemolysin-coregulated protein
(Hep) function is also required for P. syrin-
gae pv. tomato DC3000 antibacterial activity
against other Gram-negative bacteria, yeast
and amoeba during contact on a solid sur-
face (Haapalainen et al., 2012).

In a recent study, the competitive advan-
tage of plant associated bacteria harboring
T6SS in dueling with other bacteria in planta
has been illustrated (Ma et al., 2014). The au-
thors presented data showing that Agrobac-
terium tumefaciens (@ Gram-negative soil in-
habiting bacterium that causes crown gall
in infected plants) T6SS is important in in-
terspecies completion with the soil bacteri-
um P. aeruginosa. When A. tumefaciens and
P. aeruginosa duels in vitro under cell con-
tact-promoting conditions, the former was
efficiently outcompeted. The competitive
advantage of P. aeruginosa included a T6SS-
mediated counterattack. However, co-in-
fection experiments conducted in tobac-
co plants revealed that the outcome of the
duel was reverted within the plant habitat.

Pseudomonas fluorescens strain MFEOQT,
under cell contact-promoting conditions,
outcompete E. coli, P. aeruginosa PA14, P. flu-
orescens Pf0-1 and P. fluorescens MFE1032,
whereas a MFEO1Ahcp2 and MFEO1Ahcp1
mutants demonstrated a significant loss in
their ability to reduce prey cell population
(Decoin et al., 2014; Decoin et al., 2015). The
bacterial killing capacity of MFEOT against E.
coli cells was neutralized by the constitutive
expression of a T6SS- mediated-injected im-
munity cognate protein from Serratia marce-
scens. MFEO1 was also able to outcompete the
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competitor under swarming conditions pos-
sibly through the combined action of secret-
ed Hcps; Hep1 could reduce the motility of
prey cells and the killing conducted by Hcp2
(Decoin et al., 2015). The capacity of MFEO1
to duel and kill other bacteria was also test-
ed in physiological relevant environments,
coinfection of potato tuber with a mixture of
MFEO1 and Pectobacterium atrosepticum pro-
tected efficiently potatoes against soft-rot
symptoms caused by P. atrosepticum where-
as MFEO1Ahcp2 was unable to confer protec-
tion (Decoin et al., 2014). However, P. atrosep-
ticum harbor the T6SS and excretes Hcps
(Mattinen et al., 2008), thus it will be of inter-
est to examine the dueling of this bacterium
with MFEO1 in vitro on plates.

Because T6SS is dependent on cell-to-cell
contact, it would seem beneficial for bacte-
ria exhibiting multicellular behavior to em-
ploy the T6SS to discriminate and kill com-
petitors rather than indiscriminately secrete
bactericidal agents when competing for re-
sources in their natural habitats. Plant bene-
ficial swarming bacteria harboring T6SS may
encounter each other or competitor patho-
genic bacteria when are migrating on plant
surface or rhizosphere, thus among the traits
of a biocontrol bacterium may be its efficient
T6SS against a wide range of competitor bac-
teria thereby indirectly supporting the pro-
tection for the plant.

A recent study in our laboratory has
shown that Pseudomonas fluorescens strain X
(Pf. X) displayed a killing aggression against
prokaryotic and eukaryotic competitors on
agar substrate. The Pf. X, a nonpathogenic
rhizobacterium, was isolated from the rhizo-
sphere of sugar been (Georgakopoulos et
al., 2002). This strain harbors a gene clus-
ter coding for a cyclic lipopeptide surfactant
similar to massetolide A, which is important
for swarming motility and T6SS core com-
ponent genes (Venieraki et al., unpublished
observations). Pf. X forms discrete boundar-
ies between neighboring swarms on an agar
substrate with different competitor patho-
genic and beneficial Pseudomonas strains,
the boundary demarcation is occupied by
killed bacteria and a one-sided invasion by

the dominant Pf. X swarm within the swarm
of the opponents (Fig. 2). To quantify the
killing, competition assays were conduct-
ed between Pf. X and the other Pseudomo-
nas sp. For example, wild-type Pf. X killed
Pseudomonas strain P21 by at least 5-logs
when plated together on agar to permit
swarming or non-swarming conditions and
co-cultured for 20 h (unpublished data).

Although strain Pf. X clearly exhibited
antagonism against Fusarium sp., Botrytis sp.
and Rhizoctonia solani on 1.5% agar nutrient
plates (Fig. 3), all fungi ended up occupying
more than 90% of the plate surface area. In
contrast, mycelium spreading of fungi was
safely hampered when co-cultivated with
the surface-motile Pf. X (Fig. 3). Once the Pf. X
colony started to expand, contact between
the spreading bacterial front and the fungus
was achieved within a few hours. In some
cases, a boundary line was observed and
the advancing Pf. X swarm colonies moved
along the hyphae. The trapped fungus was
no longer viable as judged by its failure to
resume mycelium growth when transfer to a
new nutrient plate or in liquid culture.

UV light

PfX-GFPvs P14  PfX-GFP vs P3

Figure 2. Warfare between swarming Pseudomonas fluore-
scens strain X (green) GFP-tagged and Pseudomonas sp. strain
P3 and P14 (bluish).

Pseudomonas fluorescens strain X-GFP was cultured in pairs
with Pseudomonas sp. strain P3 or P14 on swarming agar
plates. The boundary formed between the different strains
is referred as Dienes line. Note the presence of Pseudomonas
fluorescens strain X-GFP (green) within the swarms of the ri-
val strains.
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Fusarium sp.

1.5% agar

0.5% agar

0.5% agar, UV

Botrytis sp.

Rhizoctonia solani

Figure 3. Antifungal properties of swarming (0.5% agar) and non-swarming (1.5% agar) of Pseudomonas fluorescens strain

Xagainst Fusarium sp., Botrytis sp. and Rhizoctonia solani.

Conclusions

This review has focused on resent research
concerning bacterial surface motility as a
trait that provides a survival advantage to
competitive environments. Furthermore, it
is stressing the point that flagella- or type
IV pili-driven surface motility appears to
provide a competitive advantage to plant
pathogenic or biocontrol bacteria for col-
onization of plant tissues. These motili-
ty modalities may be harnessed for bene-
ficial tasks through novel and ecologically
safe strategies. Aiming at plant growth and
health future challenges should therefore
concentrate in exploring the genetic basis
of these phenomena placing emphasis on
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biocontrol bacteria, to discover appropri-
ate partners for the fungus-driven bacterial
dispersal and resolve the importance of mi-
crobially produced volatiles in plant protec-
tion.

Literature cited

Alteri, C.J., Himpsl, S.D., Pickens, S.R., Lindner J.R,
Zora, J.S., Miller, J.E, Arno P.D., Straight, SW. and
Mobley, H.L. 2013. Multicellular bacteria deploy
the type VI secretion system to preemptively
strike neighboring cells. PLoS Pathogens, 9(9):
1003608

Banitz, T., Johst, K., Wick, LY., SchamfuB3, S., Harms,
H. and Frank, K. 2013. Highways versus pipe-
lines: contributions of two fungal transport
mechanisms to efficient bioremediation. Envi-



24 Venieraki et al.

ronmental Microbiology Reports, 5: 211-8.

Barak, J.D., Gorski, L., Liang, A.S. and Narm, K-E. 2009.
Previously uncharacterized Salmonella enteric
genes required for swarming play a role in seed-
ling colonization. Microbiology, 15: 3701-3709.

Be'er, A., Ariel, G., Kalisman, O., Helman, Y., Sirota-
Madi, A., Zhang, H.P,, Florin, E-L., Payne, S.M.,
Ben-Jacob, E. and Swinney H. L. 2010. Lethal
protein produced in response to competition
between sibling bacterial colonies. Proceedings
of the National Academy of Sciences of the United
States of America, 107(14): 6258-6263.

Be'er, A., Zhang, H.P,, Florin, E.L., Payne, S.M., Ben-
Jacob, E. and Swinney, H.L. 2009. Deadly com-
petition between sibling bacterial colonies. Pro-
ceedings of the National Academy of Sciences of
the United States of America, 106: 428-433.

Berg, G., Rybakovam, D., Grube, M. and Kdberl M.
2015. The plant microbiome explored: implica-
tions for experimental botany. Journal of Experi-
mental Botany, doi: 10.1093/jxb/erv466

Bitas, V., Kim,H-S., Joan W. Bennett, JW. and Kang
S. 2013. Sniffing on microbes: Diverse roles of
microbial volatile organic compounds in plant
health. Molecular Plant-Microbe Interactions, 26:
835-843

Bravo, D., Cailleau, G., Bindschedler, S., Simon, A.,
Job, D., Verrecchia, E. and Junier, P. 2013. Isola-
tion of oxalotrophic bacteria able to disperse
on fungal mycelium. FEMS Microbiology Letters,
348: 157-66.

Chernin, L., Toklikishvili, N., Ovadis, M., Kim, S., Ben-
Ari, J., Khmel, I. and Vainstein, A. 2011. Quorum-
sensing quenching by rhizobacterial volatiles.
Environmental Microbiology Reports, 3: 698-704.

Compant, S., Duffy, B., Nowak, J., Clément, C. and
Barka, E.A. 2005. Use of plant growth-promot-
ing bacteria for biocontrol of plant diseases:
principles, mechanisms of action, and future
prospects. Applied and Environmental Microbiol-
0gy, 71: 4951-4959.

Covelli, J.M., Althabegoiti M.J, Lépez, M.F. and Lo-
deiro, A.R. 2013. Swarming motility in Bra-
dyrhizobium japonicum. Research in Microbiolo-
gy, 164: 136-44.

Daniels, R., Vanderleyden, J. and Michiels, J. 2004.
Quorum sensing and swarming migration in
bacteria. FEMS Microbiol Reviews, 28(3): 261-89.

de Boer, W., Hundscheid, M.P.J., Gunnewiek K., P.J.A.,
de Ridder-Duine, A.S., Thion, C,, van Veen, J.A.,,
and van der Wal A. 2015. Antifungal Rhizo-
sphere Bacteria can increase as Response to the
Presence of Saprotrophic Fungi. PLoS ONE, 10(9):
e0137988.

Decoin, V., Barbey, C., Bergeau, D., Latour, X., Feuillol-
ey, M.G., Orange, N. and Merieau, A.2014. A type
VI secretion system is involved in Pseudomonas
fluorescens bacterial competition. PLoS ONE,
9(2): €89411.

Decoin V, Gallique M, Barbey C, LeMauff F, Du-
clairoir Poc C, Feuilloley M.G.J., Orange, N. and
Merieau, A. 2015. A Pseudomonas fluorescens
type 6 secretion system is related to mucoidy,
motility and bacterial competition. BMC Micro-
biology, 15: 72.

Dulla, G. and Lindow, S. 2009. Acyl-homoserine lac-
tone mediated cross talk among epiphytic bac-
teria modulates behavior of Pseudomonas syrin-
gae on leaves. The ISME Journal, 3: 825-834.

Finkelshtein, A., Roth, D., Ben Jacob, E. and Ingham,
C.J. 2015. Bacterial swarms recruit cargo bacte-
ria to pave the way in toxic environments. mBio
6(3): e00074-15.

Fouhy, Y., Scanlon, K., Schouest, K., Spillane, C,,
Crossman, L., Avison, M.B., Ryan, R.P. and Dow,
J.M. 2007. Diffusible signal factor-dependent
cell-cell signaling and virulence in the nosoco-
mial pathogen Stenotrophomonas maltophilia.
Journal of Bacteriology, 189: 4964-4968.

Furuno, S., Remer, R., Chatzinotas, A., Harms, H. and
Wick, LY. 2012. Use of mycelia as paths for the
isolation of contaminant-degrading bacteria
from soil. Microbial Biotechnology, 5(1): 142-8.

Gantner, S., Schmid, M., Durr, C., Schuhegger, R.,
Steidle, A., Hutzler, P,, Langebartels C, Eberl, L.,
Hartmann, A., Dazzo, F.B.. 2006. In situ quanti-
tation of the spatial scale of calling distances
and population density-independent N-acylho-
moserine lactone mediated communication by
rhizobacteria colonized on plant roots. FEMS Mi-
crobiology Ecology, 56: 188-194.

Garbeva, P, Hordijk, C., Gerards, S. and De Boer, W.
2014. Volatile-mediated interactions between
phylogenetically different soil bacteria. Fron-
tiers in Microbiology, 5: 285-290.

Georgakopoulos, D.G., Fiddaman, P., Leifert, C. and
Malathrakis, N.E. 2002. Biological control of cu-
cumber and sugar beet damping-off caused by
Pythium ultimum with bacterial and fungal an-
tagonists. Journal of Applied Microbiology, 92:
1078-86.

Gibbs, K.A., Urbanowski, M.L. and Greenberg, E.P.
2008. Genetic determinants of self-identity and
social recognition in bacteria. Science, 321(5886):
256-259.

Haapalainen, M., Mosorin, H., Dorati, F., Wu, R.F., Roine,
E., Taira, S., Nissinen, R., Mattinen, L., Jackson, R.,
Pirhonen, M. and Lin N.C. 2012. Hcp2, a secret-
ed protein of the phytopathogen Pseudomonas
syringae pv. tomato DC3000, is required for fit-
ness for competition against bacteria and yeasts.
Journal of Bacteriology, 194: 4810-4822.

Haefele, D.M. and Lindow, S.E. 1987. Flagellar motil-
ity confers epiphytic fitness advantages upon
Pseudomonas syringae. Journal of Applied Micro-
biology, 53: 2528-2533.

Hagai, E., Dvora, R., Havkin-Blank, T., Zelinger, E., Po-
rat, Z., Schulz, S. and Helman, Y. 2014. Surface-

© Benaki Phytopathological Institute



Swarming motility in plant-associated bacteria 25

motility induction, attraction and hitchhiking
between bacterial species promote dispersal on
solid surfaces. The ISME Journal, 8: 1147-1151.

Hannula, S.E, de Boer, W. and van Veen, J.A. 2010. In
situ dynamics of soil fungal communities un-
der different genotypes of potato, including a
genetically modified cultivar. Soil Biology & Bio-
chemistry, 42: 2211-2223.

Harshey, R.M. 2003. Bacterial motility on a surface:
Many ways to a common goal. Annual Review of
Microbiology, 57: 249-273.

Harshey, R.M. and Partridge, J.D. 2015. Shelter in a
Swarm. Journal of Molecular Biology, 427(23):
3683-94.

Ingham, C.J., Kalisman, O., Finkelshtein, A. and Ben-
Jacob, E. 2011. Mutually facilitated dispersal be-
tween the nonmotile fungus Aspergillus fumi-
gates and the swarming bacterium P. vortex.
Proceedings of the National Academy of Scienc-
es of the United States of America, 108: 19731-
19736.

Jarrell, K.F. and McBride, M.J. 2008. The surprisingly
diverse ways that prokaryotes move. Nature Re-
views Microbiology, 6: 466-476.

Kearns, D.B. 2010. A field guide to bacterial swarm-
ing motility. Nature Reviews Microbiology, 8:
634-644.

Kim, K-S., Lee, S. and Ryu, C-M. 2013. Interspecif-
ic bacterial sensing through airborne signals
modulates locomotion and drug resistance. Na-
ture Communications, 4: 1809-1815.

Kohlmeier, S., Smits, T.H.M., Ford, R.M., Keel, C,,
Harms, H. and Wick, L.Y. 2005. Taking the fun-
gal highway: mobilization of pollutantdegrad-
ing bacteria by fungi. Environmental Science and
Technology, 39: 4640-46.

Kraemer, S.A. and Velicer, G.J. 2014. Social comple-
mentation and growth advantages promote so-
cially defective bacterial isolates. Proceeding of
the Royal Society B, 281: 20140036.

Kremmydas, G. F., Tampakaki, A. P. and Georgako-
poulos, D. G. 2013. Characterization of the bio-
control activity of Pseudomonas fluorescens
strain X reveals novel genes regulated by glu-
cose. PLoS ONE, 8(4): e61808.

Lee, K., Kobayashi, N., Watanabe, M., Sugita-Koni-
shi, Y., Tsubone, H., Kumagai, S. and Hara-Ku-
do, Y. 2014. Spread and change in stress resis-
tance of Shiga toxin-producing Escherichia coli
0157 on fungal colonies. Microbial Biotechnolo-
gy, 7: 621-629.

Loper, J.E., Hassan, K.A., Mavrodi, D.V. et al., 2012.
Comparative genomics of plant-associated
Pseudomonas spp.: insights into diversity and
inheritance of traits involved in multitrophic in-
teractions. PLoS Genetics, 8(7): e1002784.

Ma, L.S., Hachani, A, Lin, J.S., Filloux, A., and Lai, E.M.
2014. Agrobacterium tumefaciens deploys a su-
perfamily of type VI secretion DNase effectors

© Benaki Phytopathological Institute

as weapons for interbacterial competition in
planta. Cell Host and Microbe, 16: 94-104.

Mattinen, L., Somervuo, P., Nykyri, P, Nissinen, R.,
Kouvonen, P,, Corthals, G., Auvinen, P., Aittamaa,
M., Valkonen, J.PT. and Pirhonen, M. 2008. Mi-
croarray profiling of host-extract induced genes
and characterization of the type VI secretion
cluster in the potato pathogen Pectobacterium
atrosepticum. Microbiology, 154: 2387-2396.

McAlester, G., O'Gara, F. and Morrissey J.P. 2008. Sig-
nal-mediated interactions between Pseudomo-
nas aeruginosa and Candida albicans. Journal of
Medical Microbiology, 57: 563-569.

Mendes, R., Garbeva, P. and Raaijmakers, J.M. 2013.
The rhizosphere microbiome: significance of
plant beneficial, plant pathogenic, and human
pathogenic microorganisms. FEMS Microbiology
Reviews, 37:634-63.

Morello, J.E., Pierson, E.A., and Pierson, L.S. 2004.
Negative cross-communication among wheat
rhizosphere bacteria: effect on antibiotic pro-
duction by the biological control bacterium
Pseudomonas aureofaciens 30-84. Applied and
Environmental Microbiology, 70: 3103-3109.

Narisawa, N., Haruta, S., Arai, H., Ishii, M. and lga-
rashi, Y. 2008. Coexistence of antibiotic-produc-
ing and antibiotic sensitive bacteria in biofilms
is mediated by resistant bacteria. Applied and
Environmental Microbiology, 74: 3887-3894.

Ngamdee W, Tandhavanant S, Wikraiphat C, Ream-
tong O, Wuthiekanun V, Salje J, Low D.A., Pea-
cock, S.J. and Chantratita N. 2015. Competition
between Burkholderia pseudomallei and B. thai-
landensis. BMC Microbiology, 15: 56-52.

Nazir, R, Warmink, J.A., Boersma, H. and van Elsas,
J.D. 2010. Mechanisms that promote bacteri-
al fitness in fungal-affected soil microhabitats.
FEMS Microbiology Ecology, 71(2): 169-85.

Nelson, E.B. 2004. Microbial dynamics and interac-
tions in the spermosphere. Annual Review of
Phytopathology, 42: 271-309.

Park, S. 2003. Influence of topology on bacterial
social interaction. Proceedings of the National
Academy of Sciences of the United States of Amer-
ica, 24: 13910-13915.

Partridge, J.D. and Harshey, R.M. 2013. Swarming:
Flexible roaming plans. Journal of Bacteriology,
195:909-918.

Piechulla, B. and Degenhardt, J. 2014. The emerging
importance of microbial volatile organic com-
pounds. Plant, Cell and Environment, 37: 811-
812.

Pion, M., Bshary, R., Bindschedler, S., Filippidou, S.,
Wick, L.Y., Job, D. and Junier P. 2013. Gains of
bacterial flagellar motility in a fungal world. Ap-
plied and Environmental Microbiology, 79: 6862-
6867.

Quinones, B., Dulla, G. and Lindow, S.E. 2005. Quo-
rum sensing regulates exopolysaccharide pro-



26 Venieraki et al.

duction, motility, and virulence in Pseudomonas
syringae. Molecular Plant-Microbe Interactions,
18: 682-693.

Quinones, B., Pujol, C.J. and Lindow, S.E. 2004. Regu-
lation of AHL production and its contribution to
epiphytic fitness in Pseudomonas syringae. Mol
Molecular Plant-Microbe Interactions, 17: 521-
531.

Rajput, A., Kaur K. and Kumar, M. 2015. SigMol: rep-
ertoire of quorum sensing signaling molecules
in prokaryotes. Nucleic Acids Research, 1: doi:
10.1093/nar/gkv1076.

Rendueles, O., Zee, P.C., Dinkelacker, I, Amherd, M.,
Wielgoss, S. and Velicer, G.J. 2015. Rapid and
widespread de novo evolution of kin discrimi-
nation. Proceedings of the National Academy of
Sciences of the United States of America, 112(29):
9076-9081.

Reichenbach, T., Mobilia, M. and Frey, E. 2007. Mo-
bility promotes and jeopardizes biodiversity in
rock-paper scissors games. Nature, 448:1046-
1049.

Sarris, P.F., Trantas, E.A., Baltrus, D.A., Bull, C.T., Wech-
ter, W.P,, Yan, S., Ververidis, .F, Almeida, N.F,
Jones, C.D., Dangl J.L, Panopoulos N.J, Vinatzer,
B.A. and Goumas, D.E. 2013. Comparative Ge-
nomics of Multiple Strains of Pseudomonas can-
nabina pv. alisalensis, a Potential Model Patho-
gen of Both Monocots and Dicots. PLoS ONE,
8(3): e59366.

Sarris, P.F., Trantas, E.A., Skandalis, N., Tampakaki,
A.P., Kapanidou, M., Kokkinidis, M. and Panopo-
ulos, N.J. 2011. Phytobacterial Type VI Secretion
System: Gene Distribution, Phylogeny, Structure
and Biological Functions. 53-84 pp. In: Plant Pa-
thology, C.J. R. Cumagan (ed). InTech - Open Ac-
cess Publisher. ISBN: 978-953-307-933-2. Croatia

Simon, A., Bindschedler, S., Job, D., Wick, L.Y., Filip-
pidou, S., Kooli, W.M., Verrecchia, E.P. and Juni-
er, P.2015. Exploiting the fungal highway: devel-
opment of a novel tool for the in situ isolation
of bacteria migrating along fungal mycelium.
FEMS Microbiology Ecology, 91: 1-13.

Stefanic, P, Kraighera, B., Lyonsb, N.A., Kolter, R. and
Mandic-Mulec, 1. 2014. Kin discrimination be-
tween sympatric Bacillus subtilis isolates. Pro-
ceedings of the National Academy of Sciences of
the United States of America, 112(45): 14042-7

Schmint, R., Cordovez, V., deBoer, W. and Raaijma-
makers, L. 2015. Volatille affairs in microbial in-
teractions. The ISME Journal, 9(11): 2329-35.

Yu X., Lund, S.P., Greenwald, JW., Angela H., Re-
cords, A.H., Scott, R.A., Nettleton,D., Lindow,
S.E., Gross D.C. and Beattie, G.A. 2013. Transcrip-
tional Analysis of the Global Regulatory Net-
works Active in Pseudomonas syringae during
Leaf Colonization. mBio, 5(5): e01683-14.

Venturi, V., Bertani, |., Kerenyi, A., Netotea, S. and
Pongor, S. 2010. Co-Swarming and Local Col-
lapse: Quorum Sensing Conveys Resilience to
Bacterial Communities by Localizing Cheater
Mutants in Pseudomonas aeruginosa. PLoS ONE,
5(4): €9998.

Vos, M. and Velicer, G.J .2009. Social conflict in cen-
timeter- and global-scale populations of the
bacterium Myxococcus xanthus. Current Biology,
19(20): 1763-1767.

Warmink, J.A. and van Elsas, J.D. 2009. Migratory re-
sponse of soil bacteria to Lyophyllum sp. strain
Karsten in soil microcosms. Applied and Environ-
mental Microbiology, 75(9): 2820-2830.

Warmink, J.A., Nazir, R., Corten, B. and van Elsas J.D.
2011. Hitchhikers on the fungal highway: the
helper effect for bacterial migration via fun-
gal hyphae. Soil Biology & Biochemistry, 43 :760—
765.

Wenren, L.M., Sullivan, N.L., Cardarelli, L., Septer,
A.N. and Gibbs, K.A. 2013. Two independent
pathways for self-recognition in Proteus mira-
bilis are linked by type VI-dependent export.
mBio, 4(4): e€00374-13.

Whitney, J.C., Chou, S., Russell, A.B., Biboy, J., Gardin-
er, T.E., Ferrin, M.A., Brittnacher, M., Vollmer, W.,
and Mougous, J.D. 2013. Identification, struc-
ture, and function of a novel type Visecretion
peptidoglycan glycoside hydrolase effector-im-
munity pair. Journal of Biological Chemistry, 288:
26616-26624.

Wosten HAB 2001. Hydrophobins: multipurpose pro-
teins. Annual Review of Microbiology, 55: 625-
46.

Xu, J, Plat, T.G., Fuqua, C. 2012. Regulatory Linkages
between Flagella and Surfactant during Swarm-
ing Behavior: Lubricating the Flagellar Propel-
ler? Journal of Bacteriology, 194: 1283-86.

Zhu, B., He Liu, H., Tian, W.X., Fan, X.Y., Bin Li, B., Zhou
X.P, Jin G.L., and Xie G.L. 2012. Genome se-
quence of Stenotrophomonas maltophilia RR-10,
isolated as an endophyte from rice root. Journal
of Bacteriology, 194: 1280-1.

Received: 13 December 2015; Accepted: 7 January 2016

© Benaki Phytopathological Institute



Swarming motility in plant-associated bacteria 27

APOPO ANAZKOIMHXHZ

H opadikn KivnTIKOTNTA TWV BAKTNEIWV OTIC EM@PAVELEG TWV
PUTWV

A. Bevigpdkn, M.X. ToaAyatidov, A.I. Tewpyakomoulog, M. Afjuou kat M. Kativakng

Nepidnyn To putd prroevouv mMiBog Baktnplakwv eildwv ta omoia avtaywvilovtal f/Kat ouvepyd-
{ovTal yla TNV £yKATAOTAOK TOUC 0TO TTAéOV KATAAANAO, KATA TTEPIMTTWON, OIKOAOYIKO evdlaitnpa. H Ki-
VNTIKOTNTA, éva KOO XOPAKTNPIOTIKO Twv BakTnpiwy, EKACeTal 0TI TOPEXEL OTOUC BAKTNPLOKOUC TTAN-
Buopol¢ mieovekTrpata empPiwong, Evavtt AAWY UN-KIVNTIKWY, 000V apopd TNV £YKOTACTACK TOUC
0€ avTaywvioTIKA epIBdAovta. H opadikr KivntikdTnta Twv Baktnpiwv oe em@aveleg (swarming),
TUTIOG KIVNTIKOTNTAG TIOU OQEIAETAL 0TV UTTApEN MACTLYiWY, av Kat EXel mapatnpnBei kat peAeTnOsi og
TEXVNTA OPEMTIKA UTTOOTPWHATA, PAIVETAL VA ATOTENEL PACIKO AEITOUPYIKO XAPAKTNPIOTIKO Twv Ba-
KTNPIWV TWV QUTWV AVOPOPIKA LE TV IKAVOTNTA TOug va anolkifouv Kal va egamwvovTal otov &evi-
0TI TOUG. 210 ApBpo auTo, mMapaBETOUNE OPIOHEVEC VEEC OTPATNYIKEG OMASIKAG KIVNTIKOTNTAG TwV a-
KTNpiwv ol OTIoiEC TOUC TapPEXOLV TN SuvaTOTNTA ATOIKIGHOU, EEAMAWONG Kal Slayeiplong Tn¢ avtayw-
VIOTIKAG IKAVOTNTAG TOUG OTIC EMIPAVELEG TWV QUTWV.

Hellenic Plant Protection Journal 9: 16-27, 2016
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