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Abstract

Biosurfactant Production by Bacteria in the Phyllosphere:
Relieving the Tension of Life on a Surface

by
Adrien Yuan Burch
Doctor of Philosophy in Microbiology
University of California, Berkeley

Professor Steven E. Lindow, Chair

Biosurfactants are biologically produced compounds that reduce interfaciahtedse to their
water- and oil- loving groups. These amphiphilic substances are widely integtigatheir
potential commercial exploitation, yet little evidence has been asserblieif direct roles in
the environment for the bacteria that produce them. In order to better enahiesttigation of
biosurfactants, we developed an efficient method for biosurfactant detectios rinaei
sensitive than the standard drop collapse assay, as well as capable ofglstefactants that
have low water solubility and would normally be overlooked. A large number of bacteria
recovered from different environments were assessed for biosurfactant podisitig this
atomized oil assay. Detectable biosurfactant production was found to be quite comongstam
culturable bacteria, with 5 to 13% of all bacteria from various habitats expyekss trait.
Furthermore, we deployed the atomized oil assay in two mutagenesis sordetesrhine the
biosynthetic and regulatory pathways of biosurfactant productiBseirdomonas syringae pv.
syringae B728a.

A recurring theme that emerges in this dissertation is the importance offéotant production
for life on a surface. Not only were biosurfactant-producing bacteria more magnfaund in
terrestrial surface environments such as leaves than in aqueous sampled)dtetieethat
produce biosurfactants were also more likely to produce such compounds when grown on a
surface compared to planktonically. Furthermore, the patterns of regulatfentmbsurfactants
produced byP. syringae also provide additional support for their importance at surfaces.
Syringafactin production is higher in cells grown on agar plates than in broth sulis®, an
unidentified surfactant is produced in larger quantities Whegringae is grown on hydrated
rough surfaces compared to smooth agar plates.

Examination of the control of biosurfactant productio®isyringae revealed thasyringafactin

is regulated by SyfR, a divergently transcribed LuxR-type regulatdR iSyhe mediator of the
surface sensing response since in the absence of functional SyfR prot8yfRipomoter is
equally induced in broth and plate cultures, but when present, both the transcription afi@®yfR a
syringafactin is increased on agar plates. A new function for this typex&-type regulator



was thus demonstrated. Furthermore, random mutants with altered surfactaniqodeic
identified using the atomized oil assay enabling the investigation of biosgrahdtregulatory
genes required for the unidentified biosurfactant producd® byingae B728a. This surfactant
has low water solubility and is synthesized by an acyltransferase thaexpeessech trans in

E. coli is sufficient for its production. Production of this surfactant is dependent on proper
flagellar assembly and the compound was thus termed BBsu(factant egulated by the
flagella). Mutations in genes necessary for early establishment ofdb#dteapparatus abolish
BRF production, while mutations that stimulate higher flagellin production incBfaEe
production. Flagellin synthesis is up-regulated at surfaces, and BRF synthssio-regulated
with flagellin synthesis under conditions of varying agar concentrations in coied®&a. The
induction of BRF production was especially pronounced during growth on hydrated [saser di
where both flagellin and BRF are induced more highly than growth on agar surfé&iesvad
induced even more highly in cells grown in broth cultures, independent of levels dirflagel
production. Thus BRF is not restricted to surface production, but its production on a surface
appears to be regulated by flagellar surface sensing.

In addition to assembling support from environmental collections and genetic 1y thai
biosurfactant production is linked to life on a surface, we directly tested itstanpein planta.
Biosurfactant production by. syringae B728a increased the wettability of the leaf surface.
While syringafactin production provides a slight increase in the epiphyticdiof€s syringae
on the leaf surface, no contribution of BRF could be found under the conditions tested.
Syringafactin appears to either increase the colonizable area e&flsiiface (water droplets
with lower surface tension have increased surface area), or to intlredseal density of
bacteria on leaves. Purified syringafactin increased the water perityezthidolated plant
cuticles, lending support that its production allows for increased nutriensamtésaves. BRF
did not significantly alter the permeability of cuticles, nor do strains deéeittiits production
have lower measurable fitness. BRF thus might function as a flagellar luenziing surface
motility. Combined evidence from environmental studies, investigations of gesgtiation,
as well asn planta experimentation reveals that biosurfactants have multiple roles at surface
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Chapter I.
Introduction

In a world of diminishing natural resources it is becoming increasingly pruzlentdstigate the
natural products produced by microbes. These microscopic powerhouses produce an endles
spectrum of compounds, and their rapid multiplication ensures a constant replenishmass A c
of bacterial products that is of increasing interest is biosurfactantd; atedeing commercially
exploited for use in pollution degradation, as antibiotics, anti-adhesives, food poepamad

many other purposes (Mulligan, 2005; Rodrigeted., 2006; Nitschke and Costa, 2007).
Although biosurfactants have a wide range of potential applications, little iskaloout the
physiological role of biosurfactants in the natural habitats of the produ@agisms. The
investigation of the natural functions of biosurfactants might reveal importelisde bacterial
movement and colonization strategies, novel biocontrol methods, as well as unetogniz
consequences of biosurfactant application in the field. This dissertation addressed the
biosurfactant production by the plant-associd&ssidomonas syringae pv. syringae B728a, and
what role, if any, this production plays in its life on the leaf surface.

Surfactants and biosurfactants

Surfactants, short faurfaceactive agets, are a broad class of amphipathic compounds that
demonstrate surface activity by lowering interfacial tension. aheylescribed as having a
hydrophobic carbon tail group and a hydrophilic head group, and are generallyeddssihe
composition and charge of the head group. Their hydrocarbon tail groups also vagghin len
branching, and saturation. Other properties serve to further charactefiadntasus, such as their
overall water solubility (hydrophilic-lipophilic balance/HLB), the concetmtraat which they
form micelles (critical micelle concentration/CMC), and the extenttticiwthey lower the
surface tension of water (Myers, 2006).

Biosurfactants are surfactants of biological origins, and generally aeehioategradable and
non-toxic than their synthetic counterparts which can have undesirable toKmtg @nd/or be
environmentally persistent (Singh and Cameotra, 2004). Although some biosurfastants
produced by multicellular organisms, such as the pulmonary surfactant produced mlingsa
the majority of classified biosurfactants have microbial origins (s, 2010). For the
remainder of this dissertation, the term biosurfactant will strictisr rief bacterially produced
surfactants.

The importance of surfactants to our modern daily lives cannot be understated: masteever
can appreciate the soaps and detergents used for washing bodies, clothing and dishes. But
beyond personal hygiene, surfactants have roles in diverse industries fribeptextuction to
mining operations to agricultural pesticide application to food formulations (\V3@0$).

Given the broad structural possibilities and variable properties of surfadtamigtle wonder

that nature has evolved an immense diversity of biosurfactants. Biosurfactandg ar mostly
untapped source of biodegradable and specialized surfactants with potential industria
applications.



Although the potential structures are nearly endless, most characteriaadbotasits can be
placed into a few specific classes. Glycolipids have a sugar head groujpichtalll The most
studied example of a glycolipid is rhamnolipid producedPsgudomonas aeruginosa, which has
one or two rhamnose head groups linked to a tail composed of a difraydfoxydecanoate
(C10-Cyp) (Dezielet al., 2003). Lipopeptides possess a peptide head group attached to a lipid tail,
and the peptide moiety is unique in that it is synthesized non-ribosomally; ie, itiamsdated
from an mRNA. Rather, lipopeptides are generally synthesized by nowirbabpeptide
synthetases (NRPSs), which are large enzyme complexes thate#ta\wequential assembly
of a small peptide, as well as direct the addition of a carbon tail (Schneider eatdeéd]d.998).
Other biosurfactants include phospholipids, polymers such as emulsan, as well as whole
microbial cells (Nitschke and Costa, 2007). For a more complete discussion dfatenti
types of biosurfactants, there are a number of excellent reviews (Van éf@m 2006;
Perfumoet al., 2010; Satputet al., 2010).

Detecting biosurfactants

The amphipathic properties of surfactants energetically drive them tdatsaterfaces and to
reduce the surface tension between immiscible phases (such as otwaster/air). Thus, a
number of methods have been developed to measure the amplitude of this effect. Mokeoften, t
surfactant’s effect on the surface tension at the air/water intesfaeeasured. This can be
measured by a variety of methods. The tensiometer, or Du Nouy ring methsdyesdhe

force required to lift a thin platinum ring from the surface of a liquid solution (Boaiodir
Miller-Maier, 1998). Although this is the most traditional method for surfaceaensi
measurements, it requires a large volume of water, and thus necessigates éantities of the
test surfactant which are often difficult to obtain from bacterial culturemth®r method that is
gaining popularity is the pendant drop method, which only requires a few microfiters
surfactant solution and uses optical analysis of the shape of a hanging agueous deopioedet
the surface tension of the solution (Lin et al., 1990).

Although these methods are precise tools for describing the properties factasiy they are

not appropriate for tests of large numbers of biological samples. To addresshlaspia
number of assays have been developed that exploit the properties of biosurfactaitsite if

a bacterial strain has produced such a material. One of the more direct methedsap t
collapse assay, which qualitatively assesses the effect of a antfatcthe water/oil interface. If
a surfactant sufficiently reduces the surface tension of water, thenlalsppédt of an aqueous
solution, when placed on an oily surface, will spread or “collapse” over the oilgsBadour
and Miller-Maier, 1998). However, this assay requires sufficient quantitesrfactant to reach
a threshold surface tension in order for water drop collapse to occur. Anotherdaibésgiay

that is sometimes used is to look for emulsification of insoluble liquids in waiee, sertain
classes of surfactants can emulsify oil into water (Réaah, 2006). Additionally, some have
screened for blood cell lytic activity, since certain surfactantsezutily disrupt cell membranes
(Youssefet al., 2004). However, in cases where multiple biosurfactant detection methods have
been compared, both of these approaches were prone to providing false-positive indi€ations
surfactant-like substances, as well as to not respond to certain classeaabsta{Youssedt

al., 2004; Chemt al., 2007b). Thus, one objective of this dissertation was to develop a new
assay for biosurfactant detection that would have less specificity than fesatitsi or blood

lysis, as well as being capable of more sensitive detection than the drgsealtsay.



With an efficient method to detect biosurfactants in hand, a variety of untestegpaiseam
about their production can start to be addressed. Biosurfactant-producing organsms ha
classically been tested for their ability to emulsify hydrocarbonsdble their use as a nutrient
source (Neu, 1996) and thus it is has generally been assumed that there is an erofchment
biosurfactant producers in oil-contaminated environments. Others have speculated tha
surfactant production may be higher on waxy leaves ([etesds 2010). However, there is not
yet evidence for enrichment of biosurfactant producers in any tested enuitpsimee the
methods used to identify biosurfactant producers vary widely from study tg andithus no
two studies can be directly compared (Table 1). A high-throughput method couldtéeable
comparison of production in different environments, such as explored in chapter 3. Furthermore
rapid and quantitative assessment of biosurfactants enables high throughmst cicraedom
mutants to identify the biosynthetic and regulatory pathways in their produceke duch an
approach to identify the biosurfactants produce®.lsyringae B728a in chapters 2 and 4.

Tablel-1. Proportions of biosurfactant producers observed when collected from different
sources and cultured by different methods

Source Culture conditions  Surfactant producers Reference
Nutrient media, 30
Rain and clouds days 50% (70/140) (Aherst al., 2007)
Soil (wild and MSM + 2% glucose,
contaminated) 7-9 days 3.4% (45/1305) (Bodoetral., 2003)
Nutrient media, 3 (Hultberget al.,
Soilless cultivation days 18.5% (111/600)  2008)
BH mineral media, 7
Variety of sources days 9.2% (17/185) (Batisthal., 2006)
Unknown Medium E, 24 hours  >50% (Youssedl., 2004)
Contaminated soil 7 days 11.7% (7/60) (Maetall., 2007)

Bacteria at surfaces

Biosurfactant detection assays will not be effective if the bacteoaltgrconditions are not
suited for their production. Every study listed in Table 1, as well as most othes refport
biosurfactant production, have relied on culturing of bacteria in broth media. HowWeveast
majority of bacteria in nature, even in aquatic environments, are not free-livingtter live
within biofilm communities (Costertogt al., 1994). Additionally, surfactants are by definition
surface active, and thus have their greatest impact at surfaces. Do ptagidarth conditions
affect a bacterium’s decision to produce biosurfactant? This is one questiomashapiter 3,
which describes a broad collection of environmental bacterial isoladelscav culture conditions
affect the production of biosurfactants. Biosurfactant production is presumattyyfooa cell,
and bacteria most likely restrict biosurfactant production to conditions whenertaetant will
be useful to the cell. Planktonic production could be beneficial to bacteria if itttetius
emulsification of hydrophobic nutrients into the bulk aqueous solution. But if the satfecta
used to maintain biofilms or to move across surfaces, most likely the bactéhaweiino need

3



for its production in broth cultures. Thus, it makes sense that bacteria with mstigpiats
should survey their growth environment before committing to production of a biosurfactant

Large differences in the transcriptomes of bacteria grown planktonicaflys/en surfaces have
been described, with about one-third of genes differentially regulated (Boletad., 2003;
Wanget al., 2004). Furthermore, surface culturing is an important cue for many species to
transition to a hyper-flagellated swarming phenotpye (McCatrtgr, 1988; McCarter, 2006).
Since it appears that bacteria have phenotypic responses to surfaces, how do thegtkinewy t
are at a surface? To answer this question, some research has addressetcHigpiperties of
surfaces and the general conditions that surface-associated cells migitdreliiey to. Solutes
tend to concentrate on surfaces, and thus cells might respond to the higher osmolarity or
concentration of particular ions at surfaces (Goodman and Marshall, 1995). Additionall
bacteria that are situated in biofilms on a surface experience lowemoagdehigher cell

density conditions, and might interpret these conditions as location cues (@ayebarett

al., 1999). Other modes of surface sensing include responses to physical perturbation of the
membrane upon adherence, such as the Cpx two-component sy&erulir{fOtto and Silhavy,
2002), or responding to the increased torque that appendages such as flagella mighgrencount
upon their interaction with surfaces (Belas and Suvanasuthi, 2005). Thus, it appearsténz b
have a variety of mechanisms with which they can sense surfaces.

Surfactant properties

Different conditions might trigger biosurfactant production in different bacteneenting on
the function of the surfactant to a given species and habitat. However, arentitat®hs to the
tasks a given surfactant can be used for? Although biosurfactant production has befr noted
decades, the significance of their different chemical structures istamting to be appreciated.
For instance, it has been found that small changes in peptide comporigsuts| o$ surfactants
result in large changes of their antifungal and antimicrobial propeBasatinet al., 2003).
However, as of yet there are no good guidelines on what surfactant stractusggpropriate for
a given type of bacterial function. This is in contrast to synthetic surfactemtse
manufacturers have developed many tools for choosing appropriate surfactatations from
thousands of synthetic surfactants. One goal of this research is to idersifgfdctants with
different physical properties, and determine how these properties affecblthgidal roles they
play to the producing organism.

A patrticularly important property that was focused on in this study is thex s@lubility of
biosurfactants, a proxy for their hydrophilic lipophilic balance HLB. HLB vahresa scalar
factor that reflects the degree to which a surfactant is hydrophilic or lipoptith a value of
zero reflecting a completely lipophilic (hydrophobic) molecule, a value of X8smonding to a
compound with equivalent hydrophobic and hydrophilic groups, and values over 10 descriptive
of predominantly hydrophilic molecules (Adamson, 1982). This value is of great sage#ic
commercially since it is used to determine appropriate functions of saurfactFor example,
common surfactants such as SDS and Tween 20 have high HLB values and are thesefore
suited for emulsifying a hydrophobic substance into the water phase (oil irtig.wa@h the
other hand, surfactants such as Sifef7 with HLB values near 10 are more suited for
wetting, or spreading of a water phase over surfaces such as leaves@Agd4982; Zhang

al., 2006). At the other end of the spectrum, lipophilic surfactants are best at formirsg inve
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emulsions of water into oil. Although biosurfactants were originally proposed tetdys
bacteria to solubilize hydrophobic nutrient sources (Neu, 1996), by the HLB icktssif alone
it is obvious that only a small subset of biosurfactants would be optimal for this purpose.

Biosurfactant function

Biosurfactant producers are common in the environment, with around 10% of culturablenbacter
in a given environment readily exhibiting this trait (Table 1). Given thewagtence, the general
field of microbiology will benefit from a better understanding of biosurfagtaoduction.
Additionally, in order for humans to best utilize biosurfactants, it should be informative
discover their natural functions which, in turn, might reveal novel applicationsefee t

molecules.

Biosurfactants have been implicated in a large variety of functions beydnachybon
emulsification. In aqueous environments, bacteria might use surfactants tioecostlves
and/or surfaces to alter adherence or deherence (Neu, 1996). On the other hand) terrestr
surfaces often only harbor thin films of water; bacteria in such habitats &fierience water
stress and suffer from low diffusional nutrient fluxes é0al., 2007). In this circumstance,
biosurfactants might prevent evaporation or act as osmotic agents, thus nmgjritackier water
films, relieving water stress and increasing microbial access temistilCheret al., 2007a).
Their ability to lower the surface tension of water has been implicated in pngnaatiial hyphal
growth (Straightt al., 2006), while their emulsification properties might enable delivery of
antagonistic compounds (Perneedl., 2008). Because biosurfactants are amphiphilic, they can
insert into membranes, and some surfactants have thus been noted for their potent membrane-
disrupting and resultant antimicrobial properties (Hutchison and Gross, 1997). Bitsuda
appear essential for biofilm formation in some bacteria (de Betugh, 2007; de Bruijret al.,
2008), while they appear to prevent biofilm formation in others (Kugpal, 2004). Indeed, the
anti-adhesive properties of some biosurfactants make them excellent camtbdabating
medical devices (Singh and Cameotra, 2004). Additionally, some biosurfactapts@rsed to
act as autoinducers to signal cellular differentiation (Ldbak, 2009). Obviously all these
traits do not apply to a given biosurfactant, but is inclusive of a rather broad spettliverse
molecules. Biosurfactant research would greatly benefit from furétegarizations of
biosurfactants based on their physical properties and demonstration of functions irhetich t
participate.

Biosurfactants have an additional but complicated role in cellular motilityagsic function of
biosurfactant activity is its enhancement of bacterial motility acrossigaf plates. This
motility, termed swarming motility, is an active form of translocation argenerally reliant on
flagellar motility and biosurfactant production (Kearns, 2010). Although biosanfscare
necessary for swarming motility in many bacteria, their production providesedttie
swimming motility, and it is difficult to imagine a natural environment thatil support the
large local population sizes necessary for swarming motility. Noneshéleswidely assumed
that biosurfactant production supports bacterial movememto. How exactly might
biosurfactants be beneficial to motility, and under what natural conditions daitheptility?
This question is addressed in chapter 6.



Biosurfactantsin the phyllosphere

Biosurfactant production has been noted in many bacterial species, but fenablaatstats

allow for as easy observation and manipulation of surfactant production as do leaveghelhus
phyllosphere is an excellent setting in which to test the biological rolessifrbactant
production. Epiphytic bacteria not only survive, but readily flourish on leaves déspitegh

UV exposure, cycles of desiccation and hydration, rapid temperature fiaogjand low and
heterogeneous nutrient availability found on most leaves (Lindow and Brandl, 2003).bédm
shown that growth of surfactant-producing bacteria on a plant can change thdlityetfabie

leaf (Bunsteet al., 1989). It has previously been postulated that such biosurfactant production
might be beneficial to the epiphytic life of bacteria (Hutchison and Gross, L@@iow and
Brandl, 2003; Underwoos al., 2007) and it is widely assumed that the plant environment is
especially enriched with biosurfactant producers for this reason @'aes2010).

It is already known that once inside the leaf, surfactant production by bacigriass.

syringae is important for the development of disease symptoms, most likely through the
induction of plant cell leakage (Raaijmaketsl., 2006). However, it remains unclear how
biosurfactants specifically aid epiphytic growth of bacteria. Continuowey filmhs may not
normally form on such waxy surfaces; by decreasing the interfaciabtelnsiween the leaf
surface and dispersed water droplets, biosurfactants could increase teswettee area of the
leaf. Such enlarged water films might increase the distribution of locallydant nutrients that
might be separated by waxy regions of the leaf which would not otherwise ed Wetivater.
During periods of abundant leaf surface water, it is hypothesized that epiphli/teave

cellular aggregates in which they survive and explore the leaf surface, motrggebealispersed
nutrient-rich sites (Hirano and Upper, 2000); surfactant-mediated enlarg¢fed weeas might
enable increased regions over which such motility could occur. Furthermoretessugagight
have lubricating properties, and increase bacterial motility on leavésdogasing potential
attractive forces that could immobilize bacteria on surfaces. Besdessing growth through
redistribution of nutrients and bacteria, surfactants might also increasmhatrwater
availability in those sites already colonized by bacteria through tlesitigking effect on the
cuticle (Schreibeet al., 2005).

A number of plant-associated organisms have been studied for biosurfactant productiam, but fe
have been directly tested for the role of these compaunaanta. When surfactant-deficient
mutants have been testiedplanta, the focus is usually on the contributions of the biosurfactants
to virulence or to the membrane-disruptive, phytotoxic properties of these mslédlaest

al., 2010). A few studies have attempted to include movement in their assessment of
biosurfactant roles, but the results are generally mixed; it is diffecylinpoint the exact cause

of a deficiency of colonization of plant surfaces by a mutant (Hildelataald 1998; Nielseret

al., 2005). Thus, although it has been speculated that the decreased fitness of biosurfactant
mutants is due to their decreased motility and/or access to nutrients, neitheedatters have
been directly proven on plants.

Although there is a paucity of research on the role of different types of l@ognts in the
phyllosphere, the widespread use of synthetic surfactants in agricultypyeoti@ed a large
source of information that might be applied to biosurfactants. Surfactantgpalzecaf
solubilizing plant epicuticular wax, thus diminishing the barrier of nutrientsldh from the



leaf onto the surface, although solubilization will only occur at concentratlmmee the critical
micelle concentration (Tamushal., 2001). Biosurfactant production could potentially reach
high enough local concentrations in bacterial aggregates to solubilize and stripcgacsent
waxes if the biosurfactant is suited for solubilizing hydrophobic substancesaten wAt lower
concentrations, surfactants will have different effects on the cuticlexdieygeon their structures.
Hydrophilic surfactants, when adsorbed into the cuticle, will increase thatloydof the cuticle
and therefore increase the movement of not only water but also water-solultale®le
Alternatively, although hydrophobic surfactants readily adsorb into theleutiey do not
increase the hydration but rather the fluidity of cuticular waxes that, in turaases the rate of
diffusion of hydrophobic compounds across the cuticle (Hess and Foy, 2000). Additionally,
movement of water and bacteria into the apoplast is normally prevented by thaerfagk s
tension of water, but can occur spontaneously when the surface tension of the liquided reduc
such as irZebrina purpusii when the surface tension of liquid is less than 30 dyn/cm (Schonherr
and Bukovac, 1972). Similarly, during plant invasion, pathogens could be employing a
surfactant with high surface tension lowering abilities to facilitatem@nd bacterial) entry into
stomata and other openings.

Biosurfactants have been implicated in a wide variety of roles, and allsef thies might prove
true in specific situations. However, it is important to start defining whastgpsurfactants are
good at achieving a given result. The goal of this dissertation is to exbhinsugfactant
production in the phyllosphere with an emphasis on the plant-assdesatetbmonas syringae,

in which several surfactants that it produces will be characterized and $budleeir specific
roles in the phyllosphere, based on clues from their genetic regulation.
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Chapter I1.
Novel high-throughput detection method to assestehal surfactant production

This research was originally published in:

Burch, A., B. Shimada, P. Browne, and S. Lindow. 2010. Novel High-Throughput Detection
Method To Assess Bacterial Surfactant Production. Applied and Environmental Miogpbi
76:5363.
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ABSTRACT

A novel biosurfactant detection assay was developed for observation of surfactagas on a
plates. Using an airbrush to apply a fine mist of oil droplets, surfactanbeazrserved
instantaneously as halos around biosurfactant-producing colonies. This atomassdpitan
detect a wide range of different synthetic and bacterial-produced amtfacilhis method could
detect much lower concentrations of many surfactants than a commonly usedo@ter d
collapse method. It is semi-quantitative and therefore has broad applicabiliges such as
high-throughput mutagenesis screens of biosurfactant-producing badtaired.sThe atomized
oil assay was used to screen for mutants of the plant patRsgaiomonas syringae pv.
syringae B728a that were altered in the production of biosurfactant. Transposatsmuta
displaying significantly altered surfactant halos were identified anldeuanalyzed. All
mutants identified displayed altered swarming motility, as would be gegbet surfactant
mutants. Additionally, measurements of the transcription of the syringalfgasynthetic
cluster in the mutants, the principle biosurfactant known to be produced by B728a, revealed
novel regulators of this pathway.

Author contributions: A.B. and S.L. designed thsearch, A.B., B.S. and P.B. performed the rese&.¢h
analyzed the data, and A.B. and S.L. wrote the pape
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INTRODUCTION

Biosurfactant-producing organisms have classically been identified inyatilgy to emulsify
and utilize hydrocarbons as a nutrient source (Neu, 1996). It has only beeryragpretiated
that biosurfactants are produced by bacteria for many reasons other trentadgarophobic
nutrient sources. Among the numerous functions identified, are their use for sgvarotility
(movement across moist surfaces/ low-percentage agar plates), biafidboigrand
maintenance, and delivery of insoluble signals (Ron and Rosenberg, 2001; Van etaahme
2006). Biosurfactants have been identified that can either promote biofilms or dibeensen
root and abiotic surfaces (Badtsal., 2004; Kuipetet al., 2004). Additionally, some
biosurfactants have been noted for their membrane-disrupting and thus zoosporicidal or
antimicrobial activity (de Souzs al., 2003; Baist al., 2004; Raaijmakert al., 2006).

An unexplored arena where biosurfactants may prove particularly importhataslonization

of waxy leaf surfaces. In order to survive on leaf surfaces, epiphytes must be attess
limited and spatially heterogeneous nutrient supplies and endure daily fluctuationsturenoi
availability in forms such as dew and rainfall (Hirano and Upper, 2000; Lindow amdilBr
2003). Continuous water films may not normally form on such waxy surfaces, and sisfacta
might thus aid in diffusion of compounds across the plant. If the bacteria have a pathfegenic
phase, they must first have a method to enter plant tissue after which theyadisadrable
apoplastic environment for growth (Wright and Beattie, 2004). It is already knotwonite
inside the leaf, bacteria suchRssyringae use surfactants to cause plant cell leakage and disease
symptoms (Raaijmakess al., 2006). However, some studies have also implicated
biosurfactants in the pre-pathogenic stages of plant-associated baaeciagbh and Gross,
1997; Lindow and Brandl, 2003; Underwoetchl., 2007).

Pseudomonas syringae pv. syringae B728a, a sequenced model organism with a prominent
epiphytic lifestyle, produces biosurfactants (feedl., 2005; Bertet al., 2007). A study of the
genetic regulation of biosurfactant production should provide insight into its functios in thi
species. The identification of mutants altered in surfactant production would be atamhpor
first step in this process. However, an effective method of identifying su@ntauteeded to be
found. Many studies have compared various screening methods to identify biosurfactant
producers from limited collections of environmental isolates. Some of the mastacoyrused
methods for analyzing biosurfactant production are drop-collapse, emulsificaibn, a
tensiometric evaluation (Bodour and Miller-Maier, 1998; Cétead., 2007). However, when
many strains need to be assessed for surfactant production, the drop-colapbasseen the
method of choice (Kuipeat al., 2004; de Bruijret al., 2008). While some of the other methods
are more sensitive and quantifiable than the drop-collapse method, none of themtiaed fmac
high-throughput screening. Unfortunately, even the drop-collapse assay irvolveger of
steps, including growing each strain in broth culture and testing the supefaattnability to
collapse a water drop on a hydrophobic surface; this can be highly labor- andténsvie and
thus not suitable for a truly high-throughput screen in which thousands of strains would need t
be tested. Furthermore, this test is generally used as a qualitativerlysaynd a measurement
of the collapsed water droplet under a microscope or many serial dilutions of egté sa
required to get a semi-quantitative estimate of surfactant abundaweufBand Miller-Maier,
1998; Cheret al., 2007). For this reason, high-throughput use of the drop-collapse assay in a
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mutagenesis screen would not identify strains which have either increasedroplete loss of
surfactant production.

A novel biosurfactant detection method was developed here in order to quickly screen larg
numbers of bacteria for surfactant production directly on an agar plate. Thizeatah

method is at least as sensitive as the drop-collapse assay, and was found to e afie¢kdted
biosurfactant-producing strains as well as synthetic surfactants. @iy, it is semi-
guantitative, and is capable of identifying intermediate phenotypes. As draillus of this
method, the atomized oil procedure was used in the context of a high-throughput screen of
mutants ofP. syringae B728a to identify those altered in surfactant production. This method
proved very effective, identifying multiple mutations of the gene clusterdeémg the non-
ribosomal peptide synthetase responsible for syringafactin production, aswelleral genes
involved in its regulation.

MATERIALSAND METHODS

Bacterial strainsand growth conditions. P. syringae pv. syringae B728a (Loper and Lindow,
1987),P. syringae pv. tomato DC3000 (Berét al., 2007), andPseudomonas fluorescens SS101
(de Bruijnet al., 2008) were maintained on King's medium B (KB) plates with 1.5% technical
agar (Kinget al., 1954) and grown at 28 °CE. coli strains DH%, BW20767 (Larsewt al.,

2002) and SM10fir) (Delorenzeet al., 1990),Bacillus subtilis 3610 (Kearns and Losick,

2003), andPseudomonas aeruginosa PA14 (Caiazzat al., 2005) were maintained on Luria Agar
and cultured at 37 °C. Antibiotics were used at the following concentratigimsl): kanamycin
(25 forP. syringae, 50 forE. coli), rifampin (100), gentamycin (75) and spectinomycin (100).

Biosurfactant detection assays. The drop-collapse assay was performed as according to
Bodour and Miller-Maier (Bodour and Miller-Maier, 1998) u2L0W-40 Pennzofl (Pennzoil
Products Company, Houston, TX, USA) was applied to delimited wells on the lid of dl96-we
plate and allowed to equilibrate at room temperature. Nesttobeither diluted surfactant
samples or supernatant from bacterial cultures or resuspended bacteriagiscokena pipetted
onto the oil surface. Drops which retained a spherical shape were scored a® fiegati
surfactant content, while drops which had a visibly-decreased contactatigtke oil and
spread (collapsed) were scored as positive for surfactant content.

The atomized oil assay was conducted as follows: Bacteria were spottedamté&B agar
plates using sterile toothpicks and grown overnight. For more uniform inoculationesf ywigh
cells diluted to a common cell concentration, a colony was resuspended in phosphgtthbuffe
ODeoo determined in a spectrophotometer, and a small volume of suspension containing the
desired number of cells was pipetted onto the plate surface and incubated overnight.
Alternatively, if visualizing purified surfactant, B of diluted surfactant was pipetted onto the
plate and allowed to equilibrate for 30 minutes before assaying. An airbrush KIlTYgaasche
Airbrush Co., Chicago, IL) was used to apply a fine mist of mineral oil (lightfpaca, Fisher
Scientific) onto the plate with an air pressure between 15 and 20 psi. Depending orrtisé airb
and setup used, experimenters will need to optimize the appropriate settindgr ito@eposit a
constant and controlled stream of oil droplets. Biosurfactant halos were then atetyedi
visualized with an indirect source of bright light. Halo radii were measutbdawuler from the
leading edge of the bacterial colony to the edge of the surfactant halo.
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Microscopy. Bright-field microscopy of oil droplets was performed cfegss Lumar V12
microscope using transmitted light atx8Bagnification. The microscope was fitted with a CCD
camera (QImaging), and images were captured using Ivision softwareig®io\rechnologies).
Imageswere processed dobe Photoshop (Version 6.0).

Extraction of syringafactin, surfactin and rhamnolipids. Crude biosurfactant extracts were
prepared with modification to the protocol detailed by Bsatrdi. (Bertiet al., 2007). Instead of
broth cultures, agar plates with confluent lawn®.adyringae B728a were grown for 48 hours,
while P. aeruginosa andB. subtilis strains were grown for 24 hours. Cells were harvested from
four plates in 90 ml EO and centrifuged (5,000 x g, 10 min). This was due to an increased yield
of biosurfactant on solid medium, an observation which is being pursued in a separate report.
The supernatant was extracted with 150 ml ethyl acetate with 1% (vol/voicfacid and the
organic fraction was dried to completion. This material was resuspended in 20nthel pH

was increased to 8.0 with dilute NaOH, and again dried to completion. This was then
resuspended in 4 ml of methanol, filtered though a pmMMNalgene filter (Fisher Scientific) and
dried to completion (Ber#t al., 2007). The final product was weighed and diluted with
deionized water for further testing.

Production of biosurfactant mutants. The production of transposon mutants was done by a
method similar to that of Larsehal. (Larsenet al., 2002). Briefly,P. syringae B728a and one

of the two conjugativé&. coli strains were grown overnight on agar plates with appropriate
antibiotics. Strain BW20767 harboring plasmid pRL27 (Laeteh., 2002) has a kanamycin
resistance-conferring mini-briransposon with a hyperactive Itransposase, and strain
SM10Qpir) harboring pUT mini-TB Sm/Sp (Delorenzet al., 1990) has a spectinomycin-
resistance transposon. Cells were then harvested with a loop, washed and resuspended i
potassium phosphate buffer (10 mM, pH 7.5), and then mixed in a ratio & i (. P.

syringae) and incubated overnight as a confluent lawn on a KB plate. After incubation, the cell
were resuspended in phosphate buffer and 1/10 of the resuspension was plated onto KB medium
containing 10Qug/ml rifampin and either 2phg/ml kanamycin or 10Qg/ml spectinomycin as
appropriate, and allowed to grow for three days.

Screening of mutants. P. syringae transposon mutants were screened by the following method:
Mutants were spotted using sterile toothpicks from selection plates onto kB, pléth spots
separated by at least 2 cm. Colonies were allowed to develop overnight and then spinayed w
atomized mineral oil drops as described above. Mutants which displayed sulbgianget

(over 20%) or smaller halos were re-tested. Mutants with phenotypes thatonsigently
different from the wild-type strain were further investigated. Dhation of the transposon
insertion in these mutants was determined using arbitrarily-primed PGIRrsmthe method of
O'Tooleet al. (O'Tooleet al., 1999). To identify mutations generated by the transposon from
plasmid pRL27, primers complementary to the 5’ end of the transposon were desigmed. Pri
pRLextl, 5-CGAACTAAACCCTCATGGCTAACGwas used in the initial PCR reaction, and
the primer pRLintl, 5-AACAAGCCAGGGATGTAACG, was used in the second reaation t
amplify sequences 5’ to the insertion site. The PCR product was cleaned (QIAG&ck P
Purification kit, Qiagen) and submitted for sequencing with primer pRLintl. When working
with the transposon from pUT mini-Br&m/Sp, identification of the 5’ insertion site followed
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the same protocol except the initial PCR primer tn5sm-ext was 5'-
GCGCGAGCAGGGGAATTG and the second round primer tn5sm-int was 5'-
CGGTTTACAAGCATAAAGCTTGCTC. The locations of the sequenced fragsevere
determined directly by BLAST search on thBseudomonas genome database (Winssral .,
2009) and compared to the published sequenBesyfingae B728a (Feikt al., 2005).

Swar ming motility assay. Swarming motility ofP. syringae B728a was assessed on semisolid

KB plates containing 0.4% technical agar as in previous studies (Quietaie<2005). Cells

were grown for 2 days on KB and then harvested and washed in potassium phosphate buffer (10
mM, pH 7.5). Cells were resuspended in buffer to agee@ 0.27 and 5ul (approximately 2.5

X 10° cells) of the appropriate bacterial strain was pipetted onto each plate apatéttfor 24

hours at room temperature. Swarming distance was calculated as the avanagfer of

swarming fronts chosen randomly from two perpendicular vectors for each colony

Construction of a PsyfA-gfp transcriptional fusion. The upstream promoter region of the
syringae B728asyfA gene waamplified by PCR from genomic DNA with primers syf5-HindllI
5-TAAGCTTCTTGAGCTTTCCTGATTCCGACCGC and syf3-EcoRI 5'-
TGAATTCGGCTCAAGGTCCTTCTTGGCGGG to generate a 289-bp promoter region. PCR
conditionswere as follows: 28 cycles of 95°C, 59°C, and 7&tCL min each, with a final
extension time of 10 min at 72°Che PCR product was first cloned into pTOPO Blunt
(Invitrogen)to generate pTOPOsAA, and then transformed inkb coli DH50. The insert was
sequenced to verify its identity. pTOPGyfA was digested withlindlll andEcoRI, and the
resulting fragment was cloned into pPROBE-OT (Mi#eal., 2000) which contains a
promoterlesgfp gene tagenerate p&FA-gip.

pPsyfA-gfp was electroporated inB syringae B728a as well as mutant strains altered in
biosurfactant production (Table 3). The appropriate transformed strains nwere ayernight

on KB plates, then resuspended in phosphate buffer (10 mM, pH 7.5) to an approximgataf OD
0.2. GFP fluorescence intensitgs determined using a TD-700 fluorometer (Turner Designs,
Sunnyvale, CA) with a 486-nm bandpass excitation filter and a 510- to 700-nm combination
emission filter. A relative fluorescence unit (RFU) was defasethe fluorescence of the
suspensions normalized for the suspension turbidity measuredsas OD

Statistical analysis. Most data and regression analysis was carried out using Stai&tatSoft,
Tulsa, OK). Graphs were constructed in CoPlot (CoHort Software, Berkeley, CA).

RESULTS

Detection of biosurfactantswith an atomized oil method. A novel surfactant detection assay
was developed usirg syringae B728a which produces the lipopeptide surfactant syringafactin
as a test organism. Syringafactin has previously been demonstrated tofaetarguyy use of

the drop-collapse assay; supernatant fRorsyringae DC3000 collapses on a hydrophobic
surface, demonstrating the presence of a surfactant, while supernatamtsiftant strains

which do not produce syringafactin do not. Although they focused on characterizing the
syringafactin extract frorR. syringae DC3000, the authors also confirmed that syringafactin is
produced in strain B728a (Bedial., 2007). We developed a method of surfactant detection
involving the misting of oil droplets onto agar plates, hypothesizing that the peesien
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surfactants would alter the interaction of the oil with the agar surface. Wirenmist of
mineral oil was sprayed over the surface of a KB agar plate on which bactéwiaes ofP.
syringae B728a had grown, a light-diffractive halo was seen around the colonies (FignlB).
contrast, no such halo was observed ardtirabli DH50, (Fig. 1A), a strain which is not
predicted to produce a biosurfactant.

Upon microscopic inspection, it was seen that oil droplets on an un-inoculated agaraulface
near DH%D were in energetically unfavorable distorted shapes (Fig. 1E). This was pldgum
due to random heterogeneity in the hydrophobicity of the agar surface. Howkear,
surfactants spread over the agar surface such as in the viciRitgyoingae B728a, the droplets
assumed a more uniform, energetically favorable hemispherical shgp&K}i Furthermore,
the light-diffractive halo observed macroscopically was actually caystdeelne-wetting, or
beading, of the oil droplets near the surfactant-producing bacteria. The oil slraplieh
presumably were in contact with the biosurfactant, stood higher on the plate and appeared m
spherical than droplets on the agar surface away from surfactant-producing d#tani&s).
These raised droplets reflected light at a different angle, making themr dpjggter under an
indirect source of light.

E. coli DH5a sringae B728a Silwet L-77 Tween 20

Figurell-1. Atomized oil assay

Comparison of the atomized mineral oil dropletsa#ed on agar plates around a growing colong. of
coli DH50 which does not produce biosurfactant (A,E,I), @gng colony ofP. syringae B728a which
produces biosurfactant (B,F,J), Siltét77 at a 500-fold dilution (C,G,K), and Tween &0a 5-fold
dilution (D,H,L). Images A-D present overviewshaflos seen with this assay, and the bars représant
Images E-G are microscopic close-ups of the oipldts observed within the halos viewed from the top
while images H-L droplets as viewed from the si@ars represent 0.2 mm for microscopic images E-L.
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In order to show that this atomized oil assay was indeed detecting biosurfactahtained a
variety of strains with characterized biosurfactant production and for wdogenic strains
blocked in biosurfactant production are available. In additidh sgringae DC3000 which
produces syringafactin, we testestudomonas fluorescens SS101 Bacillus subtilis 3610, and
Pseudomonas aeruginosa PA14. All of the tested biosurfactant-producing bacterial strains
produced easily detectable bright halos when sprayed with atomized minenddil@inone of
the biosurfactant mutants exhibited halos in this assay (Table 1). Thus alfdutasis tested
were readily detected with the atomized oil assay and no evidence of fatseepodications of
surfactant activity was obtained.

Tablell-1. Surfactant production by characterized biosurfactant-producing bacterial
strains detected with an atomized oil assay

Organism (and reference) ?)L:(;?Séaegt Type of surfactant Halg)mrr?](;llué
Bacillus subtilis 3610 Surfactin Lipopeptide 9.50.5
B. subtilis mutantsrfAA
(Kearns and Losick, 2003) 0
Pseudomonas aeruginosa PA14 Rhamnolipid Glycolipid 2.4 0.2
P. aeruginosa mutantrhl A
(Caiazzeet al., 2005) 0
Pseudomonas fluorescens SS101 Massetolide A Lipopeptide 880.3
P. fluorescens mutantmassA
(de Bruijnet al., 2008) 0
Pseudomonas syringae DC3000 Syringafactin Lipopeptide 360.2
P. syringae mutantsyfA
(Bertiet al., 2007) 0

#Values are average measured atomized oil halthe standard deviation from triplicate samples

The atomized oil assay can detect a wide variety of surfactants. While this new assay readily
detected a variety of both lipopeptides and glycolipids of bacterial origirestedtthe behavior
of other types of surfactants with this procedure. All of a variety of comrtigr@aiailable
surfactants were detectable by this assay (Table 2). Many afrfaetants behaved similarly to
the biosurfactants, causing the oil droplets to assume raised hemisteaped that appeared
bright when illuminated (Fig. 1C, 1J, 1K). However, a few of the surfactantedradess
obvious “dark halo” in which the oil droplets still assumed a circular form, but esse |
hemispherical and had an increased contact with the water-agar surface (Hig, 1D). These
“dark halo” droplets, in contrast to the raised droplets in “bright halos,” Wararfd appeared
less bright than the surrounding surfactant-free droplets at certain almgérsstingly, when the
surfactants were ranked by their hydrophilic-lipophilic balance (HLB)es|a a common value
used to describe surfactants in industry, it was found that surfactants with.Bwatues all
yielded bright halos while those with higher HLB values resulted in dark halbke(Za
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Tablell-2. Comparison of the detection of a variety of surfactants with a droplet collapse
assay and an atomized oil assay.

Hydrophilic- Limit of detectior’ (g/L)
Surfactant lipophilic balanc& Type of halo _ .
(HLB) Drop-collapse  Atomized oil
Crude syringafactin n/a Bright 0.5 0.01
Crude surfactin n/a Bright 15 0.25
Crude rhamnolipid 9.5 Bright 7.5 0.25
Silwet® L-77 8-10 Bright 0.25 0.0125
CTAB n/a Bright 0.5 0.001
Tergitol*-7 n/a Bright 2.5 0.025
Triton® X-100 13.5 Dark 0.25 0.125
Tween 80 15.0 Dark n/a 0.25
Tween 20 16.7 Dark 10 0.5
SDS 40.0 Dark 2 0.1

4 HLB values are as given in McCutcheon’s Emulsii&rDetergents, North American Edition. MC
Publishing Co., Glen Rock, NJ, with the exceptidrhamnolipid (Oberbremest al., 1990) and Silwét
(Jinet al., 2008). “n/a” denotes surfactants for which drBHalue has not been conclusively
determined.

®These values are the lowest dilutions of surfactnich still yielded visual detection by the resipes
assays. “n/a” denotes samples which were undéledty the assay at any concentration.

°Sample represents ethyl acetate extract of cudtupernatant from biosurfactant producing strains

Sengitivity of the atomized oil assay. The sensitivities of the atomized oil and drop-collapse
assays to detect a variety of surfactants were compared. Usingeaofatilutions of a given
surfactant, we determined the lowest concentration of that surfactant thstilhv@etectable by a
given assay. Additionally, crude extracts of surfactin, rhamnolipid and siaatigjawere
prepared, and their limits of detection by the two assays were compared. €stedll t
surfactants and biosurfactants, the atomized oil assay was found to be moreegbasithe
drop-collapse assay (Table 2). In general, the atomized oil assatedetarfactant at
concentrations more than 10-fold lower than that of the drop-collapse assay.

In order to relate the size of the observed halo around a source of surfactainotiné of that
surfactant, different dilutions of a syringafactin-containing extracéwested with the atomized
oil assay and halo diameters were measured. A log-linear relationshgehdhe amount of
surfactant applied to plates and the diameter of the halo was observed (Fig. 2A% Thus
guantitative estimate of the relative difference in amounts of surfactaifiieiredt prepared
samples can be readily estimated. For each 10-fold increase in concentrdiespuitted
surfactant, the radius of oil drop alteration increased by about 1.7 mm. Becausedsalese
very consistent for a given amount of surfactant, with standard deviationsabosie 0.25 mm,
careful replicate measurements of halos should easily enable the idistinamounts of
surfactant that differ by three-fold or more. However, it must be emphasizestithasemi-
guantitative estimates are only relevant when comparing samples of theustaotaust on a
single medium, since different surfactants will diffuse at differensrate
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While it may be possible to quantify the surfactant in a prepared sample byrimgaslos,
calculating the surfactant produced by a bacterial colony is confounded &gyditienal

parameter of time. The prepared samples discussed above were appliedrattdiaistand
measured one hour later, but bacterial colonies could produce surfactant ovéronnanyf

growth. Given that the distance over which a specified amount of surfactaspredid across

an agar surface would be expected to be somewhat dependent on time, we deternmtexck the e
to which this factor would influence estimates of surfactant concentrationtasiagomized oil
assay. A fixed concentration of a syringafactin-containing extractP@yringae B728a was
applied to agar plates and destructively analyzed by the atomized oibassaipus times after
application. Halo radii continued to increase with time, although the rate slowederabsy

after about two hours (Fig. 2B). Because of this, in addition to the fact that teadaontinue

to multiply and that the production of many biosurfactants is regulated by celiydensi
(Raaijmakerst al., 2006), we concluded that halo measurements could not be used to calculate
the absolute amount of surfactant produced by a colony without further investigation.
Fortunately for screening purposes, relative amounts of surfactant production shaadilye
assessed using the atomized oil method unless the growth rate of the singic®impared

differs greatly.
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Figurell-2. Effect of concentration and time on atomized oil halo size

Effect of syringafactin concentration (A) and difan time (B) on size of halos produced in an areahi

oil assay. Vertical bars represent the standavihtien of the mean of 4 replicate measures fohgzmnt.
The line drawn in A represents the linear relatiopd’= 1.67X — 0.106 (& 0.97; P<0.0001). The results
are representative of three independent experiments
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Given that a consistent estimate of surfactant production from a given Hasttairawould be
needed to compare strains in a high-throughput survey, we estimated variasiceates of
syringafactin production in replicate cultures of wild-typesyringae B728a. Replicate cultures
of P. syringae were established on plates by toothpick inoculation. On average, abad.8.3
X 10° bacteria were applied to a plate using this technique. Radii of halos from thiegesul
syringafactin production after colony formation were 8@8 mm. To determine if variations
in the number of cells initially deposited to establish spots (colonies) affeetegparent
surfactant production, a defined number of cells)(&@&re applied in replicate spots onto the
plate and oil was sprayed onto the plates after incubation overnight as in the kewtbputated
plates. The radii of oil drop halos around these replicate spots (B®mm) exhibited a
similarly small variation as those around colonies established by toothpickahon.
Application of cells by toothpick therefore results in inconsequential variatiomgentual
surfactant production as measured by this assay. Due to this limitedovargeaty strains
displaying a halo that differed in radius by 20% or more than a reference straghlikelyl be
significantly different in surfactant production. However, it is importanttey keonfirm the
regulation transcriptionally, in the event that a smaller halo is the resultlofver growth rate
in a mutant strain.

Mutant analysis of surfactants produced by P. syringae B728a on plates. The atomized oil
assay was used to individually screen a library of about 7,700 transposon muRarsigiofjae
for surfactant production. Mutants with a halo radius that differed by more than 1.B6mm f
that of wild-type colonies were identified in an initial assessment; hbislé correspond to an
approximate 10-fold increase or decrease in surfactant production. Mutants getgriawth
defects were discarded based on the logic that fewer cells will prodadetissurfactant,
although three mutants with slight growth defects were saved for furthagteshich includes
a cell-normalized measurement of surfactant production. These mutants Vi gisivth
defects were later determined to have insertions isuifi® homolog Psyr_1233, thsecA
homolog Psyr_4094, and a PhoH-like protein Psyr_4346. No mutations were observed to cause
visible increases in the growth rates.

28 total mutants with significantly altered surfactant production wereifieéenafter replicate
tests (Table 3). Identification of the sites of transposon insertion revbatealver half of the
identified mutants harbored distinct insertions in genes found to be disrupted in at leabeobne ot
mutant, yielding a total df2 different genes found to significantly influence surfactant
production in strain B728a. The largest number of mutants (9) harbored insertionangéhe |
gene cluster encoding the non-ribosomal peptide synthetase for syrimg@acti et al., 2007).
Given that disruption of this locus in strain B728a greatly decreased surfactantipro(fig.
3), it appears that syringafactin is a major component of the observed surfalctamistrain
B728a. However, the remaining halo suggests that B728a produces a secorahsumfact
addition to syringafactin, which is in contrastRosyringae DC3000, where disruption of the
gene cluster encoding the non-ribosomal peptide synthetase for syrimgedaepletely blocks
all surfactant production as detectable by the atomized oil assay (FI§tt8).remaining bright
halo corresponds to a biosurfactant with similar diffusional properties as $gatigathen the
observed halo radius of approximately 5.5 mm in a syringafactin knockout (as conop@sad t
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Tablell-3. Identification and characteristics of a variety of mutan®sefidomonas syringae

strain B728a with altered biosurfactant production identified using an atomizssay

Locus of Tnd . : Tomn mﬁmmnﬁmsw_u Drop- Swartning Swtd
e, Predicted function ﬂmﬁm.@ﬁos hale radius Eolligset distl (mimm) o
its® (tntm)

WT (no insertion) 8702 Tes 241+05 1716 + 41
Payr 1233 (suhE) Inositol monophosphataze 1 2002 Mo 6.7 £ 0.2%* 110 £ 12%*
FPayr 4094 (secd) FProtein secretion 1 2305 Tes 12.5 £ 3.2%* 2232+ 116%*
Dayr 2576 (mufd) Syringafactin biosynthesis 4 23203 Mo 108 £ 0.3%* nfa
Doyr 2577 (gfE) Syringafactin biosynthesis = 581204 Heo 1017 £0.3%  nfa
Poyr 4346 Tl nowen 1 6004 Yes 143 £ 0.7%* 00 £ 27
Payr 3619 EMNA processing and degradation s 62202 Mo 13.0 £ 0.6%** T
Dayr 3958 (algT) Alginate regulation 1 11.0£06 Tes 32.3+03%* 2697 + GO**
Fsyr 1407 (pempR)  Virulence factor regulation 1 120+05 No 32338 BT + 3%
Payr 1747 (elpF) Posttranslational modification 1 123204 Tes 195k Dk 626 £ f4**
Payr 3957 (mnc A Alginate regulation 1 123 +04 Tes 203 + 1 g4¥* 23TE + £33
Poyr 1748 (elp) Posttranslational modification 5 122£09 Tes 215+ 1.3* 15595 £ 54
Payr 1350 (rsaf) Alginate regulation 4 127 +073 Tes 328+ 177 2655 + T1HF

tHumber of times that independent mutants were identified as insertions in the same gene
® Halos with significantly smaller or larger radii compared to WT (For all, P < 0.01, t-test)

¢ Ability to cause drop-collapse of a water droplet on an oil sutface

4 Bactetial motility over semi-solid agar plates: motility was sigrificantly different from wild-type at F<0035 (*) ot P < 0.01 (**) as determined by a f-test
& Arbitrary units of relative fluorescence of the Pspfd gfb reporter in mutant strains: expression was significantly different from wild-type at P < 0.01 (**) as

determined by af-test

f Original mutant strain had a decreased halo size. This strain saved for testing most likely possesses a secondary suntation which has reversed the phenotype of

the original mutation.
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mm in wild-type) corresponds to a 2-log decrease in total surfactardrtositon, implying that
the second surfactant is only produced at approximately 1% of the levelsgiaggatin
production.

In addition to insertions in the syringafactin biosynthetic cluster, a number ofidketions
were found to significantly affect surfactant production. In total, 19 additinseitions in a
total of 10 genes resulted in strains that consistently produced sma#egerhalos compared
to the wild type (Table 3). All of these mutations were within the structunaisgeoted with the
exception of Psyr_3958, the sigma factor AlgT, in which the transposon was insgstédthle
30 base pairs upstream of the structural gene, presumably disrupting treorsofigiie gene.
All disrupted genes were under 1,000 amino acids in length, with the exceptiorsgfthad
syfB homologs which are about 3,000 and 6,000 amino acids in length, respectively. The
relatively higher frequency of mini-brtransoposon insertions into the syringafactin
biosynthetic cluster reflects the increased probability of a randomiarmsextent into such a
large target, although a few of the smaller genes also had multiple inséFidues 3).

As a further assessment of surfactant production in the mutants obtained ired¢me their
ability to cause a drop-collapse was also evaluated (Table 3). Of the feibi@p&rmutations
of relative halo size and drop-collapse activity, most mutants were found itatdate three
following categories: 1) Mutants including the syringafactin knockouts which hdtesma
surfactant halos and no drop-collapse activity, 2) Mutants with smalfactamnt halos but
which still conferred drop-collapse, suggesting that syringafactin producds been reduced
but not completely blocked, and 3) Mutants with larger surfactant halos (whigratiliced a
drop-collapse). The twelve mutants belonging to this third category weoaiadl fo harbor
insertions in multiple components of the AlgT extracellular stress pathM@iy, MucA, RseP,
ClpX and ClpP (Keith and Bender, 1999; Chabal., 2007). All of the mutants were originally
identified as producing a larger surfactant halo, except for one with a disruptlenaniti-sigma
factor MucA. This mutant was initially noted to confer a smaller halo than thetNii and to
have a highly mucoid phenotype. However, upon retesting this mutant after passdtygen c
for several generations, it switched to having a large halo and a non-mucoid pbdiatyle 3),
a phenomenon that will not be further addressed here.

The most surprising result was the identification of a mutant which fell into thi foategory,
having a larger surfactant halo but which did not produce a drop-collapse (PmpR). Mst like
this PmpR mutant no longer produces syringafactin but over-produces a secondrduiTattie

3). The discovery of this mutant suggests that the second surfactant is much weaker tha
syringafactin, such that even when produced in large quantities, it does not |dereswriace
tension enough to cause a droplet of water to collapse on an oily surface. Alternatoeelld
suggest that it has low water solubility (a very low HLB value). Angbossibility is that the
atomized oil assay could be responding to a substance other than a surfactant, although i
unclear what that substance could be. A surfactant is by definition a sutigseeagent, and the
most probable reason for a change in contact angle of an oil droplet on an aqueous surfiace woul
be a change in surface tension.

Because surfactant production is generally required for bacterial swaahilitg, the movement
of the surfactant mutants was measured. Unlike in DC3000, where a mutant blocked in
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syringafactin production could no longer swarm (Betrél., 2007), the syringafactin mutants in
B728a were still able to swarm slowly (Fig. 3). This is consistent witretheced but not
eliminated surfactant production in these mutants. Mutants blocked in each of the 12 genes
found to alter biosurfactant production each also had altered swarming phenotype<S).T bl
general, strains with apparently higher surfactant production as evidenleegddiyhalos in the
atomized oil assay swarmed faster, while those with smaller halos sd/atower.

"'DC3000 (WT)

B728a (WT)

B728a (syfA-)

Figurell-3. Surfactant halos and swarming assays of syringafactin mutants
Comparison of surfactant halos (left) and extergvadrming (right) by wild-typé. syringae strains
DC3000 and B728a and their respective syringafamtitants ¢yfA-). The bars represent 1 cm.
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Regression analysis of the influence of halo size on swarming distantegiviys
significant (Fig. 4A). Even the PmpR mutant, having a large halo but not conferring a
drop-collapse, followed this relationship and swarmed significantly fatttaerthe wild-
type strain. In general, the atomized oil assay was much more indicativarafisgy
ability than the drop-collapse assay. The mutants for which swarming wa£diotqut
based on halo size had insertions in the genes encoding MucA, ClpX and ClpP; all
produced large halos but had slightly lower swarming ability. The swarmirgpclstor
these mutants is apparently confounded by the phenotypic changes in thesdlstsens;
mutants initially swarmed as fast as the other mutants with large hasvd ffihours) but
subsequently had a dry appearance which seemed to suppress their ratofgsasr
the colonies aged.
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Figurell-4. Halo size correlated with swarming distance and syringafactiadrigtion
Relationship between surfactant halo sizes prodbgadutants oPseudomonas syringae B728a and
swarming distance (A) and syringafactin transooiptas estimated by GFP fluorescence 0@ Pgfp
fusion (B). Wild-type is included in both figurasd denoted with a “WT.” Coordinates are takepatly
from the measurements presented in Table 3. Tiks tirawn represent the linear relationship Y=27
—0.8244 (B= 0.68; P<0.001) and Y= 115.27X + 282.6%R.12; P<0.3), respectively.

Surfactant production in mutants compared to transcription of syringafactin locus.
Syringafactin appears to be a major surfactant produced by strain B728ansitants in its
biosynthesis exhibit greatly reduced surfactant halos, drop-collapsg abditswarming.

Because the atomized oil assay was highly predictive of the effect oftamtfaroduction on
swarming but not drop-collapse, we determined how predictive halo measurements wafuld be
syringafactin production. It seemed likely that many of the mutants wettedlsurfactant
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production identified in the atomized oil assay would exhibit altered expressioa génes
required for syringafactin production. To test this, a vector in which the progwitaining
region of the syringafactin biosynthetic logy$A was fused to gfp reporter gene was
introduced into each of the surfactant mutants and GFP fluorescence wastheasur
Furthermore, this calculation was cell-normalized, and would therefore ydantifmutants with
smaller halos resulting from an altered growth rate if they had smatfactunt halos than wild-
type, but similar SyfA transcription.

All putative surfactant mutants identified by the atomized oil assay reddkxpression of
syfA compared to wild-type with the exception of the ClpX mutant (Table 3). Howeven, whe
considering all of the mutants, no direct correlation between halo size amgb$gctin gene
expression was found (Fig. 4B), most likely because of the confounding effectpobthestion
of a second surfactant. For instance,Rh@R mutant has a very large surfactant halo and
swarms well, but it does not produce syringafactin, suggesting that the putativel surfactant
is highly up-regulated in this strain. It appears that in different gelbatkgrounds, the two
surfactants contribute differentially to the observed halo and swarming phenotypasefore,
the apparent presence of a second surfactant readily explains why shef siieaggregate
surfactant halos are not correlated with the production of just one of the sudadthat
atomized oil assay has thus enabled the identification of promising regujatwesy for
biosurfactant production.

DISCUSSION

The discovery of novel biosurfactants and the exploration of the genomics of ltentrfa
production would greatly benefit from a quantitative and high-throughput screeningdnet
The features of the atomized oil assay demonstrated here should make it valuiiasef
purposes. Multiple strains can be simultaneously assayed within a few secondsaltiing e
thousands of strains to be screened for surfactant production in a reasonabldttumegh/Aall

of our measurements were taken on KB and LB agar plates, we have found that thigdssay
well on any solid medium which is conducive to bacterial surfactant production. Adtitiona
given a standard, this assay can provide estimates of surfactant cormrentrat

It may seem counterintuitive that biosurfactants cause the oil to bead in oyvassiaas
surfactants normally cause water droplets on a hydrophobic surface toeolldEsshape of an
oil droplet on an aqueous surface is determined, however, not just by the change of surface
tension at the oil/water interface, but also by the counteracting forceleotartsion change at
the air/water interface (Donahue and Bartell, 1952). If an added surfactens kb surface
tension at the air/water interface more than at the oil/water intetfaermodynamics will favor
a decrease of the relative contribution of the oil/water tension, seen aseas@uccontact angle
between the oil and water, and hence a beading of the oil droplet (Fig. 5). In this rhanner t
shape of the oil droplet is determined by the action of the surfactant at the twendiffer
interfaces. In general, bright halos such as those conferred by all obshiefdctants tested
result when the predominant effect of the surfactant is on the air/wateaaeterAlthough we
have arbitrarily classified surfactants as either causing etHaight” or “dark” halo in oil

drops surrounding a surfactant source, it is most probable that there is a spectructf cont
angles for the oil droplet that is dictated by the expected range of chatihgevafious tensions
by various surfactants as discussed above. Similarly, while all of our obtaitadtsndisplayed
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bright halos, there is a possibility that the contact angles of the oil dropletsbeoslightly
different, especially near mutants unable to produce syringafactin. Howevieawe not yet
found a reliable method for measuring the contact angles of the atomized oil dobpkatged
with our assay, and no obvious differences in droplet shape were detected duringapicros
observation of the droplets.

oil/aj
Eairlwater
oil/wdter

Figurell-5. Diagram of the interfacial tensions acting on an oil droplet

Relationship between interfacial tensions and tregact angle of the oil droplet on the agar-watefase
(06). To keep forces in balance; (tension at air/watgtension at oil/water) + (tension at oil/aiCbsine
0). Tension at oil/air interface is a fixed valuschuse it is rarely influenced by surfactants (My2006).
Therefore, as the air/water tension decreases didiad surfactant, as does the tension at the télfwa
interface, the contact andleof the oil droplet will change to compensate foe inequal effect of the
surfactant on those two interfaces.

It is not clear if there is an invariant correlation between a surfactamt'styilic-lipophilic

balance and the shape it imparts to oil droplets on an agar surface. Itis, hoevepgéng to
speculate on the utility of this assay in predicting important charactemdtrovel surfactants.

HLB values are a scalar factor that reflects the degree to which atantfes hydrophilic or
lipophilic, with a value of zero reflecting a completely lipophilic (hydrophobiclecule, a

value of 10 corresponding to a compound with equivalent hydrophobic and hydrophilic groups,
and values over 10 for predominantly hydrophilic molecules. This value is of greéitamge
commercially since it is used to determine appropriate functions of anfactFor example,
common surfactants such as SDS and Tween 20 have high HLB values and are thesefore
suited for emulsifying a hydrophobic substance into a water phase (oil ireg.wa@n the other
hand, surfactants such as Silfvet77 with HLB values near 10 are more suited for wetting, or
spreading of a water phase over surfaces such as leaves (Adamson, 1982t aha2@06).

These surfactants with balanced water- and oil- loving groups can be \eatyeffas spreading
agents, capable of lowering the surface tension of water below 30 mN/m (w&hgemner,

1993). Rhamnolipid, with a predicted HLB of 9.5, which can lower the surface tension of wate
to 28 mN/m, is a highly effective spreading agent involved in bacterial m¢@herbremeet

al., 1990). Although there is no consensus on the HLB of surfactin, it is also capable ofgowerin
the surface tension of water to 27 mN/m, suggestive that it may also have an KB fleang

and Wagner, 1993; Rosenberg and Ron, 1999). Surfactants like®3iki@twhich had lower

HLB values conferred bright halos in our assay. The surfactants with HLB alee$3,

which are most ideal for emulsification of oil into water, did not cause theapuleds to bead,
resulting in dark halos when tested by the atomized oil assay. It is fimgrésit none of the
biosurfactants tested conferred dark halos, suggesting that their prinesram@inot as

emulsifiers.
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It is noteworthy that the measurements of biosurfactant production using thedtladm rwere
strongly correlated with the swarming capability in mutant®.afringae strain B728a. This
suggests that the area covered by surfactants at the air/water eeri@measured by our assay
reflects a similar distance where swarming movement of bacterissarr@ueous agar surface
is facilitated. Moreover, it is significant that drop-collapse actwi&g not a good indicator of
the swarming ability of a strain, which raises the question of what spp@ferties make a
surfactant a good lubricant that facilitates bacterial motility. Beeahe drop-collapse assay
only detects surfactants that are able to greatly lower the surfeteri@f water, this property
appears unnecessary for functions such as swarming. In addition, use of the dymge@dbay
in biological screens may cause a wide array of biologically activectamta to be overlooked.
In view of that, it is interesting that a syringafactin mutarR.afyringae strain B728a appears to
produce a second surfactant that can promote swarming but not cause a drop-collapsén This
contrast to a syringafactin mutantRnsyringae strain DC3000 which does not appear to
produce this second surfactant (Fig. 3). It is also striking that no mutantdemstiéied in

strain B728a that exhibited a total absence of surfactant halo, pointing tertiieregulation

of syringafactin and the remaining expressed surfactant (which explaipsdh correlation
between biosurfactant halos and transcription of the biosynthetic gene clusyemigafactin
production). Furthermore, the disruptionpofipR apparently causes the down-regulation of
syringafactin while conferring up-regulation of the other surfactant, stiggets role in
regulating (inversely) both surfactants. While bBtlsyringae strains are pathogenic to plants,
strain B728a is a much better epiphyte than DC3000 (Boatedw 2002). Perhaps this second
surfactant is particularly useful for the lifestyle of epiphytetsagstrain B728a on waxy leaf
surfaces. We are actively pursuing the identity and specific propefties second surfactant.
The phytotoxins syringomycin and syringopeptin have been suggested to possetansurfa
activities (Hutchison and Gross, 1997), although preliminary results have mubyited

support for the identity of either of these surfactants as the second surfdatantot shown). It
is possible that combining one of the mutations found from this screen syith ar syfB

mutation could reveal the identity of the second surfactant

Some, but not all of the genes found to regulate both biosurfactant production and swarming
ability in P. syringae have homologs that influence swarmindseudomonas aeruginosa.

Disruption of Psyr_3619, encoding an RNA helicase, conferred a similar reductigarmisg

as that seen in blockage of its homolog PA284R. imeruginosa (Overhageet al., 2007).

Likewise, disruption opmpR (PA0964) inP. aeruginosa, a homolog of Psyr_1407, resulted in
enhanced swarming in both species (Table 3) (Lehiafy, 2008). It is significant tha.

syringae B728a mutations were not identified in homologs of any of the many other genes found
to alter swarming if?. aeruginosa (Overhageet al., 2007) despite the near completeness of the
mutant library, emphasizing that the surfactants that contribute to svgainrtimese strains differ
and/or that many factors other than biosurfactant production contribute to swabmlityg It is

also noteworthy that relatively few different genes apparently contribii@surfactant

production inP. syringae B728a. The disruptions of only 12 unique genes, identified from over
7,000 screened mutants, were found to alter biosurfactant production. Assuming random
transposon insertion, we predict that we have screened a library of approxin7étedf theP.
syringae B728a genes. Although we have identified many of the mutations which havean effe
on measured surfactant halos, we may have missed a number of mutations whichlyegative
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affected syringafactin production but were masked by a compensatorysmargaoduction of
the second surfactant.

For life on the leaf surface, Pseudomonads have been shown to employ a varietytof graiv
and survive despite fluctuating water availability (Lindow and Brandl, 2003)esponse to
desiccation stress, Pseudomonads produce alginate in order to maintainedhydrat
microenvironment (Chang al., 2007). Our finding of multiple components of the AlgT
regulatory pathway among mutants of strain B728a with altered biosurfactdotpon could
suggest an intimate relationship between water availability and biosunfgcbduction. This
potential relationship warrants further exploration of either the AlgT patlmvperhaps alginate
production itself as a regulator of surfactant production. The role of biosurfactantsleaf the
surface is most likely complex, and as such may likely prove to have very comgigatory
networks. The atomized oil assay has revealed a likely diversity of bicsuriaithat are
produced by strain B728a and their complex patterns of expression, details that wouldcehave be
difficult to discern using other assays for biosurfactant production. The tools artid gene
resources developed here should prove useful in further studies of the roles of suifatiiants
interaction ofP. syringae with plants.
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ABSTRACT

Biosurfactants are diverse molecules with numerous biological functions andiaddust
applications. A variety of environments were examined for biosurfactant-prochasteyia
using a versatile new screening method. The utility of an atomized oilvmasassessed for a
large number of bacterial isolates and compared with a commonly-used drop cadisgpgérom
broth and plate cultures. The atomized oil assay detected every strain thatgheoduce
biosurfactant detectable by the drop collapse test, and also identified additiames that were
not detected with the drop collapse assay because they produced low levesotdsuor
hydrophobic surfactants such as pumilacidins. Not all strains that produced a biastirfac
detectable by the drop collapse when cultured on agar surfaces producedrasrigtetable
by drop collapse when cultured in broth, and vice versa. Many bacterial skiaiipiseel
preferential production of surfactants when grown on an agar surface cdrtpareth cultures,
and such surface enhancement of production could also be stimulated by increagsupsiiy
of liquid culture media. Surface induction of surfactant productidgtséadomonas syringae
was regulated at the transcriptional level. Surfactant production was muchammeg in
bacteria recovered from terrestrial leaf and soil habitatsl3% of strains) than in aquatic
environmentsda. 5%).

Author contributions: A.B. and S.L. designed thge@rch, C.D. and N.P. performed and analyzed npess$ra and
surface tension measurements, A.B. and P.B. peeibati other research, A.B. analyzed the dataaBdand
S.L. wrote the paper.

33



INTRODUCTION

Biosurfactants, or biogically-produced sudce adtve agentshave received wide attention
mostly for their potential for hydrocarbon dispersion and remediation. Battiesarfactants
were initially proposed to function as emulsifiers of biodegradable hydrocaiidens1996).
However, a wide variety of roles for biosurfactants have been since desained,jdfilm
formation to inhibitory activity against pathogenic organisms, sparking aveehiaterest in
their discovery (Ron and Rosenberg, 2001; Van Haeirak, 2006). Given this interest in
biosurfactants, the lack of knowledge of the distribution and frequency of occuofence
surfactant production in the environment is remarkable. Comprehensive examinations of
biosurfactant production are lacking, and studies that have addressed this tgarem a
environment can seldom be compared with those of other habitats (Petfalm@010); both
the screening methods used, as well as pre-screening culturing conditions sediuas amd
incubation conditions usually vary widely between studies (A&tesh, 2007; Hultberget al.,
2008).

In a recent report we described a high-throughput assay which utilizes troatmplof
atomized oil droplets to rapidly detect biosurfactants produced by bacteria onfélce sfiagar
plates (Burchet al., 2010). This method has advantages over other common assays such as
droplet collapse assays in that it can be performed for many colonies siroudiyrefter limited
growth, does not require sample preparation of culture supernatants, and thus isishitgd f
throughput screening for surfactant producing strains. Moreover, this metlaghide of
detecting much lower concentrations of surfactants than the drop collapgeaasistnerefore in
principle is capable of identifying biosurfactant producing strains that woudgh@sietection
with most other methods. However, since the atomized oil assay has not yet leekonest
broad range of environmental isolates, in this study we address whether thefrstngi@s that
it can detect includes all of those detectable by the drop collapse assayrnranghalthough
the atomized oil assay has proven effective at detecting surfactants @edgmrtraditionally
broth culture supernatants are screened for biosurfactant activity usohgpheollapse assay.
Depending on the properties of the surface-active compound and its biological toke for
producing strain, its production may depend strongly on whether the producing esitsiated
at a surface or not. Since a large difference in the transcriptomes ofdgobern
planktonically versus on surfaces have been described, with about one-third of genes
differentially regulated (Schemlxi al., 2003; Wanggt al., 2004), it seems likely that
biosurfactant production itself may be strongly influenced by cell culture tommgli Surface
sensing is an important cue for many species to transition to surface-@skbeiaavior such as
swarming, whereby cells move across a moist surface utilizing tegedl surfactant (Kearns,
2010). Although the surface regulation of flagella has been well documented (M&Calrte
1988; McCarter, 2006), the regulation of surfactant production by surfaces has nonyet bee
explored and will be addressed in this report.

Insight into the role of biosurfactants would benefit from a better understandingrofrtiezical
distribution of surfactant producers in different environments. A variety of ésbiaports have
described collections of biosurfactant producers from aqueous environments dpaafjpéduted
soils, and even clouds, with estimates of their frequency in culturable bactenisdunities
ranging from less than 3 to as much as 50%, but typically around 10% (B®a@bu2003;
Batistaet al., 2006; Aherret al., 2007; Maciekt al., 2007; Hultbergt al., 2008). However, no
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encompassing model that describes the selection for such a trait has enoengtb@$e studies,
perhaps because few comparative analyses of habitats have been perfoerteghoihesize

that hydrophobic surfaces are habitats that would be particularly selecthacteria that

produce surface active compounds. The surface of leaves that are usually coverewith w
would constitute such a habitat, although surfactant production in this habitat has seddom be
investigated (D'aeat al., 2010). In order to survive on leaf surfaces, epiphytes must be able to
access limited and spatially heterogeneous nutrient supplies and endurkidaiftibns in
moisture availability on a water-repellent surface (Hirano and Upper, 20@fpwiand Brandl,
2003). Epiphytic bacteria could potentially use biosurfactants to increase #isliyedf the

leaf, to enhance diffusion of nutrients across the waxy cuticle, and/or aid Iymotiavorable
growth sites. Despite the substantial potential role of biosurfactants os,lealyea few studies
have examined their production in the phyllosphere, all of which have focused on thibleposs
ecological role in only specific strains and have not addressed the freqiesurfactant
producers on leaf surfaces (Bunsdeal., 1989; Hernandez-Anguiambal., 2004; D'aest al .,
2010). A comprehensive examination of the phyllosphere inhabitants might revieal atich
biosurfactants not normally encountered in other habitats, and would address the s/pbthesi
surface enrichment of producing strains.

In this study we compare the frequency of surfactant producers in the phyllogptierse in

soil and water environments. We compare the atomized oil assay with the dropecasisgs to
characterize surfactants made by a collection of environmental strathsy fuemonstrating the
usefulness of this assay in high-throughput screening and its much higher $ehsitadi types

of biosurfactants encountered, many of which are hydrophobic and poorly detectdide by t
droplet collapse assay. We also investigate the influence of planktonic vefaus-aissociated
culture conditions on the production of biosurfactants from our environmental isolatesycand fi
evidence for frequent contact-dependent production of surface active compounds.

MATERIALSAND METHODS

Bacterial strainsand growth conditions. Bacteria were isolated on 10% Trypticase Soy Agar
(Difco, Detroit, MI) containing 1.5% agar and natamycin. Batkyringae pv. syringae B728a
(Loper and Lindow, 1987) and environmental strains were maintained and screened for
surfactant production on King's medium B (KB) (Kieical., 1954) and grown at 28 °C.

Viscous KB broth was produced by amending with polyvinylpyrrolidone (PVP-360) to a
concentration of 10% W/V (McCartet al., 1988). Antibiotics were used at the following
concentrationsy@/ml): natamycin (21.6), kanamycin (50), and spectinomycin (100).

Environmental isolates. 377 isolates were obtained over the course of one year from diverse
locations in California. Half the isolates were from plant samples whileethainder were from
soil and water samples collected in native California Chaparral habitatg.mOrphologically-
distinct taxa from each sample were chosen for testing. A total of 5,1963set obtained

in a more extensive sampling made in native California Chaparral habitatden Regional

Park, Berkeley, California over a 4-week period in March and April, 2010. Both @aifor
native plants and introduced plant species were present at this site. Samplekearefrom

five transects, with 10 random plant and soil samples collected at two metersnadong each
transect. Water samples were taken as close to the plant and soil sarppkstds, from
ephemeral pools, streams, and a lake. 50 colonies representing the most abundanivbester
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chosen at random from each sample. Samples yielding less than 50 bacterial e@onies
discarded.

Biosurfactant detection assays. The drop collapse assay was performed as according to Bodour
and Miller-Maier (Bodour and Miller-Maier, 1998). 2 10W-40 Pennzofl (Pennzoil Products
Company, Houston, TX, USA) was applied to delimited wells on the lid of a 96-wellgnidte
allowed to equilibrate at room temperature. Nextl &f either diluted surfactant samples or
supernatant from bacterial cultures or re-suspended bacterial colonigspetted onto the oll
surface. Drops which retained a spherical shape were scored as negativafiiant content,

while drops which had a visibly-decreased contact angle with the oil and spreapded)lwere
scored as positive for surfactant content.

The atomized oil assay was conducted as follows: Bacteria were evendgdspub KB agar
plates using sterile toothpicks and grown overnight. Alternatively, if visual&irfgctant from
broth culture, 1mL of 2-day-old broth culture was centrifuged at 10,000xg for 2 min,euad 5
supernatant was pipetted onto the plate and allowed to equilibrate for 30 minutes before
assaying. Synthetic surfactants were similarly pipetted onto platesiri#&ush (Type H;
Paasche Airbrush Co., Chicago, IL) was used to apply a fine mist of minerajldilpgraffin
oil, Fisher Scientific) onto the plate with an air pressure between 15 and 20 psi.fdgiasuir
halos were then immediately visualized with an oblique source of bright light.

Matrix-assisted laser desorption ionization mass spectroscopy. MALDI-TOF mass spectra
were recorded on a Bruker Daltonics Omniflex instrument (Billerica) Ms&d in reflectron
mode, as described previously (Prétal., 2007; Priceet al., 2009). Cell-free supernatants and
extracted surfactants were mixed with an equal volume of matrix medium (10 29§/m
dihydroxybenzoic acid in 70% aqueous acetonitrile. The solution was spotted) @She
sample target and allowed to air dry. lons were produced with a nitroger8@gemi) and
accelerated at 20kV. Each mass spectrum was produced by averaging more thawitio@lindi
laser shots.

Surface tension measurements. The surface tension of cell-free supernatants was determined
using the pendant drop method. Cell-free supernatants were analyzed with a Fidé4600
analysis instrument (First Ten Angstroms Inc., Portsmouth, VA). Dropbses produced using

a 22 gauge blunt needle and the values reported represent an equilibrium sousfane te
determined 60 seconds after drop formation.

M easurement of gene expression. Wild-typeP. syringae B728a carrying either a plasmid
conferring constitutively fluorescenc&i®ngfp (Matthysseet al., 1996) or pByfA-gfp (Burchet

al., 2010) was grown in KB media overnight, then suspended in phosphate buffer (10 mM, pH
7.5) to an approximate QB of 0.2. GFP fluorescence intensitgs determined using a TD-700
fluorometer (Turner Designs, CA, USA) with a 486-nm bandpass excitatiendiit a 510- to
700-nm combination emission filter. A relative fluorescence unit (RFU) wasedek the
fluorescence of the suspensions normalized for the suspension turbidity mea$dibgghas

Bacterial identification. Genes encoding 16S rRNA were amplified by colony PCR using
universal primers 27F (5-AGAGTTTGATCCTGGCTCAG) and 1492R (5'-
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TACGGYTACCTTGTTACGACTT) (Lane, 1991). PCR conditions were as follamsinitial
denaturation of 10 min at 95°C, 28 cycles of 95°C, 59°C, and f62°LCmin each, with a final
extension time of 10 min at 72°C. Products were excised from an agarosergetedxt
(UltraClean GelSpin, MoBio, CA, USA), and submitted for sequencing at the U@IBgr
Sequencing Facility. The 16S rRNA gene sequences were compared to GenBardeslataba
using BLAST fttp://www.ncbi.nlm.nih.go) Sequences having >98% similarity to a known
GenBank sequence were assigned to the designated phylotype. These setadave teen
submitted to the GenBank database under accession numbers JF430870-JF430892.

Data analysis. Data and regression analysis was carried out using Sta{Stat&oft, Tulsa,
OK) and Microsoft Excel. Image analysis to measure the area of watacttontleaves was
through ImageJ (NIHhttp://rsb.info.nih.goV/ij).

RESULTS

Comparison of surfactant assays. A collection of 377 bacterial strains isolated from a variety
of terrestrial and aquatic sources were grown on agar plates and testedudiabtant
production using the atomized oil assay in which an airbrushed mist of oil dropletp phes!

to culture plates. Biosurfactant production was evident as a bright zone of de-avetesed oil
droplets (hereafter referred to as a halo) (Fig. 1A). Additionally, cellaabf strain suspended
from plates into water as well as drops of broth culture supernatants wedeftesdrop collapse
on an oil surface. A total of 41 of these strains exhibited biosurfactant productionast atrie
assay. The identities of these strains were determined from partial 16Sd®Né&nces, and all
isolates were assigned to described taxa based on 98% BLAST sequenge iBsaittomonas
andBacillus species were the most common genera identified, in line with previous reports of
limited surveys (Bodouet al., 2003; Cheret al., 2007). All biosurfactant producers were
members of the Gammaproteobacteria or Firmicutes except for a Rimghbium species

(Table 1). After eliminating duplicate taxa from the same samplingdocat total of 23 unique
environmental strains that produced surfactant detectable in at least oneeresalentified

and further characterized (Table 1). All 23 isolates produced surfactanatbtdnt the
atomized oil assay, although only 16 isolates conferred drop collapse of eitheuspended
from plates or of broth culture supernatants. Furthermore, cells of only 9 of theséalési
conferred drop collapse from both culture conditions. Most of the other 7 strains thatecbnferr
drop collapse only under one culture condition did so for suspended plate-growrPcells.
syringae strains were typical of this group; cells of four represent&nlates conferred drop
collapse when suspended in water from plate cultures but not the supernatant of planktonic
cultures. While 16 strains & syringae, P. fluorescens, or B. subtilis produced biosurfactant
that could be detected by both assays, the 7 strains that exhibited biosurfasigntlaattwas
detectable only by the atomized oil assay mostly consisted of a diversityenftaxa (Table 1).
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Figurelll-1. Atomized oil halos of strains producing surfactants with different properties
Halos of atomized oil droplets modified by surfattaproduced bf. syringae B728a (left) andB. pumilis

(right). A. Large surfactant-induced halos around coloniesotif btrains grown on agar plateB.
Medium-sized halo conferred by supernatants froemsuspensions of plate-grown cellofyringae

B728a but not foB. pumilis. In both images the bars represent 1 cm.
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Tablelll-1. Patterns of biosurfactant production among environmental bacteria
recovered from different habitats.

Genus Species Isolate Halo Plate DC  Broth DC

Pseudomonas syringae pes :

PB27
PB31
PB67

fluorescens PB42
PB59

ZezZA A IITahaa...es.
£ Al hiI:hIna Jl: ZH Hnnnoooo
£ A h.mulh . ..NDINNLNMMDNDY
ZzZZ 2 - L , h,h hmh h h:h:mkh: h:1bintn , , nt
752 A .LUULL... .MM
PE63 Nl

Xanthomonas axonopodis PB28
Pantoea ananatis o
Cedecea davisae PB6
Rhizobium Rubi PB32 |
Bacillus subtilis PB43
ZEZZEAMMMMIMULDDNDIIHIHOHODNZHIHDDDDIDY
ZEZEZZANIIHHIHHIHIHHHHHHHHHHHHHHIDIDIDI1DIDIODIDOIN
pumilis PB36 |
Staphylococcus equorum PB37 &

\\ Strains that produced surfactants detectable with the atomized oil assay as well as conferring drop collapse in cells
& recovered from plates and in supernatants of broth cultures

Strains that produced surfactants detectable with the atomized oil assay but which did not confer drop collapse
irrespective of how cells were cultured

Strains that produced surfactants detectable with the atomized oil assay, but which only conferred drop collapse when
cells grown on a plate were suspended in water

Strains that produced surfactants detectable with the atomized oil assay, but which only conferred drop collapse when
supernatants of broth cultures were assayed

Hydrophobic biosurfactants. Although not appreciated in most biological studies, surfactants
differ greatly in their chemical properties in ways that could influenee &bility to be detected
by various assays. For instance, a fundamental property of a surfacmntltive solubility in
water and oil, which can be broadly described by its hydrophilic-lipophilic ba(&éid®) value.
Some important synthetic surfactants with low hydrophilicity are not redidihersible in water,
and thus have unique functions such as forming inverse emulsions of water into oil (Tadros
2005). If a bacterial strain produced a biosurfactant with such low water sglttbgicould
account for its inability to reduce the surface tension of water suffigientdollapse a water

drop. In order for drop collapse to occur on an oil surface, a minimum surface tensioimneduct
at the water/air interface from 72 dyn/cm to around 43 dyn/cm is required (Baxbiviller-
Maier, 1998). Although a surfactant may be present in a sample of intereghtitnwi be
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detected by the drop collapse assay if it is produced in low quantities or has a property
preventing it from lowering the surface tension of water. Because thezatboil assay can
detect 10- to 100-fold lower concentrations of surfactant than that of the drop ecltsay
(Burchet al., 2010), it is reasonable to hypothesize that the atomized oil assay can detect
surfactant production in weakly producing strains. Therefore, it was possiblbéd¥astrains
that did not confer drop collapse may simply produce too little surfactant to beedesgit this
method. Indeed many of these strains exhibited small halos in the atomizespi{deta not
shown), suggestive of low surfactant concentrations. However, a few strains Bachlas
pumilis that did not cause drop collapse produced biosurfactants that conferred halos of de-
wetted oil droplets around colonies that were at least as large as naamy \stiose
biosurfactants did confer drop collapse (Fig. 1A). This observation led us to susptut that
surfactant had properties which hindered its ability to be detected by the demseassay.

To address the features of biosurfactants that could be detected by thedtmhagsay but not
the drop collapse assay, we distinguished the extent to which the hydrophobicéy of t
surfactants might limit their detection with the later method or whethérgher sensitivity of
the atomized oil assay was responsible for their detection. As a testreibthe
hydrophobicity of the surfactant producedBypumilis we suspended colonies of it as welPas
syringae strain B728a in water to identical concentrations, removed the cells byggatian,
and then tested the supernatant for surfactant activity using the atomizeshwpil abe water-
soluble material washed from cellsffsyringae B728a, which contains syringafactin and
readily causes drop collapse (Bettal., 2007; Burclet al., 2010), contained sufficient
surfactant to produce a large halo of de-wetted oil droplets when placed on amrfagar (&ig.
1B). However, very little biosurfactant was apparently washed from céspommilis, since no
zone of de-wetted oil droplets was observed (Fig. 1B). Similarly, the manfagproduced by
Pantoea ananatis andPseudomonas fluorescens strains which were detected only by the
atomized oil assay also appeared to have low water solubility when asdayedaahing of
cells (data not shown). However, the washings of four other stRiisgingae, Xanothomonas,
Cedecea andRhizobium) that exhibited the ability to de-wet atomized oil droplets but not to
collapse water drops, retained the ability to de-wet oil droplets. This suggesteteastrains
produced only small amounts of a water-soluble surfactant that could be detectedroythe
collapse assay if present in higher concentrations. In support of this conyeatuttee
observation that these later strains exhibited only relatively small halos aidmized oil assay
(data not shown). The low production of water soluble surfactants in these stainenfied
for P. syringae strain PB54 using mass spectroscopy. This strain was observed to produce the
same syringafactins & syringae B728a, albeit in much lower quantities, confirming that the
detection of surfactants in strain PB54 by the drop collapse assay was coragroymits low
level of production.

In order to confirm our conjecture that the lack of detection of biosurfactant paducourB.
pumilis strain in the drop collapse assay was due to its low water solubility, weteneed it
using MALDI mass spectroscopy. The mass spectrogram of the maténdaited from the cell-
free region surrounding colonies on the surface of plates @rmte 2007; Pricest al., 2009)
revealed a series of prominent peaks in thi&)(range of 1050-1130 (Fig. 2). SeveBapumilis
strains have previously been shown to produce a family of pumilacidins in this mgeas ra
(Naruseet al., 1990; Meloet al., 2009). The mass spectrogram of our strain shares the same
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masses of a sample containing a mixture of pumilacidin A, B, C, and D (N&aials€1990).

The masses observed in Fig. 2 are a combination of [M+da] the [M+K] adducts commonly

see

mixture of low water solubility pumilacidins that are capable of readilysiifig away from cells

n in MALDI mass spectroscopy. Therefore, we conclude that our stranlugiog a

on the surface of an agar plate, but which are not sufficiently water solublpad onop
collapse. In order to demonstrate pumilacidin’s surfactant capabilitiesyrfaee tension of a

broth culture oB. pumilis was measured using a highly sensitive pendant drop analysis. The

surface tension of the broth culture supernatant was lowered by production of a actifece

compound to 50 dyn/cm; this surface tension is just above the minimum thresholdnydcessa

impart a drop collapse.
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Figurelll-2. MALDI-TOF of pumilacidins from an atomized oil assay

Pumilacidins identified by MALDI-TOF mass spectranyefrom cultures oBacillus pumilus. A.
Pumilacidin A Wz 1072.69; GHgsN-O,5; calc. accurate masses [M+Na] 1072.6885, [M+K] =
1088.6625, [M+Ng" = 1095.6783, [M+Na+K]= 1111.6522.B. Pumilacidin B (n/z 1058.69;
Cs3Ho3gN;O,3; calc. accurate masses [M+Na] 1058.6727, [M+K] = 1074.6467.C. Pumilacidin C vz
1100.77; GeHggN-O13; calc. accurate masses [M+Na] 1100.7197, [M+K] = 1116.6937, [M+Ng " =
1123.7096.D. Pumilacidin D Wz 1086.71; GsHg7N;O45; calc. accurate masses [M+Na] 1086.7041,
[M+K] * = 1102.6781.
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Since the highly hydrophobic pumilacidins were detectable using the atbaizssay, we
further determined the efficiency with which other characterized synthefiactants differing

in chemical properties could be detected by this method. The assay was perforgratietics
surfactants that possessed a broad range of hydrophobicities. As seen previoatsyitesl

oil assay readily detected surfactants having more balanced hydrepidilipophilic groups,
which were also detected by the drop collapse assay (Table 2). On the othenéhand, t
hydrophobic surfactants SpaB5 and Spah80 each yielded large bright halos in the atomized
oil assay, but given their low water solubility, could not be detected in the agueoeplias
drop collapse assay (Table 2). This is in agreement with our observation that hydrophobic
pumilacidins were also only detectable by the atomized oil assay and notdrgpheollapse
assay. Curiously, the synthetic surfactants not only caused bright halos dtel:atemized

oil droplets, but those with balanced hydrophilic and lipophilic groups also caused the oil
droplets to migrate away from the source of surfactant, traveling até spee to 0.1
mm/minute (Fig. 3). Such expanding halos may result from a strong surfgietdignt, such as
explored by Angelingt al. (2009), although it is unclear why this should not be also conferred
by the hydrophobic surfactants. This property was commonly observed around biosurfactant
producing bacterial colonies and might be used to infer the water solubility peeperthe
biosurfactants.

Tablelll-2. Comparison of the behavior of a variety of synthetic surfactants in the
atomized oil and drop collapse assays for surfactants.

0.5% v/v water

HLB Surfactant drop collapse Atomized oil assay

1.8 Span 85 No Big halo

4.3 Span 80 No Big halo

8.6 Span 20 No Small halo

9.7 Brij 30 Yes Big "expanding" halo
10 Triton N-57 Yes Big " expanding" halo
11 Tween 85 No Small " expanding" halo
11.7 Tergitol NP-7 Yes Big " expanding" halo
12.4 Triton X-114 Yes Big " expanding" halo
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Figurelll-3. Time-elapsed photomicrographs of an “expanding” halo

Time-elapsed photomicrographs of oil droplets atutstg an “expanding” halo near a droplet of Trnithl-
57 placed on an agar plate when examined at 01.(f8), 2 (C), 3 (D), 4 (E), and 5 (F) minutes after
atomizing oil droplets onto the surface of the ggate. The white spot is a fixed reference pthat
allows visual orientation of the starting locatiminone of the moving oil droplets. The bar repntse
0.1mm.

Biosurfactants produced at a surface. In addition to the surfactants that were only revealed by
the atomized oil assay, we also found that many surfactants were detecthbldriop collapse
assay only when cells had experienced a particular growth condition (Table 1). &Mostgmt
among strains exhibiting such growth condition-dependent production of surfactantsramse s
of P. syringae; cultures of this species never conferred water drop collapse when grown
planktonically. The factors determining surfactant productida Byringae pv. syringae B728a,
typical of this species, was thus investigated. While culture supernatéhis stfain did not
cause water drop collapse on an oil surface, plate-grown cells suspended moethe sa
concentration as the planktonic culture conferred water drop collapse (FigSdapension of a
syfA- mutant blocked in production of syringafactin (Buetlal., 2010) did not cause water drop
collapse, confirming that the drop collapse is due to syringafactin. We thus psabthkt
enhanced expression of syringafactin production in cells grown on a surface was béspdmsi
order to link syringafactin production to surface-mediated increases in sotfaciduction, we
examined the transcriptional regulationsgffA using a GFP-based bioreporter. Greater than a
10-fold increased expressionsyfA was observed when cells were grown on an agar surface
compared to planktonic growth in broth culture (Fig. 4B). As a control, a strain cownslytut
expressing GFP exhibited similar levels of fluorescence in both cultures.
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Figurelll-4. Surface regulation of syringafactin production

Contact-dependent production of syringafac#n.Drop collapse assay of water alone (control),brot
culture supernatant #fseudomonas syringae B728a (broth), supernatant from an equivalent remolf
cells of P. syringae B728a that had been grown on an agar plate botvlashed in water (plate), and
supernatant from an equivalent number of cellsgfA& mutant ofP. syringae that had been grown on an
agar plate but then washed in watBr.Relative GFP fluorescence of cellsRofsyringae B728a harboring
either a constitutively expressed GFP reporter @ebiOn-gfp) or a plasmid in which GFP expression is
dependent on the promoter of SyfA §fA-gfp) recovered from broth and plate cultures.

Since there have been reports that production of some surfactants are influegicethptage

(Lin et al., 1994; Ochsner and Reiser, 1995), we exanmsyiddexpression at a variety of times

for up to 3 days during the growth of both liquid and solid culturés sfringae. GFP

expression was higher in cells recovered from agar plates than broth culalidsrees,

indicating that this is not growth-stage dependent phenomenon (data not shown). Abglitiona
some reports have documented that surfactant production is activated in more deres oyl
quorum sensing (Ochsner and Reiser, 1995; Lineah, 1998). However, the GFP

fluorescence of. syringae harboring the p§fA-gfp fusion in the wild-type and a quorum-

sensing deficient strain (Quinonesal., 2005) was similar both in liquid and solid cultures,
indicating that syringafactin production is not dependent on quorum sensing (data not shown).
Although not previously connected to surfactant production, one of the ways by which bacteria
sense surfaces is apparently through monitoring the viscosity of theirremeind (McCarteet

al., 1988). When PVP-360, a viscosifying agent, was added to broth medium, the expression of
syfA was increased to levels similar to that of cells on agar plates (data no) sl@&wen this

finding, we cultured the strains that had exhibited putative surface-dependenioagfla

surfactant production for their ability to induce drop collapse when grown in viscous broth.
While P. syringae B728a does not produce a surfactant capable of conferring drop collapse from
normal broth cultures, it did so when grown in a viscous broth (Fig. 5B). A similar iodwdti
surfactant production was induced by growth of other environmental strdmsyoingae, as

well asPantoea strain PB64 in viscous broth (Fig. 5C and 5D). Interestirglftuorescens
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strain PB59, which produced surfactant only in broth media, still produced abundant
biosurfactant detectable by drop collapse when grown in viscous broth (data not shown),
suggesting that its biosurfactant production is regulated by a different ni@ohaAlthough it is
tempting to speculate that tResyringae andPantoea strains are sensing a surface by directly
measuring viscosity, growth in viscous broth could be indirectly stimulatingiféasant
production via alteration of growth patterns such as cell aggregation which wakattrby the
reduced turbulent drag of this culture medium. Vigorous shakiRgsyfingae cultures reduced
pellicle formation and resulted in a lower inductiorsgf (data not shown).

Figurelll-5. Stimulation of surface-regulated surfactant production in viscous solution
Drop collapse conferred by culture media aloned®ultures ofPseudomonas syringae B728a (B), an
environmental strain d?seudomonas syringae, PB27 (C), and an environmental strairPahtoea

ananatis, PB64 (D) grown in KB broth (top row) or viscou8Kroth amended with 10% W/V PVP-360
(bottom row).

Terrestrial environmentsenrich for surfactant producers. Since leaves are a waxy habitat,
we hypothesized that the phyllosphere is enriched for biosurfactant-produciegabaaxa due
to the benefits this phenotype may confer. To test this hypothesis we examiimeidigrece of
this trait in bacteria from different habitats including leaf surfaceguke atomized oil assay.
Using this assay, we screened over 5,000 bacteria recovered from leafsssddcand
freshwater samples in close proximity to each other in the early spring,tivdre were many
ephemeral pools of water and streams. To determine the frequency of surfactanigoraaduc
bacterial populations this trait was assessed in approximately 50 random par sample, and
at least 30 samples were collected for each environment. The frequéndmshasurfactant
producers were found in a community from a given sample ranged from zero t@@0%6.t
Overall, a much lower frequency of surfactant producers was observed in frerssavaples
(ca. 5%) than from leaf surfaces or soil (e@eh13%) (Fig. 6). Studentistest with unequal
variance comparing the frequencies of surfactant production revealed thatdedvsoil
harbored significantly higher frequencies of bacteria with this phenotype than(®&0.05 for
plant vs water; P<0.002 soil vs water). Interestingly, while soil and leaf earfecbored a
similar average frequency of surfactant producers, there was a much highgoden this
frequency between samples of leaves than soil; nearly 30% of the leaf saiamblered no
surfactant producers compared to 17% and 6% for water and soil samples regpectivel
Conversely, many leaves also harbored very high proportions of surfactant prdohatiemg
(data not shown).
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Figurelll-6. Proportion of biosurfactant producers in different environments
Proportion of the predominant culturable bactaridifferent habitats that produce biosurfactamars
represent average proportion of biosurfactant-pcodubacteria encountered in a given environmeft, +
standard error.

Several features of leaves were examined in an attempt to account fadbstential sample to
sample differences in frequency of biosurfactant-producing bacteria. Givehdheaf surfaces
of different plant species differ in hydrophobicity, we addressed whether pkgiés or the
degree of water-repellency of leaves was predicative of the fractionfattsunt-producing
bacterial strains recovered. There was no correlation between leaf hydraghoi®esured as
the total area covered by a 10 ul droplet of water applied to the leaf, and the fregjuency
surfactant producers (Fig. 7). Likewise no association between plant spetig® frequency
of surfactant producers was evident (Fig. 7), although more species would needadmiveeex
to rigorously test this conclusion. Overall, our observations suggest that leatipsoges not
the dominant factor that leads to the occurrence of surfactant-producing sina given plant.
However, since our collections were made in early spring, the leavesnexkwere all at early
stages of growth and thus the microbial communities were also in early stagésnization.
The apparent random patterns of occurrence of bacteria on the leaves tlseigdesds that
colonization can be described by a neutral theory of competition. As such, the abundance of a
given bacterial strain on a leaf is reflective of its early time ¥alron that plant, and largely
dependent on chance. In comparison to leaf surfaces, a much more uniform frequency of
occurrence of surfactant production was observed in bacteria from soil amd Wagee was no
apparent effect of the source of water on the incidence of surfactant prodndtiese samples,
since about 5% of the bacteria in all samples from streams, ephemeral poolskangradaced
biosurfactant (data not shown). Additionally, the frequency of surfactant-pngdoacteria
found in a given soil sample was not correlated with that from adjacent plant samples
(Correlation = -0.1217, data not shown), suggesting that mixing of bacterial nseofleese
two communities was not prominent.
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Figurelll-7. Proportion of biosurfactant producers from different plant species
Relationship between the proportion of surfactantdpcing bacteria in the predominant culturable
microflora of different plant species and the weittty of leaves of those species. Leaf wettapilitas
measured digitally as the area of contact of alMater droplet on the leaf.

DISCUSSION

The application of the atomized oil assay to a wide variety of environmentatibbstrains and
synthetic surfactants revealed it to be both more versatile and sensitive thasréh@ommonly
used drop collapse assay. The atomized oil assay confirmed surfactantipnoiduetery
bacterial strain in which surfactants were detected using the drop eddisgmsy. More
importantly, several bacterial strains were identified that produced Ethemounts of
surfactant or apparently hydrophobic surfactants that were not deteciabl¢hesdrop collapse
assay. The atomized oil assay readily confirmed biosurfactant productic in ta&hich it had
previously been described. The majority of the strains that produced surfactactslde by
both tests belonged to the genBsaudomonas andBacillus (14/16), both of which have been
described in the literature to produce biosurfactants that lower the surfaoe tensater
(Raaijmakerst al., 2010). Likewise, thPantoea strain PB64 may produce rhamnolipids as do
other members of this genera (Rooeesl., 2009), although this was not verified. While
surfactant production has not been previously documentg&dphylococcus, some species of
this genus have been observed to be motile on swarming plates (Dordet-@&raQr2008),
suggesting their production of surfactants. The identification of such previoostnieed
surfactant-producing taxa emphasizes that while the drop collapse assagtke for finding
such biosurfactant producers, the atomized oil assay may be more readdyesirghle to its
high-throughput capability and higher sensitivity (Buethl., 2010).

The atomized oil assay was particularly useful in identifying biosurfactanéxa in which this

trait had not previously been shown. The surface-active compounds that are produced by the
seven strains that were detectable only with the atomized oil assay wouldsbapecdeattention

in most other studies; these compounds may well have unique biological functions and/or
potential industrial applications. For example, our assay detected the hydropholéciplimsi
produced byBacillus pumilis which have been documented for their potent antibiotic and
antiviral properties (Naruse al., 1990), although their surfactant activity has previously been
ignored due to their low water solubility (Franal., 2007). Likewise, we detected surfactant
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production by &hizobium strain (Table 1); although we have not verified the compound, we
suspect it could be similar to the long-chain AHLs produceRHizobium etli, which cannot be
detected with a drop collapse assay but are documented as surfactants witiola duguorum
sensing and swarming motility (Daniedsal., 2006). Furthermore, a biosynthetic gene cluster
proposed to synthesize a surface-active lipopeptide virulence factor wasadenthe genome
sequence of the plant pathog&mthomonas axonopodis (Etchegarayt al., 2004); although
incapable of imparting drop collapse, both an authentic cultukeaxonopodis pv. glycines as
well as a related environmental strain found in this study produced compounds deveitiable
the atomized oil spray (Table 1, data not shown). Biosurfactants detectable artlyewit
atomized oil assay were also observed @edecea strain, a taxon not previously known to
produce surfactants; this feature may prove biologically important to its slaxes
opportunistic pathogen. Therefore it appears that application of the atomizsshgilia
environmental surveys might greatly expand our knowledge of novel biosurfactants.

While the atomized oil spray assay has many advantages over other asgagetheme
limitations that could bias the detection of surfactant producers. This assalebé&fies

bacterial strains that produce “bright” halos around colonies (Fig. 1), althoulgawse
previously shown that some highly hydrophilic synthetic surfactants can modifyppiéts to
appear “dark” due to their flattened nature (Buecél., 2010). “Dark” halos are less visibly
obvious and no strains that unambiguously exhibited this appearance were found in our survey
even though we approached the study with the expectation that we would find bioswwriaictant
this type. We were surprised that we did not find any biosurfactants that yieldgdradrop
collapse and such a “dark” halo. Bacteria that produce such compounds must thus be quite
uncommon, or it may be that such surfactants are not easily distinguished adleyeeither
assay. Another limitation of the atomized oil assay, which is shared with aaseebhsed

assay, is that the nutrient medium that we used may have precluded us fromgiptediiction

of surfactants by some strains which require specific conditions for surfpctaliction.
Furthermore, our assay is restricted to surfactant production by cultorghl@sms, although
there is evidence that at least on leaves the most common cultured tasa ara@ig the most
prevalent taxa identified by culture-independent methods (Yagtatq 2011). Metagenomic
investigation into the prevalence of biosurfactant production could be fruitful in expamding
understanding of their prevalence in bacterial communities, although advandaes hmilited

until more genetic determinants for their production are described.

An unexpected finding from this study was that the production of surfactants thatediafe
reduction of surface tension was very conditional on whether the bacteria osrear a

surface or cultured planktonically. Although a number of studies have connectee seriaing
with swarming motility (McCarter and Silverman, 1990; Harshey, 2003), wendyeaware of

one report, oBerratia liquefaciens, which has noted increased biosurfactant production in cells
grown on a surface (Linduet al., 1998). In the current work we have shown that a surprisingly
large proportion of bacterial strains restrict biosurfactant production tdfymwa surface.
Although most of these surface-dependent surfactant producers were stRaigg iojae

isolates, this phenomenon was also seerFantoea strain, suggesting that it may be a common
trait. Commonly-used methods of screening for biosurfactants by drop collapsy &mgh
cultures and would likely not identify such strains. On the other hand, two strains were
identified that only conferred drop collapse from broth culture and not from cells grown on
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plates and subsequently suspended in water drops. However, surfactant productioh was stil
detectable in these strains as a small halo of de-wetted oil droplets witbrtheea oil spray
when cells were grown on plates. The small halo size of these two strainseinthedithe

amount of surfactant produced by cells grown on plates was probably too low in cdiwetdra
be detected by the drop collapse assay; therefore surfactant production way btadkéd at a
surface, but rather dramatically reduced. Although we have not yet encounterenlagsnsh s
there is the potential for us to overlook biosurfactants which are produced only in broth. cultur
However, such strains must be uncommon based on our extensive survey, and the high
sensitivity of the atomized oil assay should enable even very low production on siales tio

be detectable.

Presumably the strong environmental-dependent regulation of surfactant pmoducurfaces is
linked to its role in the habitat of some strains. For example, surfactants camgrioubiofilm
growth or movement on a surface would be pointless if produced in an agueous environment.
Thus, it makes sense that bacteria with multiple habitats should survey thgin grvironment
before committing to production of a biosurfactant. The surface trigger foctsunfgroduction
and its conservation among bacterial taxa remains an active area oflrvedgacterial surface
sensing has been coined “the *holy grail’ of swarming motility resggKearns, 2010). A few
specific mechanisms for surface sensing have been investigated, suokcasponent systems
and flagellar inhibition (Otto and Silhavy, 2002; Belas and Suvanasuthi, 2005). Oncaca surf
is perceived, there is growing evidence that cyclic-di-GMP lexeisral genes involved in cell
surface features that participate in processes such as biofilm groimén& and Harwood,

2007). ltis intriguing that increases in viscosity led to increases in aufgebduction in this
study (Fig. 4), much as it has been shown to induce production of flag¥llaria

parahaemolyticus (McCarteret al., 1988). However, our results lead us to believe that it is not
viscosity sensinger se that is inducing surfactant production, but rather perception of a growth
pattern such as cell aggregation that perhaps restricts movement of egisimvturn is induced

by the reduced turbulent drag of a viscous medium. Although it is tempting to spectulate tha
oxygen sensing is involved, neither the high oxygen condition of a shaken culture, nor an oxygen
starved broth culture is sufficient to induce syringafactin production (data nohshtve are
currently investigating the mechanism behind surface regulation of syatigain P. syringae
B728a, and the biological purpose for restricting syringafactin production to surfaces

In addition to suggesting that surfactant producers often restrict prodwcsarfaces, our
findings also support an inverse conclusion: Surfaces strongly select fataotfaroducers. It
appears that bacteria cultured from terrestrial surfaces are kealyetti produce surfactants than
bacteria from aqueous habitats. Previous support for this finding comes from theéhaipar
higher fraction of surfactant producers were associated with the filteyslafdonic systems

than in the liquid medium itself (Hultbesyal., 2008), although the authors did not explore this
linkage. Biosurfactant production is a costly process for a bacterium, and might be a
evolutionary disadvantage for aquatic bacteria. Not only is production energetisilly but

the genetic footprint of biosurfactant production can constitute a large portion of theegémom
instance, the biosynthetic locus for syringafactin production is close to 30 kb in length.

If surfaces select for surfactant producers, then it follows that someesirfaght be more
selective than others. We tested the hypothesis that the phyllosphere, coobisting leaf
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surfaces, would be particularly enriched for surfactant producers. However ragegJeaf
surfaces and soil harbored a similar frequency of surfactant producers. Enamuanber of
reasons why our samples may have found no differences between these two hahitatsoiW
particles on which bacteria reside may not be as hydrophobic as waxy faaésusurfactants
may play an important role in movement and nutrient acquisition in the soil by bethding
water release from soil particles and increasing the thickness aétrawsiter films (Hinsinger
et al., 2009). Plant and soil samples were collected on relatively young plant tissugggrow
the end of the rainy season in California. At least some of the soil bacteniadunity could
consist of epiphytic bacteria that were washed off the leaves into the sdifyethe two
environments would have at least some common bacterial community membergtdaring
period. However, if this were true we might have expected to see a tiorrbletween
individually paired plant and soil samples, but we did not. It is more likely thatghe hi
variability of surfactant producers seen on leaf samples was assaovititdide relatively
immature bacterial communities on the leaves. As epiphytic bacterialpiopuizes and
diversity increase with leaf age (Lindow and Brandl, 2003; Monier and Lindow, 2004rRedf
and Fierer, 2009), the relatively young leaves we sampled may not have beercassicuc
equilibrium, and instead exhibited a strong founder effect where the initial cakarzeable to
initially flourish on a leaf even if they are less fit than subsequent immgfdirano and
Upper, 2000). Indeed, the incidence of surfactant producers on plant samples had aleost twic
the variation as in soil or water environments. While surfactant producers uteadstitvery
large proportion of the bacteria recovered from some leaves, they may navgetimigrated
to other leaves from which they were absent. Our large survey of surfactantgpsogdas
conducted in a local area during a specific time period, and therefore tte neigint differ if
sampling was made on plants in other environments or experiencing different envitainme
conditions.

The question remains as to why don't all surface-associated bacteriaurfakeasits if it is an
advantageous trait? Bacteria on leaves are usually present as a mixed d¢grfiMamer and
Lindow, 2005), and production of extracellular and readily diffusible compounds might eonfer
similar advantage to both producers as well as neighbors on leaves. Surfacfantsus be
considered a “common good” and surfactant producers could be keystones to the population,
producing a community resource. An alternative explanation could lie in thedetenus

nature of the leaf environment; there could be a variety of inhabitable niches andslahf
surfaces, only some of which would benefit from production of biosurfactants. Additiohally, i
biosurfactant production is used to enhance nutrient acquisition, then heterogeneous
biosurfactant production might reflect the diversity of nutrients consumed anditioqui
strategies employed by bacteria. Although biosurfactants might aid emgasuch as
Pseudomonads which consume water-soluble substrates, organisms such asoptihylbich
consume volatiles (Sgt al., 2005) might not receive any additional benefit from biosurfactant
production. Thus, the biological roles of surfactant production in the environment must be better
understood in order to explain the prevalence and distribution of producers.
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Chapter 1V.

Pseudomonas syringae regulates a motility-enabling surfactant throulgigéllar-
mediated surface sensing

Adrien Y. Burch, Briana K. Shimada, Sean W.A. Mullin, Christopher A. Dinkam Steven E.
Lindow

%Crop Bioprotection Unit, USDA, Agricultural Research Service, National Cémte
Agricultural Utilization Research, 1815 N.University St, Peoria, IL 61604

ABSTRACT

Biosurfactants have diverse and poorly understood roles in natural environments. Although
some biosurfactants are produced in large quantities under laboratory conditions, thage havi
less pronounced levels of production are often overlooked. Using a sensitive assagctee det
low levels of an unknown surfactant producedPbgyringae pv. syringae B728a that was
undetectable with traditional methods. Much larger quantities of this surfacemproduced

by bacteria colonizing a porous hydrated paper surface than on agar surfassse with
homology torhlA from P. aeruginosa that encodes an acyltransferase responsible for the
production of the surfactant HAA was required for production of this surfactant. Anafys
other mutants altered in surfactant production revealed that this acylteesesigicoordinately
regulated with the late-stage flagellar gene encoding flagellin, and sallvtleecsurfactant BRF
for biosurfactantegulated bylagella. Mutations in genes involved in early flagellar assembly
abolish or reduce BRF production, while mutations in flagellin or flagellin glycosglgenes
increase its production. However, because a FliA mutation does not abolish production of BRF,
nor is the surfactant always regulated with flagellin, we do not conclude thatyhiamssferase
should be considered a late-stage flagellar gene. When traveling acooggh porous surface,
the bacterium increases production of both flagellin and BRByringae was defective in

porous paper colonization without functional flagella, and was slightly inhibitednmoNgment
when it lacked BRF production. In contrast, loss of BRF production had no effect on isigimm
but stopped swarming motility. Growth in broth medium reduced the regulatorplomintr
flagellar assembly on surfactant production. A strain that lacked BRF bdtpaaduce
syringafactin exhibited dense swarming tendrils, while a strain thatroderged BRF exhibited
skinny swarming tendrils; thus it appears that BRF could act as a n¢sathalar to the HAAsS
produced by RhIA irP. aeruginosa, facilitating bacterial exploration of surfaces by directing the
cells away from locations they have already colonized. Based on furtlysisued mutants
altered in surfactant production, we propose a model of its regulatiReeudomonas syringae
B728a.

Author contributions: A.B. and S.L. designed theearch, C.D. performed and analyzed surface tension
measurements, A.B., B.S. and S.M. performed a#irotbsearch, A.B. analyzed the data, and A.B. ahdvB8ote
the paper.
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INTRODUCTION

Biosurfactants are biologically-produced amphiphilic compounds which display eaidteity
by lowering the tension at interfaces such as oil/water interfaces. A nofrissterial
surfactants have been extensively investigated, but there is still a egsbibiosurfactants
probably remaining to be discovered. Even among the best characterized Himsts;féueir
true physiological functions have only recently been investigated. Originalgyrfactants
were thought to be produced for the purpose of oil emulsification and degradation (Neu, 1996),
most likely because this was a trait used to detect biosurfactant productideacodeaof the
earliest proposals for their utility. However, an increasingly sopatsticunderstanding of the
complexities of bacterial behavior has led to additional hypothesized rolessoffactant
production including biofilm structure maintenance, pathogenicity, antagonistityaagainst
other bacteria and/or fungi, and bacterial motility (Ron and Rosenberg, 200/ &kaaset al .,
2010). It remains to be determined if these roles might also be artifahtswwéy in which we
currently study bacterial behavior.

One demonstration of biosurfactant activity is its enhancement of bacteribtlyractoss soft
agar plates. This motility, termed swarming motility, is an active fafrtranslocation and is
generally reliant on flagellar motility and biosurfactant production (Kga&2010). Although
biosurfactants clearly have a role in bacterial motility in this laboratdting, because
swarming plates are nutrient-rich, homogenous planar surfaces, it is questionedielram r
swarming motility isn vivo. Thus there have been efforts to explore more “natural” surfaces
than agar plates. One model, the Porous Surface Model (De@hesn@008), has revealed
that flagellar motility but not biosurfactant production is necessary foritgatier rough
porous surfaces (A. Dechesne, personal communication). A rough surface val dar
heterogeneous range of water film thicknesses, only some of which will keetitmagh for
bacteria to swim (Decheseeal., 2010). Thus, since most natural surfaces have at least
microscale roughness, it may be that biosurfactants do not have a large roldity. niotere
have been some reports of less effective colonization of natural surfacesurfabiast-
deficient strains (Hildebranet al., 1998; Nielsemt al., 2005), but the question nonetheless
remains whether or not bacteria produce biosurfactants for the purpose of movechérgpa
how exactly are they functioning in nature to improve motility.

The biosurfactants produced Bgeudomonas aeruginosa serve as an excellent example of the
complexity in determining the roles of biosurfactant production. This bacterium produces
rhamnolipids, which are a mixture of di-rhamnolipids, mono-rhamnolipids, and HAA, the
rhamnose-free lipid precursor (Dezéthl., 2003). A wide range of functions have been
proposed for rhamnolipids including bacterial access to hydrophobic carbon sourcles, biofi
structure, biofilm departure, as well as swarming motility (ZhartgMiller, 1994; Davet al.,
2003; Bolest al., 2005). Curiously, although each of these three surfactants facilitateymotilit
on a swarming plate, more detailed analysis of swarming behavior retieati¢t\As actually
have a repellant role while di-rhamnolipids are attractants, suggestiogeacomplex process
by which surfactants enable motility (Trembktyal., 2007). Thus, although HAAs might
simplistically appear to aid bacterial motility on a swarming plgtlwering the surface
tension, they probably have a more subtle rola invo motility.
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Recently, while investigating the production of syringafactin in the plant-aseddacterium
Pseudomonas syringae B728a, it was observed that this strain produced a second surfactant
detectable on agar plates (Buethal., 2010); mutant strains in which the syringafactin
biosynthetic cluster were disrupted still produced surfactant detectadblesds in an atomized
oil assay. This second surfactant, although not produced in sufficient quantibesetio ¢
collapse of water drops, enabled swarming motility on a semi-solid agactesuBance the
movement of plant pathogens as well as human pathogens on plants are of biological and
practical significance we have characterized this second surfattaaker to better understand
the complex roles of surfactants on bacterial behaviors on leaf surfaces. pbhisdelresses
the biosynthetic identification of the remaining surfactant, as well as berwhgenes that
regulate its production. We will show that there is an intimate link betweetidlafyemction

and production of this biosurfactant that suggests that it plays a specific rolelitymaoti

MATERIALSAND METHODS

Bacterial strainsand growth conditions. P. syringae pv. syringae B728a (Loper and Lindow,
1987) was cultured on King's medium B (KB) plates with 1.5% agar technical ¢kahg 1954)
at 28°C. E. coli strains DHo, S17-1 (Simoret al., 1983), and SM1@pir) (Delorenzcet al.,
1990) were cultured on Luria Agar at 37°C. Antibiotics were used at the following
concentrationsy@/ml): kanamycin (25 foP. syringae, 50 forE. coli), rifampin (100),
gentamycin (75), tetracycline (15), and spectinomycin (100).

Biosurfactant detection assays. The atomized oil assay was performed as in (Bereh,

2010): Bacteria were spotted onto agar plates using sterile toothpicks and growghbvekni
airbrush (Type H; Paasche Airbrush Co., Chicago, IL) was used to apply a fired miseral

oil (light paraffin oil, Fisher Scientific) onto the plate at an air presstil® psi. The radius of a
“halo” of oil droplets having altered shapes that caused them to appear brighter suadizad
with an indirect source of bright light were measured with a ruler from the étgeterial
colonies to the distal edge of the surfactant halo.

Production of biosurfactant mutants. The production of transposon mutants was done by a
method similar to that of Larsehal. (Larsenet al., 2002). Briefly, a\syfA deletion mutant of

P. syringae B728a and the conjugatie coli strain SM10Xpir) harboring pUT mini-Tn5 Sm/Sp
(Delorenzoet al., 1990) were grown overnight on agar plates with appropriate antibiotics. Cells
were then harvested with a loop, washed and re-suspended in potassium phosphate buffer (10
mM, pH 7.5), and then mixed in a ratio of 1B ¢oli : P. syringae) and incubated overnight as a
confluent lawn on a KB plate. After incubation, the cells were re-suspended in pledsyifieit

and 10% of the cell suspension was plated onto KB medium containing&@Drifampin and

100 ug/ml spectinomycin and incubated for three days. PutBtiggringae transposon mutants
were screened for biosurfactant production by the following method: Cellsspetted using

sterile toothpicks from colonies on selection plates onto KB plates, with spatatss by at

least 2 cm. Colonies were allowed to develop overnight and then sprayed with atomeed m

oil drops as described above. Mutants that exhibited substantially larger (oJeor2€¥aller

halos were re-tested. Only mutants with phenotypes that were considtéatgnt from the
wild-type strain were further investigated. The genes into which the trandpadamserted in
these mutants was determined using arbitrarily-primed PCR similae toethod of O'Toolet

al., (O'Tooleet al., 1999). Mutations generated by the transposon from pUT mini-Tn5 Sm/Sp,
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were characterized using primers complementary to the 5’ end of the trangpasen tn5sm-
ext, 5-GCGCGAGCAGGGGAATTGwas used in the initial PCR reaction, and primer tn5sm-
int, 5-CGGTTTACAAGCATAAAGCTTGCTC, was used in a second reaction to dynpl
sequences 5’ to the insertion site. The PCR product was purified (QIAquick P{liBaEoin

kit, Qiagen) and submitted for sequencing using primer pRLintl. The locationsseicihenced
fragments were determined directly bBBAST search on thBseudomonas genome database
(Winsoret al., 2009) and compared to the published sequeneesyfingae B728a (Feikt al.,
2005).

Motility assays. Swarming motility ofP. syringae B728a was assessed on semi-solid KB plates
containing 0.4% technical agar as in previous studies (Quirsbaks2005). Cells were grown

for one day on KB and then harvested and washed in potassium phosphate buffer (10 mM, pH
7.5). Cells were re-suspended in buffer to ang@8f 0.27 and 5ul (approximately 2.5 X 10

cells) of the appropriate bacterial strain was pipetted onto each plate andeddob24 hours

at room temperature. Swimming motility was assessed in 0.25% technicplaga. Cells

were grown for one day on KB and then stab inoculated into the center of the swimrtesg pla
Swimming distance was measured as the distance from the point of inocuddtierbacterial

front within the agar. Movement of cells through hydrated paper discs (1/4 inicBehi&

Schuell, #740-E) was also determined. Bacteria were either inoculatethenop of the filter

disc with a toothpick, or were pipetted onto the discsyhifocula. More extensive movement
through paper was performed by placing filter paper (Whatman #1) cut into 1.5 cm 4rfpsm s
on KB plates and inoculating them at a distance of 0.5 cm from the end by toothpick application.
Strips were removed after 16 hours by carefully lifting them so as to mamanual spreading

of the bacteria that had entered the strips. The plates on which the srips had nestbdrwe
incubated for at least 2 days at room temperature and the amount of bacterrabmtovas
measured as the most distal extent of bacterial growth.

Construction of biosurfactant deletion mutants. A deletion mutant of theyfA gene was
constructed by cloning approximately 1 kb fragments upstream and downstrgdfiofo
PENTR/D-TOPO:MCS-Kan (Dulla, 2008). The region downstreasyf@éf was amplified by the
primers 5’AACTCGAGGTGAGCATCAACGAACTCTTGGCG (syfAe-xhoF) and
5’AATCTAGACGCGCTGTGCCGGTAGTTGAGC (syfAe-xbaR), digestedmixhol and

Xbal and ligated into pENTR/D-TOPO:MCS-Kan. The region upstreasyfdfwas amplified
by the primers 5’ AACCTAGGAATGGATGCGCCGGGTTGGTACC (syfAs-Byrand
5'GAGGATCCGGCTCAAGGTCCTTCTTGGCGG (syfAs-bamR), digestedw#ivrl and
BamHlI, and ligated into pENTR/D-TOPO:MCS-Kan. The resulting region containing both
flanking sequences amgt2 driving kanamycin resistance were transferred to pLVC/D (Marco
et al., 2005) via a clonase LR reaction (Invitrogen). The resulting plasmid was&alad
electroporated int&. coli S17-1 for conjugal transfer. Bolh coli andP. syringae were grown
individually overnight on plates, then mated overnight. Initial transformantsis@ated on

KB plates containing rifampin, kanamycin and tetracycline. Deletion mutantsselected
which were kanamycin resistant but regained tetracycline sensitivitetides were confirmed
by PCR amplification, which verified that the kanamycin cassette haatesisi/fA.

An unmarked deletion mutant biffA was constructed by a modified overlap extension PCR
(Choi and Schweizer, 2005). Briefly, the 5" and 3’ regions flankifi§ were amplified in a
first round of PCR reactions, in addition to a kanamycin resistance cassetezlflaith FRT
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sites from pKD13 (Datsenko and Wanner, 2000). The primers used were
5CGGCGCTCGGCATTCGTTG (brfA-F1) and
5'GAAGCAGCTCCAGCCTACACAACAGCCTCCCAGCTAAAATTTGATCCAGQbrfA-
R1) used to amplify the region upstreanbdf,
5"GGTCGACGGATCCCCGGAATAGCACTCGCCTGCGCC (brfA-F2) and
5'GCAGCGGAGACGATAGGGGTGATT (brfA-R2) used to amplify the region dmtream of
brfA, and 5GTGTAGGCTGGAGCTGCTTC (FRT-KM-F) and
5ATTCCGGGGATCCGTCGACC (FRT-KM-R) used to amplify the FRT-fladkeanamycin
resistance cassette. In the following PCR reaction, all three fragmerd combined and
amplified for 15 cycles without added primers, followed by addition of brfA-F1 and b2fAeR
20 more PCR cycles to amplify the combined fragment. The resulting fragnentomnad into
the suicide vector pTOK2T (Chenal., 2010) and transferred inB syringae by triparental
mating (Chen and Beattie, 2007). Initial transformants were isolated on KB ptantaining
rifampin, kanamycin and tetracycline. Double crossover mutants weotesklehich were
kanamycin resistant but regained tetracycline sensitivity. kliheassette was excised by
introduction of the plasmid pFLP2 (Hoastgal., 1998) that contained the omega fragment for
spectinomycin resistance (R. Scott, unpublished), followed by replica platingettheabrfA
strain of pFLP2-omega. Final markerless deletions were confirmed by PCiRder to
generate AsyfA/AbrfA double deletion mutant, unmarka&brfA was first generated before
deleting thesyfA gene in order to avoid redundant kanamycin resistance genes.

Chromosomal disruptionsof FleQ, FliA, FliF, and FIgD. Site-directed mutagenesis was
performed with single-crossover insertion events. Fragments of thegjenesest were
amplified fromP. syringae genomic DNA by PCR with primers
5'CACCGTCGGGCACTGGCAAGGAG (fleQ-KO-F),
5'GGCGCCATCTCGATCGGGAACAC (fleQ-KO-R), 55CACCGGCCTGCTT@RSTCTCC
(fliA KO F), 55CTCACGCTCTGGCAGATTGGC (fliA-KO-R),
5'CACCGAGGTCTCGGCAGTGG (fliF-KO-F), 5CATTGGCCGCGTTGGTIT GA (fliF-
KO-R), 55CACCGCTCGTGACGCAGATGAAGAA (flgDb-KO-F), and
5'GCCTTCGACCGAGCCTTCAGC (flgD-KO-R). The resulting four insewere subcloned
into pENTR/D-TOPO and subsequently transferred into pLVC/D by clonaseddRaes.
Plasmids were isolated and electroporatedinimli S17-1 for conjugal transfer. Bolh coli
andP. syringae were grown individually overnight on plates, then mated overnight.
TransformedP. syringae were isolated on KB plates containing rifampin and tetracycline.
Knockouts were confirmed by PCR amplification.

Construction of pBRF2, a BrfA complementation vector. Full-lengthbrfA was amplified by
PCR from genomic DNA with primers
5’ACCATGGGCGCACAATCGAAGATTCTAACAATCGG (brfA-nco-F) and
5TCTCGAGTCAGGCCATCGCGGTG (brfA-xho-R). The 5’ primer contained the ATG start
codon within theNcol cut site. PCR conditiongere as follows: 28 cycles of 95°C, 59°C, and
72°Cfor 1 min each, with a final extension time of 10 min at 72FRe resulting fragment was
digested witiNcol andXhol and cloned into pMF54-omega, which was a modified version of
pMF54 (Franklinet al., 1994) that contained the omega fragment for spectinomycin resistance
(R. Scott, unpublished). The expression plasmid pPBRF2 was electroporated into widdhtlyp
mutant strains d®. syringae B728a with selection for spectinomycin resistance.

58



Construction of pPbrfA-gfp, pPfliC-gfp, pPfliE-gfp, and pPflgB-gfp transcriptional fusion
reporters. Reporter plasmids were constructed similar to described in Burch (2010). The
upstream promoter region of tResyringae B728abrfA gene waamplified by PCR from
genomic DNA with primers 5AGAAAGCTTAGGCACTTTCCAAGCC (brfA-pro-F) and
5AGAATTCAACAGCCTCCCAGCTAAAATTTGATCC (brfA-pro-R) to generate a 495-bp
promoter region. The upstream promoter region oPttsgringae B728afliC gene was
amplified by PCR from genomic DNA with primers
5TCTCTGCAGICGCCTTACAAAGAACGCC (fliC-pro-F) and
5’AGGATCCGATGAATTCCTCGGTGGTTTTGG (fliC-pro-R) to generate a 321-bp promote
region. The upstream promoter region of heyringae B728afliE gene wasmplified by PCR
from genomic DNA with primers 5TAGGATCAGGCACACGGATCGC (fliE-pro-F) and
5’AGGAATTCATCTCTCGTAAGGCCCG (fliE-pro-R) to generate a 235-bp promoter region.
The upstream promoter region of fesyringae B728aflgB gene waamplified by PCR from
genomic DNA with primers 5TAGGATCTCAATCGTCAAAGAGACCTTCGGG (flgB-pro-
F) and 5’ AGGAATTGSGGAAACCTTTGCCGGTTG (flgB-pro-R) to generate a 278-bp
promoter region. The PCR products were first cloned into pTOPO Blunt (Invitragen)
transformed intdc. coli DH5a. The insert was sequenced to verify its identity. pTOBGAP
was digested witKindlll andEcoRI, pTOPO-RiC was digested witRstl andBamHI, pTOPO-
PfliE and pTOPO-fgB were digested witBamHI andEcoRI. Theresulting fragments were
cloned into pPROBE-GT (Milleet al., 2000) which contains a promoterlgfs gene in order to
generate pBrfA-gfp, pHliC-gfp, pHliE-gfp, and pMAgB-gfp.

Promoter reporter plasmids were electroporatedinsgringae B728a as well as mutant strains
altered in biosurfactant production. Unless otherwise indicated, the apprdraretformed

strains were grown overnight on KB plates and then suspended in phosphate buffer (10 mM, pH
7.5) to an approximate Qg of 0.2. Cells from hydrated paper discs were inoculated by
toothpick onto paper discs, grown overnight, and then the paper discs were transferred into
phosphate buffer and vortexed to move the cells into solution. GFP fluorescence in&ssity
determined using a TD-700 fluorometer (Turner Designs, Sunnyvale, CA) withran486

bandpass excitation filter and a 510- to 700-nm combination emission filter. Aeelati
fluorescence unit (RFU) was definaslthe fluorescence of the suspensions normalized for the
suspension turbidity measured as¢@D

Microscopy. Cells were diluted to appropriate concentrations and flash-frozen in a solution
containing 2ug/ml DAPI. DAPI-stained cell samples were washed and spotted onto charged
slides (clean glass slides pre-dipped in 0.1% gelatin solution)ihdr@plets and air-dried

under the hood. Samples were then covered with Aqua PolyMount anti-fade mounting reagent
(Polysciences, cat#18606) and cover slips. Bacteria were viewed and photographed at 1000x
magnification using a Hamamatsu digital camera attached to a Zeadsmager M1

microscope. Samples were excited using a broad-spectrum mercury pyatahvisualized

using standard DAPI and EndowGFP filter cubes. Exposure settings were 0.75 $sconds

DAPI and 2 seconds for GFP. For each treatment, 5-10 images were acquiredisging i
software, using the Multi-D Acquire function for paired DAPI and GFP photoagiaphs. For

all image pairs, DAPI-stained bacterial cells were masked usingigien Segmentation

function, and the segment masks were copied and pasted onto the tandem GFP images. Mean
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GFP pixel intensity for each masked object was quantified. Objects thalesetban 10 or
more than 200 pixels in size were excluded from the data. Background fluorescence wa
measured by calculating the pixel intensity from cell-free portions=6f Bages.

Extraction of BRF. Crude biosurfactant-containing extracts were prepared using modifications
to a general HAA extraction protocol (Dezethal., 2003). Agar plates with confluent lawns of

P. syringae B728aAsyfA carrying pBRF2 were grown for 48 hours. Cells were harvested by
washing of four plates in 90 ml,B and cells were removed by centrifugation (5,000 x g, 10
min). Supernatant was filter-sterilized and appeared opaque even aftgoriiltrBhe

supernatant was brought to pH 2 with concentrated HCI, and mixed with 150 ml
chloroform:methanol 2:1. Upon mixing, both organic and agueous layers became very opaque,
and were allowed to separate overnight. The lower organic fraction was ilaterodr

completion. Curiously, there was a fluffy precipitated white substance sandvaietveeen the
agueous and organic layers, which was also collected and secondarily washegDnpth P

Upon another wash with chloroform:methanol, the precipitate changed appea@dpedeted
whereas it previously had floated on the organic layer. Both the pellet and the
chloroform:methanol “powder wash” were saved and tested for surfactantyaetiong with

the dried organic fraction. The final pellet did not display surface activityhbyidawder wash
contained large quantities of BRF, as did the original dried organic fractiondsea &xtent.

The powder wash was chosen for use in all the experiments requiring BRE&t.extr

Surface tension measur ements

The surface tension of the HAA extract was determined using the pendant drop niéthod.
extract was analyzed with a FTA 4000 video analysis instrument (First Aigstrdms Inc.,
Portsmouth, VA). Droplets were produced using a 22 gauge blunt needle and the valtes repo
represent an equilibrium surface tension determined 60 seconds after dropofarmat

RESULTS

P. syringae B728a produces two motility-enabling surfactants.

Previously, we observed that transposon mutants with insertions in genes cgnferrin
syringafactin biosynthesis i syringae B728a were still capable of limited swarming and
exhibited small surfactant halos when tested with an atomized oil assai éBalr¢ 2010).
This observation led us to hypothesize that either our insertion mutants were niloichisd in
syringafactin production, or that this strain produces a second motility-enablfiiagtant. As a
confirmation of this observation, we constructed a deletion mutagtAyfthe first of two genes
in the syringafactin biosynthetic cluster. As observesyfih andsyfB insertional mutantg\syfA
retained the ability to produce a small amount of surfactant detectable wétothized oil
assay (Fig. 1B) and was still capable of limited swarming (Fig. 1E).

60



=y

FigurelV-1. Surfactant production and motility phenotypes of surfactant mutants
Comparison of surfactant-induced halos visualizethé atomized oil assay (A-C) and swarming matilit
on 0.4% soft agar plates (D-Hp. syringae WT is in the left column (A and D), &syfA strain in the
middle column (B and E), andAsyfA/AbrfA double deletion mutant in the right column (C &)d Bars
represent 1 cm (A-C).

Intriguingly, while comparing different methods for bacterial inoculation on plgses, it was
observed that production of this surfactant increased dramatically when thevsisagrown on
the porous surface of hydrated filter paper discs placed on agar plategy.(Higis was true
both when the bacteria were directly applied with a toothpick as a single spot opehe pa
surface, and somewhat less so when inoculated as a larger patch from an aqusaszecsion
(data not shown). A variety of additional materials other than cellulose sucticasarod
polyester fabrics were tested for their stimulation of apparent surfgetahiction, and all
induced production as long as the material was wettable (data not shown). The rtaggh sur
induction of surfactant production led us to the hypothesis that the surfactant migluuteritri
the colonization of natural surfaces and thus prompted further investigation.

FigurelV-2. Filter paper stimulation of surfactant production

Atomized oil assay after 16 hours of growth afsyfA strain grown from a spot of approximately 2.5 X 10
cells inoculated by pipette directly onto the plgg or inoculated by toothpick onto a filter paksc placed
on an agar plate (B). Bars represent 1 cm.

In order to determine the identity of this surfactant, the atomized oil assays&d to screen a
library of Trb mutants created infsyfA background. Over 4,500 independent insertion events
were screened for mutants with significantly more or less surfactant fimodas evidenced by
larger or smaller halos on agar plates when assayed with this high-througttpat mAfter
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excluding mutants having obvious growth defects, six strains were identifieciaited a
complete loss of surfactant production. Additionally, 24 other strains were found to exathgist
produce significantly (P<0.01) more or less surfactant thansyfé parental strain (Table 1).
The genes disrupted by transposon insertion were identified, revealing thasvgeaeequired
for surfactant production, while disruption of 8 different genes conferred lesstauntfa
production and disruption of 6 genes up-regulated production.

TablelV-1. Insertional mutants with altered surfactant production

Individual

Locus of Tn5 insertion Predicted function transposon Surfgctant hallo Swmmmgc
hits® radius (mm) diam (mm)
Psyr_0215xh) Exodeoxyribonuclease 0** 6.670.6
Psyr_3128 Acyltransferase 0** 8.00+ 1.0
Psyr _3698dacS) Response regulator o** 8.33+ 0.6
Psyr_0258
(ompR/amgR) Response regulator 0** 6**
Psyr 3461f(eQ) Flagella sigma factor o** o**
Osmoatically-inducible

Psyr 4446 ¢smE) lipoprotein 0** 5.33+ 0.6**
Psyr 0936 Glycosyl transferase 3 0.67+ 0.6** 0**
Psyr 02194IgC) Phosphomannomutase 0.67+ 0.6** 1**
Psyr _0918zt) ABC transporter 2 1** 0**
Psyr 2083 Unknown 1** 6.33+ 0.5*
Psyr 02700l A) DNA polymerase 2 0.83+ 0.4* 8.00£ 0.0
Psyr_1981 PAS:GGDEF 1.17+ 0.4* 9.00+ 1.0
Psyr 3669 Outer membrane protein 2 1.33%+ 0.6** 8.67£ 0.6
Psyr_3480f{gC) Flagellar assembly 1.670.6** 0**
(AsyfA) No insertion 5.33+£ 0.5 8.33+ 0.6
Psyr 3466f(iC) Flagellin 6.67+ 0.6%* 0**
Psyr_3469fgt1) Flagella glycosyl transferase 3 7.67+ 1.2% 2.00£ 1.0**
Psyr 3468fgt2) Flagella glycosyl transferase 7.00% 0.9** 8.33x15
Psyr_2979dor) Glutathione reductase 10.3+ 1.2** 9.00+ 1.0
Psyr 02634IgB) Response regulator 4 11.33+ 1.2** 9.67£ 25
Psyr 1350 rfucP) Peptidase 14.33+ 0.6** 9.33% 0.6*

# Number of times that independent mutants weretifisth as insertions in the same gene

® Halos with significantly smaller or larger radéropared to WT (For all, P < 0.01, t-test)
¢ Bacterial motility through semi-solid agar platestility was significantly different from wild-typ at P<0.05
(*) or P < 0.01 (**) as determined by a t-test

4 Insertion is immediately upstream of the gene
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An rhlA homolog implicated in biosurfactant production.

Of the six mutants identified as being completely blocked in biosurfactant pmdtiotee of the
insertions were into the global regulatory gegasS, ompR, andfleQ, and thus were deemed to
be not specifically responsible for surfactant biosynthesis. GacsS is argigbiator of

secondary metabolites and extracelullar enzymes (Heeb and Haas, 20@&ELanndipR

homolog has recently been hypothesized to be a membrane stress sEnaeruginosa (Lee et

al., 2009), and FleQ is the initial regulatory element of flagellar biosyntheasg([pteet al .,

2003). Of the remaining genes influencing biosurfactant production, neither Psyr_02f%swhic
predicted to have general base excision repair activity, nor Psyr_4446 which mscicaly-
induced outer membrane lipoprotein, are likely candidates for contributing totantfac
synthesis. On the other hand, a predicted acyltransferase, Psyr_3129, having 48.5¢4adentit
rhlA and 49% identity tphaG in P. aeruginosa PAO1, seemed likely to be involved directly in
surfactant biosynthesis. RhIA is responsible for production of 3-(3-
hydroxyalkanoyloxy)alkanoic acids (HAAS), the precursor to rhamnolipiés &eruginosa, and

is independently recognized as a biosurfactant that promotes swarmingyr(ioékielet al.,

2003). PhaG is involved in polyhydroxyalkanoic acid (PHA) synthesis, which is a carbon and
energy storage molecule (Reletral., 1998). Both enzymes divert hydroxydecanoic acids from
fatty acid de novo synthesis, and exhibit similar and sometimes overlapping pabtioeri
functions (Soberon-Chavexal., 2005).

Because the transposon insertion was in the promoter region immediately umstream

Psyr 3129, we confirmed that a knockout of this gene also blocked surfactant production by
constructing a chromosomal deletion of Psyr 3129 (hereafter called the lobissofactant
regulated bylagella —brfA) in theAsyfA background oP. syringae (Fig. 1C). This double
mutant was also incapable of swarming ability (Fig. 1F). To ensure that disrapbrfA and

not genomic changes elsewhere was responsible for abrogating bi@surfaotuction, we
complemented this gemetrans. Expression obrfA under the control of the constitutinpt2
promoter in plasmid $9n-gfp, wheregfp was replaced witbrfA, proved to be lethal tB.

syringae (data not shown). However, whirfA was inserted into pMF54 (Franklahal.,

1994), to form plasmid pBRF2 whelefA is driven by an IPTG-inducibliec promoter, this
plasmid produced viable transformants. Curiously, when this plasmid is introduced into a
AsyfA/AbrfA double mutant, biosurfactant was produced abundantly without IPTG addition (Fig.
3B), emphasizing the leaky nature of this plasmid. Addition of IPTG did not resultfactsnt
production beyond that observed in uninduced cells. Thus, either BrfA synthesizes tttargurfa
or is essential for its expression. SignificanthyA from P. aeruginosa has been shown to be
sufficient for HAA production irk. coli (Dezielet al., 2003; Zhu and Rock, 2008), as well as an
rhlA homolog inSerratia sp. ATCC 39006 which produces an unidentified biosurfactant
(Williamsonet al., 2008). We thus tested if our potentialA homolog was sufficient to confer
biosurfactant production iB. coli. E. coli DH5a harboring plasmid pBRF2 produced a large
amount of surfactant (Fig. 3D).
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FigurelV-3. Constitutive expression of Psyr_312%insyringae andE. coli
Atomized oil assay of R. syringae AsyfA/AbrfA deletion mutant (A and B) and E. coli strain DH®& and
D). Colonies on the right carry pBRF2, a plasmigressing constitutive BrfA (B and D).

It is important to note that although production of this surfactanisyf# strain ofP. syringae

is readily detected with the atomized oil assay, it was not detectahletiver assays such as the
drop collapse assay or by direct chemical detection. This suggested thateitinetecule had
properties such as low water solubility that prevented its detection wéysassch as water

drop collapse, or that it was made in relatively low amounts that are not easdieddiy assays
with lower sensitivity. However, AsyfA strain carrying pBRF2 for constitutive BrfA expression
was observed to cause a drop collapse (data not shown), thus we presume thes lofv rat
production in native strains explain its lack of detection AsydA strain with a drop collapse
assay. Using a modified protocol for HAA extraction (Deegiell., 2003), we extracted BRF
from plate-grown cultures &syfA (pBRF2). The resulting powder yielded an opaque solution
in water, indicative of a surfactant with low water solubility exhibitaggregate formation
(Myers, 2006). This concentrated surfactant lowered the surface tension oforZ8etyn/cm
when measured in a pendant drop assay, confirming its potent surfactant alttreityains to

be determined what the chemical structure of BRF is, and if it is HAA.

Coordinateregulation of flagella and biosurfactant production.

An unexpected finding in the analysis of mutants with altered biosurfactant produasahev
fact that many harbored disrupted genes encoding flagella, which prompted us to named the
surfactant BRF (Table 1). While these insertions yielded either sentea decreased surfactant
production, they all similarly inhibited flagella-dependent swimming niptivith the exception

of the two flagellar glycosylation mutants (Table 1). The inconsistestefof flagella mutants
on surfactant production were, however, associated with the order these genesagenes pl
flagellar assembly (Table 2).
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TablelV-2. Flagellar assembly classes and their effects on surfactant production

Relative halo

Source Assembly Gene radius
From screen Class | FleQ 0
Targeted mutant Class | FleQ 0
Targeted mutant Class | FliA 0.36
Targeted mutant Class I FliF 0.27
From screen Class Il FlgC 0.36
Targeted mutant Class Il FlgDh 0.33
From screen Class IV FIiC 1.22
From screen Fgtl 1.19
From screen Fgt2 1.25

Assembly class designations are as according tgupaaet al. (2003) forPseudomonas aeruginosa.
Relative halo measurements are expressed as tregav®alo size measured for the mutant dividedey t
average halo size measured AsyfA, and all averages were calculated from six halasue2ments each.

An insertion into the transcription facttheQ, which is involved in the initiation of flagellar
assembly results in a total loss of surfactant production. DisruptibgGyfa Class Il flagellar
assembly gene that is involved in formation of the basal body f@dar uginosa (Dasguptaet

al., 2003), also resulted in a large (3-fold) reduction in the surfactant halo. The cd¢iotifiof
these two mutants led us to hypothesize that assembly of the flagellarbesgesis important
for production of BRF. Surprisingly, an insertiorflirfC, a Class IV structural gene encoding the
actual flagellin protein, resulted in enhanced (1.2-fold) surfactant production. Fuwteer
insertions infgtl andfgt2, two genes involved in flagellar glycosylation that have been shown in
P. syringae pv. tabaci 6605 to be important for flagellar function (Tagethi., 2006), both also
result in up-regulation of surfactant production. This suggested that once thiarflagse is
assembled and flagellin synthesis is initiated, mutations which hinder #liagefiembly or
functionality serve to up-regulate the production of BRF. Curiously, even though dmomser
fgtl only impaired flagellar swimming motility while an insertionfgt2 did not appear to confer
any flagellar impairment (Table 1), these mutations both stimulatecttnfgroduction to a
similar extent as a loss of flagellin itself. We remain uncertain how thetsioms lead to up-
regulating surfactant production.

To further support our hypothesis that expression of BRF is dependent on flagelallgiss

itself and not merely coincidentally with expression of certain flaggtaes, we constructed
targeted knockouts in additional flagellar genes involved at different stafjageadfar assembly
(Table 2). A directed knockout mutantftdQ was deficient in surfactant production, confirming
our earlier observations of an insertional mutant of this gene. Although thesorgah did not
identify any insertions in Class Il genes that are important for the iegiablishment of the
flagellar apparatus, a directed knockoutldf exhibited a dramatic loss of surfactant production.
Furthermore, a knockout 89D, a Class Il flagellar gene in an operon downstreaftgGt
resulted in a similar 3-fold reduction in the size of the BRF halo (Table 2yugdion offliA,
encoding the sigma factor responsible for initiating transcription of ©lagenes, also

conferred a 3-fold reduction in surfactant production. Thus, although FliA is ngcessar
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expression of late stage flagellar genes, it does not appear necespangtiction of BRF (Fig.
14A).

Because the establishment of the flagellar base appears importamtdioctpn of this
surfactant, we postulated that perhaps the flagellum is in some way ngd¢estag export of
BRF. In order to test this model, we introduced plasmid pBRF2 conferring canstButA
expression into AsyfA/fleQ- double mutant strain éf. syringae. This strain, despite lacking
flagella, exhibited unaltered surfactant production (data not shown), indicatintatedkaf are
not necessary for surfactant export. Thus it appears that the flagellabhspeocess most
likely influencesbrfA at the transcriptional level.

In order to investigate the contribution of flagellar assembly to transergtregulation obrfA
we linked agfp reporter gene to the promoter containing region 5tta in the stable plasmid
vector pPROBE-GT (Milleet al., 2000) to produce reporter plasmidopfA-gfp. We introduced
pPorfA-gfp into the different insertional mutants blocked at different stages of flagsbambly
and observed that, as was indicated by the atomized oil assay, the exprelsdidnvat higher
in aAsyfA/fliC- mutant compared to that in eitheAsyfA/fleQ- or AsyfA/flgC- mutant (Fig. 4).
We also constructed reporter plasmidlgR2gfp in which agfp reporter gene was fused to the
promoter-containing region @iC to provide estimates of the expression of the gene encoding
flagellin, a late stage flagellar gene (Fig. 4). Similar to what wasreéd for expression of
brfA, the expression dfiC was greatly reduced in botmayfA/fleQ- andAsyfA/flgC-
background but was over-expressed relative to thatsyfé& background alone in &syfA/fliC-
mutant.

450

OpFhra-gin
8pFiiC-gh

400
350 A
200 A %

250 %
200 -
150

100 ~
50 | ﬂ
O T T T

AsyfA AsyfAMlel-  AsyfAMlgC-  AsyfASIC-
Bacterial strains

Relative fluorescence

FigurelV-4. Transcriptional regulation dirfA andfliC by flagellar assembly

Relative GFP fluorescence of different flagellartami strains oP. syringae B728a harboring either a
plasmid in which GFP expression is dependent optbmoter of Psyr_ 3129 (s#A-gfp) or a plasmid in
which GFP expression is dependent on the proméftagellin (pFliC-gfp).
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As far as we are aware, flagellar glycosylation has not been documehtaceta feedback role
in flagellin biosynthesis. Although it is intuitive that a loss of flagellin pradaamnight result in
constitutive activation of the late-stage flagellar genes through Ei#\le@ss obvious how
flagellar glycosylation mutations might be feeding back to up-regulate #iaqgelituction,
especially in the case @ft2 which does not exhibit any impairment of flagellar function. In
order to investigate the feedback process, we constructed transcriptionarsepbioothflgB, a
class Il flagellar gene, arfiE, a class Il flagellar gene, in addition to th€ reporter.

Reporter plasmids (iB-gfp and pRiE-gfp, respectively, were separately introduced into the
original AsyfA strain as well as AsyfA/fgt2- strain, so that the effect of flagellar glycosylation on
the expression of the three classes of flagella genes could be observed. riffeludeaved that
a loss of flagellar glycosylation results in up-regulation only of theslaige flagellin gen#iC
and not offliE or flgB (Fig. 5). Loss of glycosylation most likely affects the flagella in such a
way as to encourage the export of the anti-sigma factor FIgM, either throughsedrflagellar
breakage or increased export within the flagella, thus releasing FliA figivhdentrol.
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FigurelV-5. Hierarchy of regulatory feedback conferred by a flagellar gigatisn mutant
Relative GFP fluorescence exhibited by eithgyfA or the flagellar glycosylation mutassyfA/fgt2- strain

of P. syringae B728a harboring plasmids #3§B-gfp, pHliE-gfp, and pBiC-gfp in which GFP expression

is dependent on the promoter of flagellar assembhed1gB, fliE andfliC, which are Class Il, Class lll,

and Class IV flagellar assembly genes, respectively

Flagellar surface sensing and flagellar control of surfactant production.

To address the process by which paper surfaces up-regulate productionweBdEressed the
expression obrfA under various growth conditions. The GFP fluorescence of a WT strain
carrying pPrfA-gfp was compared between when grown on filter paper discs on agar plates and
when grown directly on agar plates. While GFP fluorescence exhibiteédsaingae harboring
plasmid p19n-gfp conferring constitutive GFP expression was similar in these two growth
conditions, much higher GFP fluorescence was observed after growth on the porous treper i
strain carrying pBrfA-gfp (Fig. 6). Such apparent paper surface-induced upregulatthfof

was observed in both the WT strain as well AsydA strain (data not shown). No such
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induction ofsyfA was observed when strains harboringypfgfp were grown on paper discs
(data not shown), indicative that syringafactin is not similarly regulated.
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FigurelV-6. Filter paper disc up-regulation biffA andfliC

GFP fluorescence of WR. syringae carrying either a constitutively fluorescent plagifp519n-gfp), a
plasmid indicative obrfA transcription (pBrfA-gfp), or a plasmid indicative of FIiC transcriptiorPfi C-
gfp). Strains were tested after overnight growthezitin agar plates, or on filter paper discs plawedgar
plates. Data is representative of at least twetigpns.

Because we observed both enhanced production of BRF and elevated exprassfomafells
grown on hydrated paper discs, as well as a dependence of BRF production ondtagelibly,
we hypothesized that genes for flagella for motility would be up-regulated @aplee discs
coincidently with those for BRF production. To test this, we compared the GFPstlanoe of
cells harboring théiC reporter plasmid @RC-gfp when grown on agar plates and paper discs.
As hypothesized, we observed an up-regulation of genes encoding flagellin wkeaithes
exploring the porous paper surface (Fig. 6). This implies that flagellantsnstimportant for
growth on this rough porous surface. In order to examine the necessity of flagatllavkement
through hydrated paper, we compared the lateral spread of a WT straifleé@dnautant on
paper discs. While flagellated strains quickly moved both into and along the lengttpaptre
discs, the non-flagellated strains remained at the site of inoculation aretifoatonies only on
top of the paper (Fig. 7A and B). This requirement of motility for colonization ofr uhgles
appears very similar to that observed for exploration of a porous ceramic gDéabesnet

al., 2010).
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FigurelV-7. Flagella and paper disc motility
Pictures are of WT (A) anifieQ- (B) strains 16 hours after toothpick inoculatafrbacterial strains onto
paper disc surfaces. Bars represent 0.5 cm.

To better determine the relative rate of movement of different straing péper, we increased
the distance over which the bacteria were allowed to move. After inoculatingdiesis by
toothpick onto large filter paper strips on an agar plate, we could observe thealibia
bacteria were able to travel by removing the paper at chosen times andgtloevgrowth of
the bacteria that had penetrated through the paper. Whd#gAamutant strain progressed at a
rate of 0.18 cm/hr andfteQ- mutant moved at a rate of only 0.06 cm/hAsgfA/AbrfA strain
moved at a rate of only 0.14 cm/hr. All of these surfactant mutants moved much slower than the
WT strain (0.29 cm/hr), which suggests that both syringafactin and BRF coatiobihie form

of motility that enables movement through porous materials. Although thetaatéaare not
necessary for motility through porous paper, they strongly facilitate tikegso This is quite
distinct from swimming motility to which neither surfactant contributefi¢oprocess, and
swarming motility where one or the other surfactant are essential.

Because it appeared that BrfA and flagellin determinants were exprasssnilar fashion
under several different growth conditions, we tested a variety of media oosdii determine
whether this coordinated response was always linked. We thus examined thigtranalc
response of bothiC andbrfA in cells grown in nutrient broth alone (non-shaken culture),
nutrient broth amended with a variety of agar concentrations (0.25% for swirGmieg for
swarming, and 1.5% for solid plates), as well as paper discs on solid plated. oFtreal
solidified plates and the paper, the relative levels of expressiti€ @ndbrfA were highly
similar in cells grown on a given solid surface (Fig. 8). HowewéA was induced, whildiC
was down-regulated when cells were grown in a plate containing stitl iqedia with no added
agar (Fig. 8). Flagellin has been previously found to be synthesized at lowsindiguid
medium compared to a similar solidified medium (McCarter and Silverman, 1880n¥

2010). Since flagella apparently serve as surface sensors, it appefiagéiiar surface sensing
might also be contributing to the regulatiorboffA. 1t is curious, however, that in liquid medium
BRF production is enhanced, leading us to hypothesize that the flagella might metsbéet
signal inducing surfactant production in this condition.
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FigurelV-8. Coordinate regulation dfiC andbrfA at surfaces

Relative GFP fluorescence of WAL syringae carrying either a plasmid conferring constitutflerescent
(pP519n-gfp), a plasmid indicative dirfA transcription (pBrfA-gfp), or a plasmid indicative dfiC
transcription (pRiC-gfp). Strains were tested after overnight growth garlates having various
amounts or no added agar. Bars represent staddaiations.

Because it appeared that expressioftiGtencoded flagellin andrfA was unlinked in cells
grown in planktonic conditions, we further evaluated whether this was true undamditians.

In other bacteria it has been noted that flagellar surface-sensing on both handdagaiter
swarming plates can be mimicked by growth in a broth in which the viscosityré&ased with
the addition of polyvinylpyrrolidine 360 (PVP-360) (McCarétal., 1988). We therefore tested
the expression dirfA andfliC in still and agitated broth cultures containing 10% PVP-360.
Although PVP-360 induces flagella production in some other bacteria, we found equivalent
levels of expression dfiC as in unamended broth culture and presume that this reflected a
similar accumulation of flagellin iR. syringae (Fig. 9). Additionally, the addition of PVP-360
did not appear to have a large effectoff\ transcription. In agreement with earlier results,
broth culture conditions reduced the transcriptiofli@fwhile increasing the expressionhfA.
Futhermore, it appeared that agitation of the broth cultures further incregsedsson obrfA
while further decreasing expressiorflo€.
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FigurelV-9. Lack of coordinate expressionftifC andbrfA in broth cultures of

Pseudomonas syringae.

Relative GFP fluorescence determined by quantitii@oscopy of WTP. syringae carrying either a plasmid
indicative ofbrfA transcription (pBrfA-gfp), or a plasmid indicative dfiC transcription (pRiC-gfp).
Fluorescence intensities were normalized wikh syringae strain harboring plasmid p®on-gfp and
expressingfp fluorescence constitutively exposed to each oftrae conditions. Each measurement is the
mean of at least 200 cells.

Although we did not observe an induction of transcriptioftiGfupon addition of PVP-360 as

has been noted in other taxa, a dramatic effect of increasing broth medium yiscast|

shape was apparent. Curiously, cells that were grown with agitation in mediancwni0%
PVP-360 exhibited a hyper-elongated state similar to that associatetieviivarming

phenotype in other bacteria (Kearns, 2010). In this culture condition the cells grew up to 20
times the length of a normal cell and appeared multinucleate (Fig. 10). Althoughtin mos
bacterial taxa this phenotype is linked with swarming maotility, we found no evideatceells of

P. syringae were elongated when cultured on low agar swarming plates. Likewise, no etbngat
cells were seen in cultures in non-agitated KB broth amended with 10% PVP-360, ndreany ot
culturing conditions tested.
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FigurelV-10. Elongated cells odPseudomonas syringae in broth media amended with

10% PVP-360
DAPI stained cells of WP. syringae cells cultured either in shaken KB medium (A) balen KB
medium amended with 10% PVP-360 (B). Bars reptekgmim.

Relaxed flagellar control of BRF production in planktonic cultures

Given that culturing oP. syringae in broth medium induced expressionbofA and production

of BRF we determined whether this condition also eliminates the influencegelldiaassembly
on production of this surfactant. We measured the expressboiAah AsyfA/fleQ-,

AsyfAIfliC-, andAsyfA mutant backgrounds when cells were grown in broth cultures. We
observed a dramatic up-regulation of GFP fluorescence in all mutant strdiosrgpmrfA-

ofp in shaken broth media, and the expressidori# appeared similar insyfA/fliC- compared

to AsyfA. This suggests that flagellin does not play a role in sensing the liquid environment i
broth media (Fig. 11). In contrast, althoumhA expression in AsyfA/fleQ- strain was higher in
cells cultured in broth media compared to on agar plates, its level of expressionlywabout

as high as that of a motile strain cultured on plates (Fig 11). Thus, although theyitabilit
establish the flagellar base has some role in transcriptional represbrdA ekpression in broth
medium, it appears that other factors play a larger role in its regulaticemdins to be seen if
this regulation is operative at the level of surfactant production, or whether aftedys
transcription obrfA, since supernatants of broth cultures do not exhibit water drop collapse.
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FigurelV-11. Reduced flagella-dependent regulatioddA in broth cultures of

Pseudomonas syringae.

Relative GFP fluorescenceexhibited by eitherARgA or the flagellar mutantasyfA/fleQ- or AsyfA/fliC-
of P. syringae B728a carrying a plasmid that reportshofA transcription (pBrfA-gfp). Strains were
grown overnight on agar plates or in shaken brattues. Bars represent standard deviations oifrien
GFP fluorescence.

Given that broth culture conditions greatly affected expressibrfaf we investigated what
features of such a culture influenced this regulation. We observed a higher leymlest®n of
brfA in shaken compared to still broth medium. However, less than 2% as many cells wer
produced in still broth compared to shaken broth medium after a given time of incubation. This
suggested that cell density might contribute to the high levddgatranscription in shaken

broth cultures and that expression might increase concomitantly with cellydemgithus time

in cultures. We therefore compared levels of GFP fluorescence in strebositg prfA-gfp

after one and two days of growth in broth medium and on plates. While similar levét® of G
fluorescence were seen at all sampling times and growth conditions in itutioest

fluorescent strain harboring pEOn-gfp, the expression dirfA apparently increased in both

broth and plate cultures over time (Fig. 12). This induction with age of culture appeared to be
much greater in broth compared to plate cultures, which might reflect theeptete

accumulation of a signal in broth culture. Thus, although cell density might contrilimfé to
expression independently from flagella surface sensing, it appears théfetttisiso is

conditional on growth conditions and may involve another signal.
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FigurelV-12. brfA transcription increases over time in culture®ssgudomonas syringae.
Relative GFP fluorescence of WPT syringae carrying either a plasmid conferring constitutidfp
fluorescence (pFL9n-gfp) or a plasmid indicative dirfA transcription (pBrfA-gfp). Strains were tested
after either one or two days of growth on agargdand shaken broth cultures. Bars representastand
deviations.

Thefunction of BRF

While BRF apparently aids motility both on low-agar swarming plates and oatbgidrorous
papers these behaviors were always observedsfA mutant incapable of producing
syringafactin. We therefore wanted to ascertain whether there wasfarrBRF production in

a WT background. AbrfA strain did not differ from the WT strain in its speed of movement
through porous paper (data not shown). However, this strain did differ from the \iviTirstree
manner in which it moved on swarming plates. AbgA strain produced tendrils of cells that
moved away from the point of inoculation that were much broader than the WT strain. Such
apparent movement was initially as fast as that of the WT strain, but unliWéTtisérain, this
mutant failed to fully explore the swarming plate; even after four daydpaycof AbrfA had not
covered the agar surface, whereas the WT had fully covered the swaratengyptlay 2. As a
further test of the role of BRF in movementRofsyringae, we over-expressed BrfA
constitutively in the WT strain and observed its swarming motility. Contoattyet broad but
short tendrils of cells produced by thbrfA mutant, over-expression of BrfA led to the
formation of very long and narrow tendrils which moved and eventually covered thapiae
same speed as the WT strain (Fig.13). These observations are in agreemenewidtiobs in

P. aeruginosa, where the branching and avoidance of other tendrils has been proposed to be due
to the repellent effect of HAAs which serves to move the swarm front forWharelsiblayet al.,
2007).
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FigurelV-13. Swarming phenotypes of strains differing in expressidorféf

Swarming phenotypes of a WT strainfofsyringae B728a (A), aAbrfA mutant, and a WT strain harboring
plasmid pBRF2 in whiclrfA is expressed constitutively at a high level (G¢@at6 h of incubation on
0.4% swarm agar plates. These images are reprégerdbat least five repetitions. Bars represeom.

Examination of other genesregulating production of BRF

Given that our mutagenesis screen identified several other genes in additageliarflgenes
that apparently contribute to production of BRF we postulated that at least some afitigm
be indirectly influencing production of our surfactant through modulation of flafysitdioning.
All surfactant mutants were therefore tested for swimming ability tergiéne if any mutations
affected flagellar function (Table 1). Mutants blocked in Psyr_0936, Psyr_&20® and
Psyr_0918Wzt) had nearly abolished flagellar motility. These mutants were also esdrar
their ability to express flagellin biosynthesis genes; any mutants feetlafA expression via
altered flagella function should exhibit low levelsflo€ expression. However, only a mutant of
Psyr 0936, encoding a glycosyl transferase, exhibited lieexpression than the WT strain
(Table 3). Thus we conclude that Psyr_0936, but not Psyr_@R{® ©r Psyr_0918wz), is
affectingbrfA expression indirectly via an inhibitory effect on flagella (Fig. 14B).

TablelV-3. Relationship between the surfactant halos of transposon mutants with the
transcriptional activity obrfA and expression d¢fiC compared tasyfA

Locus of Trb insertion Surfactant halo pAA-gfp  pHIliC-gfp
Psyr 0215 (xth) o** N/A swims
Psyr 3698 (gacS) 0** 0.60 swims
Psyr 0258 (ompR/amgR) 0** 0.15* swims
Psyr_4446 (osmE) 0** 1.09 swims
Psyr_0936 0.13** 0.25* 0.004**
Psyr_0219 (algC) 0.13** 1.04 1.40
Psyr_0918 (wzt) 0.19** 0.60 0.92
Psyr 2083 0.19** 0.60 swims
Psyr_0270 (polA) 0.16** 0.74 swims
Psyr_1981 0.22** 0.87 swims
Psyr_3669 0.25** 0.87 swims
Psyr_2979 (gor) 1.93** 1.09 swims
Psyr 0263 (algB) 2.13** 1.66 swims
Psyr 1350 (mucP) 2.69** 2.56* swims

Data for halo sizes is reproduced from Table 1.rédorted values were obtained by dividing therage
value for the insertion mutant by the average védnasyfA. P<0.05 (*) or P < 0.01 (**) as determined by
at-test.
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To further test if flagellar function was linked hofA expression we determined if mutants with
enhanced BRF production as evidenced by larger surfactant halos had alteresicaxpfes
flagellar components. In order to test this, we constructed FleQ mutanig i2 P& (or),

Psyr 02634IgB), and Psyr_1350ucP) mutant backgrounds. While a FleQ mutant also
blocked in Psyr_2979 produced no detectable BRF, FleQ mutants of both AlgB and MucP,
involved in the AlgT extracellular stress pathway, still exhibited BRF ptaztualbeit at a
reduced level (data not shown). This demonstrates that the AlgT stress pathwaly 8iriE
production independently of flagellar function (Fig. 14B). We are currentiseasithg whether
this de-repression of the AlgT extracellular stress pathway migihba a response to broth
culturing conditions.
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FigurelV-14. Proposed regulatory model of BRF production
Regulatory details for flagellar regulation of BRE), and overall regulation of BRF (B). Arrows and
words in gray indicate hypothesized roles.

The levels obrfA transcription in mutants with reduced surfactant production but having
functional flagella was assessed to determine if regulation of samfgmoduction was mediated
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at the transcriptional or post-transcriptional level. Of all such mutaataiegd, only the mutant

in the OmpR homolog had a pronounced effedbrdA transcription independent of flagella

function. The levels dfrfA expression in a GacS mutant, although lower than a WT strain,

could not account for the absence of any production of BRF. Thus, in agreement with the role of
GacsS as a post-transcriptional regulator, it appears that it is maindtiradf8RF production
post-transcriptionally (Fig. 14B). OsmE and AlgC mutants also did not reducarbkertption

of brfA, and thus might act post-transcriptionally to reduce surfactant synthesis ampaidro#

BRF (Fig. 14B). The remaining mutants all had moderately lower levels assipn obrfA

that could have accounted for their reduced surfactant production, but at this point itust diffi

to say how these genes might fit into the regulation of BRF.

DISCUSSION

Although prior research has implicated biosurfactant production in flagellditynass far as we
are aware, this is the first report to show this as a linear process, whstagtee of flagellar
assembly are required for proper regulation of surfactant production. We firtct geigience

that biosurfactants are tied to flagellar motility. However, this is not tsteréport of flagella
controlling expression of non-flagellar gen&almonella enterica ties the expression of some
virulence factors to mid-stage flagellar assembly (lyeidd., 2001). Additionally, Fryet al.
identified a number of genes that are under the control of flagellar promotevkibhthave no
apparent effect on flagella function®enterica (Fryeet al., 2006). Furthermore, expression of
virulence factors ifProteus mirabilis was found to be tightly co-regulated with FIiC expression
(Allison et al., 1992). Despite these reports of co-regulation, to our knowledge there has been no
previous recognition that a flagellin knockout or impairment of function would serve to further
up-regulate such non-flagellar genes.

Why doesP. syringae co-regulate expression of a biosurfactant with flagellar synthesis?
Although it is tempting to speculate that BRF could function as a virulence faotday $o the
above-mentioned bacteria, preliminary evidence shows that a strain defegreduction of
BRF does not have reduced viruleme@lanta (data not shown). A more likely possibility
might be that BRF is used for flagellar lubrication. In this scenario, under iomsdithere there
is increased flagella breakage, there will also be increased production dalgethnf and BRF.
Production of BRF might help lubricate the sticky surface and/or flagellanionine breakage.
Microscopic and immuno-staining approaches might be utilized in future stadietetrmine if
such a model holds fét. syringae.

While BRF may be co-regulated with flagellin because it has proteffivets for flagella, it

might also be interpreted as a case of regulatory piggy-backing iflilegygithesis itself is
indicative of an external condition for which biosurfactant production is beneficrad. O
hypothesis that is gaining experimental support is that flagella can functiorfaxessensors,
conveying to the bacterium positional information through the inhibition of flageliation
(McCarteret al., 1988; Belas and Suvanasuthi, 2005). It is proposetipat ahaemolyticus

andP. mirabilis can sense surfaces by monitoring flagellar torque, whereby growth on a@surfac
impedes flagellar rotation, which signal upregulates flagellin produdfianget al., 2004).
However, in these models PVP addition serves to generate a similar viscoosraevit that
impairs flagellar rotation, and similarly leads to up-regulation of swargémgs. Why do we
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instead see a decrease in flagellin synthesis with PVP additirsyningae? One clue might
involve the distinctive requirements for the swarming phenotypesyringae; whereas cells of
V. parahaemolyticus andP. mirabilis elongate and swarm on 1.5% hard aBasyringae
requires a moister surface (0.4% agar concentration) in order to swarm, ancnibddisplay
the elongated cell phenotype during moveméhtsyringae thus may still use resistance of
flagellar rotation to gather positional information, but it might use that infimm# make
different decisions about when to swarm and produce biosurfactant.

Another emerging hypothesis that has experimental support is that flagellaveetness sensors

in bacteria such & enterica (Wanget al., 2005). Bacteria export FIgM, the FliA antisigma

factor, through flagella, and it is proposed that this secretion is only possibieivehexterior
conditions are sufficiently moist. Thus, under wetter conditions, both flagellin and thetaar
should be produced in greater quantities. This model would support our observation that a loss
of flagellin does not upregulate surfactant production in broth culture; perhaps yheytirihted
conditions present in a broth culture allow maximal export of FIgM, regardidéisgefiar

length. However, if FIgM is optimally secreted, it remains unclear why we dosmse an
up-regulation of flagellin in broth cultures compared to drier culture conditions sgcoveth

on agar surfaces.

While flagellar function itself might logically be linked to surfactarddurction, it remains
unclear in what way flagellar glycosylation is linked to this process. Fanices, why do the
glycosylation mutants, especially a mutant blockeidjia, which has sufficient flagella function
to enable unaltered swimming motility, have an equivalent effect on flagellirugiadtant
synthesis as a disruption of flagellin production itself? One hypothesis colidtbe t
glycosylation blocks FIgM export through the flagella, and without adequatesglgtion, late-
stage flagellar genes remain activated. Although this would agre@wibbservations, it
would be surprising if it were true, given that others have not noted this function. before
Alternatively, glycosylation has been proposed to function in flagellar gtatidin and
lubrication inP. syringae pv. tabaci, where non-glycosylated flagella formed stiff flagellar
bundles (Taguchet al., 2008). If lack of glycosylation makes the flagella more sticky and prone
to breakage, then non-glycosylated mutants might still have functional flagaihese flagella
might break more easily, requiring an enhanced supply of fresh flagellin andfmicating
surfactant.

Given the co-regulation of BRF with class IV flagellar genes, ittemagting to speculate that
FliA, the sigma factor that activates transcription of Class IV gengght also be directly
responsible for regulating fA expression. However, a disruptionfloA did not abolish
surfactant production, and all Class Il mutants still produce at leadtcqumaatities of the
surfactant, indicating that flagellar regulation of BRF production occursubiple levels. It
remains to be determined exactly how flagella are acting to affeactamt production. It is
also curious that flagella have less of a role in regulating surfactant pooduncbroth
conditions, where the surfactant is relatively highly produced. If the functitmsdfurfactant is
to lubricate the flagella at surfaces, then why wdrilgyringae produce such high quantities in
broth culture? Although we do not have any evidence of a role for this surfactant in broth
cultures, some clues about the surfactant’s properties can lead us to hypqibssile
functions. When large quantities of this surfactant are produced in broth culture by

78



constitutively expressing BrfA we see that this surfactant imparitkg appearance to the
culture supernatants. This is indicative of a surfactant with low water stylulihich most
likely associates with surfaces such as the bacterial cell suriatead of the bulk medium.
Therefore, when this surfactant is produced, it likely coats the cells angeshtheir surface
properties. The role of this surfactant in agueous environments and its effedtsarfaees
and the adhesiveness of cells need to be addressed. As a counter exampl&actyrjrega
water-soluble surfactant which readily diffuses away fRirsyringae, is down-regulated in
broth cultures (Chapter 3). Thus BRF might best be considered a surface-mgssarédctant
that modulates the surface properties of either the producing bacterium ofdlbesaover
which the bacterium must move.

Another important clue for the function of BRF was the finding that multiplesspathways
apparently strongly impact its production. OmpR in most model organisms is resgonsive
osmotic stress. However, where it has been most studied, high osmolarity envisomepeass
motility, and an OmpR knockout is associated with increased flagellar synthessised
motility, and also increased production of virulence factors (Park and Forst, ZR0&)

findings are opposite to our observed loss of BRF production in an OmpR (Psyr_0258) mutant of
P. syringae. Alternatively, the OmpR homolog B aeruginosa, termed AmgR, has been
described to function more like the protein conferring membrane stress regppxRanE. coli
(Leeet al., 2009). An examination of the AmgR regulorPiraeruginosa revealed that it had
much less in common with that Bf coli OmpR regulon than that mediated by CpxR, which has
been coined a surface sensor. Anecdotally, we have observed that a mutaompRhe
homolog inP. syringae grows well on fresh agar media but exhibits impaired growth on
relatively old plates with dried surfaces (a higher matric stress enwerdhmin contrast, our
mutant screen also revealed the role of two members of the AlgT extraicsthelss pathway,
both of which when knocked out resulted in an up-regulation of BRF production. The AlgT
stress pathway controls the production of alginate in response to membrangsitasand
Bender, 1999), and was recently found to similarly influence syringafactin piadueith loss
of the pathway resulting in up-regulated syringafactin synthesis (Buath 2010). It remains
unclear why these potentially overlapping stress responses have apparentlie @bfeass on
production of BRF. Further examination of their roles in surfactant production should help
elucidate the complex interaction between these two pathways. It might tuhaiotiet
combination of these two pathways allows the cell to determine the differemaehesubtly
different stressful situations, only some of which would benefit from surfactaaigtion.

It is significant that BRF is produced by an RhIA homolog, which is responsibllee
biosynthesis of the rhamnolipid precursor HAARmaeruginosa. In P. aeruginosa, HAAs serve

to repel neighboring tendrils and maintain an outward motility during swarffregblayet al.,
2007). Such a behavior would tend to maximize the ability of a bacterial colony toeeaplor
given habitat by suppressing inward movement, and thus enhancing only outward movement
away from colonized areas, and surfactiBisubtilis has been similarly indicated to have this
role (Jamest al., 2009). It appears that BRF shares this ability, but it remains to be determined
if the swarm repulsion observation has a true physiological function, or is jlstrattary
phenomenon that is merely a result of a fundamental physical property of tetasirf While a
syringafactin mutant dP. syringae DC3000 did not apparently make any surfactant and was
incapable of swarming motility (Bergt al., 2007), we find that such a mutant in strain B728a
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produces BRF. An examination of the DC3000 genome reveals a close homuwii@g but one
having a stop codon at the™&mino acid, apparently accounting for the lack of its production in
strain DC3000.P. syringae DC3000 is a poor epiphyte, with low rates of survival on the leaf
surface (Feikt al., 2005); it is intriguing to speculate that BRF is not made in DC3000 because it
is primarily useful for epiphytic colonization of plants, or alternativetgight be detrimental

and/or induce a host response in the apoplast. Restoration of BRF produBtigyringae

strain DC3000 should reveal if it can change its virulence or epiphytic fitness

In this study we have utilized an atomized oil assay to identify the biosynémetiregulatory
pathways leading to production of a biosurfactant expressed in a stronglytategendent way

in P. syringae B728a. Observations of the regulation of production of this surfactant in various
culture conditions suggest a role for this surfactant primarily in fully hydratadoements. Its
coordinated expression with flagella suggests an intimate role betweeartantrfaoduction and
flagellar motility, but the identification of many other regulatory elemesteals a complicated
mechanism of regulation. Examinations of the interaction of this surfactanteibacterial

cell, its flagella, and with the surfaces that this bacterium colonizes sHauaithéte its role in

the epiphytic lifestyle oP. syringae.

ACKNOWLEDGEMENTS
We are grateful to Arnaud Dechesne for advice. This work was supported oy plagtEnergy
Biosciences Institute, UC Berkeley.

80



REFERENCES

Allison, C., Lai, H., and Hughes, C. (1992) Co-ordinate expression of virulence genes during
swarm-cell differentiation and population migrationRobteus mirabilis. Mol microbiol 6: 1583-
1591.

Belas, R., and Suvanasuthi, R. (2005) The abilitfroteus mirabilis to sense surfaces and
regulate virulence gene expression involves FIiL, a flagellar basalgrotsin.J Bacteriol 187:
6789-6803.

Berti, A.D., Greve, N.J., Christensen, Q.H., and Thomas, M.G. (2007) Identification of a
biosynthetic gene cluster and the six associated lipopeptides involved inisgvaratility of
Pseudomonas syringae pv. tomato DC300Q] Bacteriol 189: 6312-6323.

Boles, B.R., Thoendel, M., and Singh, P.K. (2005) Rhamnolipids mediate detachment of
Pseudomonas aeruginosa from biofilms. Mol microbiol 57: 1210-1223.

Burch, A., Shimada, B., Browne, P., and Lindow, S. (2010) Novel High-Throughput Detection
Method To Assess Bacterial Surfactant Productiqpl Environ Microbiol 76: 5363.

Chen, C., and Beattie, G. (2007) Characterization of the Osmoprotectant Transportéra@puC
Pseudomonas syringae and Demonstration that Cystathionine-{beta}-Synthase Domains Are
Required for Its Osmoregulatory FunctidrBacteriol 189: 6901-6912.

Chen, C., Malek, A.A., Wargo, M.J., Hogan, D.A., and Beattie, G.A. (2010) The ATP binding
cassette transporter Cbhc (choline/betaine/carnitine) recruitgiaidtibstrate binding proteins
with strong specificity for distinct quaternary ammonium compoukids microbiol 75: 29-45.
Choi, K.H., and Schweizer, H.P. (2005) An improved method for rapid generation of unmarked
Pseudomonas aeruginosa deletion mutantdBMC microbiol 5: 30-40.

Dasgupta, N., Wolfgang, M., Goodman, A., Arora, S., Jyot, J., Lory, S., and Ramphal, R. (2003)
A four-tiered transcriptional regulatory circuit controls flagellargeioesis irPseudomonas
aeruginosa. Mol microbiol 50: 809-824.

Datsenko, K.A., and Wanner, B.L. (2000) One-step inactivation of chromosomal genes in
Escherichia coli K-12 using PCR productBroc Natl Acad Sci USA 97: 6640-6645.

Davey, M.E., Caiazza, N.C., and O'Toole, G.A. (2003) Rhamnolipid surfactant production
affects biofilm architecture iRseudomonas aeruginosa PAO1.J Bacteriol 185: 1027-1036.
Dechesne, A, Or, D., Gulez, G., and Smets, B. (2008) The porous surface model, a novel
experimental system for online quantitative observation of microbial proagsdesunsaturated
conditions.Appl Environ Microbiol 74: 5195-5200.

Dechesne, A., Wang, G., Gilez, G., Or, D., and Smets, B. (2010) Hydration-controlleéhbacter
motility and dispersal on surfacé¥.oc Natl Acad Sci USA 107: 14369-14372.

Delorenzo, V., M. Herrero, U. Jakubzik, and K. N. Timmis. (1990) Mirb-Transposon
derivatives for insertion mutagenesis, promoter probing, and chromosomal insediomeof

DNA in gram-negative eubacterihBacteriol 172:6568-6572.

Deziel, E., Lepine, F., Milot, S., and Villemur, R. (2008)A is required for the production of a
novel biosurfactant promoting swarming motility®eeudomonas aeruginosa: 3-(3-
hydroxyalkanoyloxy) alkanoic acids (HAAS), the precursors of rhamnoliMasobiol 149:
2005-2013.

Dulla, G.F.J. (2008) Bacterial babel: Breaking down quorum sensing cross-talk in the
phyllosphere; analysis of the contributions of abiotic and biotic factors on AHLateddi

81



guorum sensing to epiphytic growth and virulencBseudomonas syringae. In: University of
California, Berkeley.

Feil, H., Feil, W.S., Chain, P., Larimer, F., DiBartolo, G., Copelan&f 4. (2005) Comparison

of the complete genome sequenceBsafidomonas syringae pv. syringae B728a and pv. tomato
DC3000.Proc Natl Acad Sci USA 102: 11064-110609.

Franklin, M.J., Chitnis, C.E., Gacesa, P., Sonesson, A., White, D.C., and Ohman, D.E. (1994)
Pseudomonas aeruginosa AlgG is a polymer level alginate C5-mannuronan epimedase.
Bacteriol 176: 1821-1830.

Frye, J., Karlinsey, J., Felise, H., Marzolf, B., Dowidar, N., McClelland, M., and Hughes
(2006) Identification of new flagellar genesSal monella enterica serovar Typhimuriuml]

Bacteriol 188: 2233-2243.

Heeb, S., and Haas, D. (2001) Regulatory roles of the GacS/GacA two-componentisyste
plant-associated and other Gram-negative bactdobecular Plant-Microbe Interactions 14:
1351-1363.

Hildebrand, P., Braun, P., McRae, K., and Lu, X. (1998) Role of the biosurfactant viscosin in
broccoli head rot caused by a pectolytic straiRssudomonas fluorescens. Canadian journal of
plant pathology 20: 296-303.

Hoang, T.T., Karkhoff-Schweizer, R.A.R., Kutchma, A.J., and Schweizer, H.P. (1998) A broad-
host-range Flp-FRT recombination system for site-specifismstcof chromosomally-located
DNA sequences: application for isolation of unmarReelidomonas aeruginosa mutants Gene

212: 77-86.

lyoda, S., Kamidoi, T., Hirose, K., Kutsukake, K., and Watanabe, H. (2001) A flagellafiigene
regulates the expression of invasion genes and virulence phenofgbeonella enterica

serovar TyphimuriumMicrobial pathogenesis 30: 81-90.

James, B.L., Kret, J., Patrick, J.E., Kearns, D.B., and Fall, R. (2009) GrBaarifus subtilis
tendrils sense and avoid each otl&MS microbiology letters 298: 12-19.

Kearns, D. (2010) A field guide to bacterial swarming motilitst Rev Microbiol 8: 634-644.

Keith, L.M.W., and Bender, C.L. (1999) A1g&>() controls alginate production and tolerance

to environmental stress in Psenwmas syringae. J Bacteriol 181: 7176-7184.

King, E., Ward, M., and Raney, D. (1954) Two simple media for the demonstration of pyocyani
and fluorescinThe Journal of laboratory and clinical medicine 44: 301-307.

Larsen, R.A., Wilson, M.M., Guss, A.M., and Metcalf, W.W. (2002) Genetic analysis of pigment
biosynthesis irKanthobacter autotrophicus Py2 using a new, highly efficient transposon
mutagenesis system that is functional in a wide variety of bactedaives of Microbiology

178: 193-201.

Lee, S., Hinz, A., Bauerle, E., Angermeyer, A., Juhaszova, K., Kanelebaly (2009)

Targeting a bacterial stress response to enhance antibiotic &tomMatl Acad Sci USA 106:
14570-14575.

Loper, J.E., and Lindow, S.E. (1987) Lack of evidence for in situ fluorescent pigment pyaducti
by Pseudomonas syringae pv. syringae on bean leaf surfac&hytopathol 77: 1449-1454.

Marco, M.L., Legac, J., and Lindow, S.E. (20@0Sudomonas syringae genes induced during
colonization of leaf surfaceEnvironmental Microbiology 7: 1379-1391.

McCarter, L., and Silverman, M. (1990) Surface induced swarmer cell diffdrentod Vibrio
parahaemoiyticus. Molecular microbiology 4: 1057-1062.

McCarter, L., Hilmen, M., and Silverman, M. (1988) Flagellar dynamometer cestnarmer

cell differentiation ofV. parahaemolyticus. Cell 54: 345-351.

82



Miller, W.G., Leveau, J.H.J., and Lindow, S.E. (2000) ImprogfechndinaZ broad-host-range
promoter-probe vectordlolecular Plant-Microbe Interactions 13: 1243-1250.

Myers, D. (2006) Surfactant science and technology, 3rd ed. John Wiley & Sons, New York,
NY.

Neu, T.R. (1996) Significance of bacterial surface-active compounds in interactiactefi®

with interfacesMicrobiological Reviews 60: 151-166.

Nielsen, T.H., Nybroe, O., Koch, B., Hansen, M., and Sorensen, J. (2005) Genes involved in
cyclic lipopeptide production are important for seed and straw colonizatiBeebgiomonas sp.
strain DSS73Appl Environ Microbiol 71: 4112-4116.

O'Toole, G.A., Pratt, L.A., Watnick, P.l., Newman, D.K., Weaver, V.B., and Kolter, R. (1999)
Genetic approaches to study of biofilmsBiofilms. San Diego: Academic Press Inc, pp. 91-
109.

Park, D., and Forst, S. (2006) Co-regulation of motility, exoenzyme and antibiotic poodugct
the EnvZ OmpR FIhDC FliA pathway Kenorhabdus nematophila. Molecular microbiology 61:
1397-1412.

Quinones, B., Dulla, G., and Lindow, S.E. (2005) Quorum sensing regulates exopolydacchari
production, motility, and virulence iRseudomonas syringae. Molecular Plant-Microbe

Interactions 18: 682-693.

Raaijmakers, J., de Bruijn, ., Nybroe, O., and Ongena, M. (2010) Natural functions of
lipopeptides fronBacillus andPseudomonas: more than surfactants and antibiotiEEMS
Microbiology Reviews 34: 1037-1062.

Rehm, B., Krliger, N., and Steinblchel, A. (1998) A new metabolic link between fatty acid de
novo synthesis and polyhydroxyalkanoic acid synthesis. The PhaG genesiatomonas

putida KT2440 encodes a 3-hydroxyacyl-acyl carrier protein-coenzyme a trasesidre

Journal of biological chemistry 273: 24044-24051.

Ron, E.Z., and Rosenberg, E. (2001) Natural roles of biosurfadimisonmental

Microbiology 3: 229-236.

Simon, R., Priefer, U., and Puhler, A. (1983) A broad host range mobilization systiemnifar
genetic engineering: Transposon mutagenesis in gram negatived&ttefiechnology 1: 784-
791.

Soberon-Chavez, G., Aguirre-Ramirez, M., and Sanchez, R. (200Psdimmonas

aeruginosa RhlA enzyme is involved in rhamnolipid and polyhydroxyalkanoate production.
Journal of Industrial Microbiology and Biotechnology 32: 675-677.

Taguchi, F., Shibata, S., Suzuki, T., Ogawa, Y., Aizawa, S., Takeuchi, K., and Ichinose, Y.
(2008) Effects of glycosylation on swimming ability and flagellar polymorfpiaicsformation in
Pseudomonas syringae pv. tabaci 6605] Bacteriol 190: 764-768.

Taguchi, F., Takeuchi, K., Katoh, E., Murata, K., Suzuki, T., Marutangtlsl. (2006)
Identification of glycosylation genes and glycosylated amino acida@élfin inPseudomonas
syringae pv. tabaciCellular Microbiology 8: 923-938.

Tremblay, J., Richardson, A.P., Lepine, F., and Deziel, E. (2007) Self-produced axtacel
stimuli modulate théseudomonas aeruginosa swarming motility behaviouEnvironmental
Microbiology 9: 2622-2630.

Wang, Q., Frye, J., McClelland, M., and Harshey, R. (2004) Gene expression patterns during
swarming inSalmonella typhimurium: genes specific to surface growth and putative new motility
and pathogenicity genedslol microbiol 52: 169-187.

83



Wang, Q., Suzuki, A., Mariconda, S., Porwollik, S., and Harshey, R. (2005) Sensing wetness: a
new role for the bacterial flagellurihe EMBO Journal 24: 2034-2042.

Williamson, N., Fineran, P., Ogawa, W., Woodley, L., and Salmond, G. (2008) Integrated
regulation involving quorum sensing, a two-component system, a GGDEF/EAL domain prote
and a post-transcriptional regulator controls swarming and RhlA-dependentamnirfact
biosynthesis irgerratia. Environmental microbiology 10: 1202-1217.

Winsor, G., Van Rossum, T., Lo, R., Khaira, B., Whiteside, M., Hancock, R., and Brinkman, F.
(2009)Pseudomonas Genome Database: facilitating user-friendly, comprehensive comparisons
of microbial genomes\ucleic Acids Research 37: D483-488.

Zhang, Y., and Miller, R.M. (1994) Effect ofRseudomonas rhamnolipid biosurfactant on cell
hydrophobicity and biodegradation of octadeca#ppl Environ Microbiol 60: 2101-2106.

Zhu, K., and Rock, C.O. (2008) RhIA conveftiydroxyacyl-acyl carrier protein intermediates

in fatty acid synthesis to ttffehydroxydecanoyp-hydroxydecanoate component of

rhamnolipids inPseudomonas aeruginosa. J Bacteriol 190: 3147-3154.

84



Chapter V.

SyfR controls a complex pattern of surface-depensiariactant production in
Pseudomonas syringae

Adrien Y. Burch and Steven E. Lindow

ABSTRACT

SyfR is a LuxR-type regulator that is required for syringafactin prooluatiPseudomonas
syringae, but lacks an obvious autoinducer-binding or phosphorylation domain for response-
mediated regulation. We sought to further characterize this regulator ane its ttcé
preferential production of syringafactin at surfaces. Similar to othertyp&regulators, SyfR
appears to be active only as a multimer and to autoregulate its own expresthougASyfR
transcription is lower in broth cultures than when cells are gown on agar, fiees
transcriptional control is reliant on functional SyfR protein. Thus, when SyfR is not pehduc
its promoter is only expressed at a baseline level in both culture conditions, detimgtted it
is the mediator of the surface sensing response. Additionally, we demorsitadacS and
SalA are necessary for basal expression of SyfR. Analysis of a phenxiyipiéee by old
colonies ofAsyfA mutants but nadyfR- mutants reveals that SyfR controls more than
syringafactin production. We term this phenotype “fried egg” because it exaikaised “yolk”
of initial colony growth followed by successive expansion of the colony afjethdee as a
thinner fringe or “white.” The characterization of mutants insensitive tdelielopment of this
phenotype suggest that SyfR also controls production of an additional lipopeptideyraycing
causing only a pulse of syringomycin expression that peaks in young (24 hour) coldmigs
expression pattern is different from the SyrF-mediated induction of syrirgofoy plant
signals, and SyfR is not necessary for that response. Although production of sygmgsmy
necessary for the fried egg phenotype, it is not the signal which activatéswever, we
demonstrate that an unidentified self-produced product that is over-expressetigii anutant,
as well as a range of hydrophobic synthetic surfactants, induce the fried egg pbeoatypear
earlier. While the biological significance of the interactions of sunfi&ditee molecules on the
biology of P. syringae biofilm development remains unclear, it has allowed us to dissect the
SyfR regulatory pathway and expand its regulon to include syringomycin.
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INTRODUCTION

Biosurfactants, or biologically-produced surface active agents, are agvongdof natural
amphiphilic compounds that are capable of lowering the interfacial tension betweephdases.
Although many different types of natural products have been identified to function as
biosurfactants, one of the most intriguing classes of these compounds is the lgaespepti
Lipopeptides have a peptide head group attached to a lipid tail, and the peptide migpyas
in that it is synthesized non-ribosomally; ie, it is not translated from an mRR&her,
lipopeptides are generally synthesized by non-ribosomal peptide syath@&&PSs), large
enzyme complexes that catalyze the sequential assembly of a smalk paptivell as direct the
addition of a carbon tail (Schneider and Marahiel, 1998). Additionally, these assentblgaumi
specify the incorporation of unusual amino acids, modifications, and/or cyclifatbwarzeset
al., 2003). Because of this flexibility and ability to create unique peptides, NRPS#ohad
widespread use in bacteria and fungi for the synthesis of a variety of compouandmmcl
antibiotics, siderophores, pigments and many others (Schvehaer2003). NRPSs specific
for lipopeptide synthesis contain an initial condensation domain that catalyzekliion to the
first amino acid of the peptide, and thus can be readily identified bioinformgaiicglenomes
(de Bruijnet al., 2007).

The most familiar example of a lipopeptide is that of surfactin produc@&addlfus subtilis.

This cyclic lipopeptide is composed of seven amino acids linked to a 12- to 16-carbthe tail,
seven amino acids being somewhat variable in composition due to the low fideliynpf m
NRPSs (Raaijmakert al., 2010). Although generally linked to biofilm formation and maotility,
surfactin has recently been revealed to act as an autoinducer signalnwheigtin production
is sensed by non-surfactin producing cells, inducing them to produce an extraosdiuia
(Lépezet al., 2009a). OtheBacillus lipopeptide families include the iturins and fengycins,
while Pseudomonads have been found to produce an even broader range of lipopeptides
(Raaijmakerst al., 2010). Two of the most extensively studiRsgdudomonas lipopeptides are
syringomycin and syringopeptin producedRsgudomonas syringae, which have been noted for
their membrane-disrupting and resultant phytotoxic properties (Bender1999). These
cyclic lipopeptides contain 9 and 22 to 25 amino acids, respectively, and contribute to the
virulence of this microorganism (Bendatral., 1999; Scholz-Schroedefral., 2001). Recently,
production of syringafactin, an 8-amino acid linear lipopeptide, was also descriPexyiimgae
DC3000 and B728a (Bemdt al., 2007; Burchet al., 2010).

With the continued identification of new lipopeptides and the sequencing of theiicdeaitan
interesting pattern has emerged; many of the NRPSs for lipopeptide productsaudomonads
possess divergently transcribed LuxR-type regulators both upstream and aftemadsliately
downstream, of the biosynthetic cluster. When they have been characterizgdiafisrin the
upstream and sometimes downstream regulator results in blockage of lipopemtigsgipn

(Berti et al., 2007; Dubermt al., 2008; de Bruijn and Raaijmakers, 2009b). These LuxR-type
regulators have a characteristic C-terminal helix-turn-helix DiWA&Hng region, but form a

distinct family separate from other characterized LuxR-type regsléderBruijn and

Raaijmakers, 2009b). Classic LuxR homologs have an autoinducer-binding domain, while other
LuxR-type response regulators have receiver domains typical of twperent systems.
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However, the NRPS-associated LuxR-type regulators have neither domain, amuirthtieefr
own group of regulators (Let al., 2002; de Bruijn and Raaijmakers, 2009b).

SalA and SyrF are the best characterized of these LuxR-type NRP&oegjuthey control and
are located in close proximity to the NRPS loci for syringomycin and sypegin inP.

syringae B301D (Luet al., 2002). They have been shown to dimerize, and that a dimerized SalA
binds the promoter region upstreansgf, while dimerized SyrF binds to the promoter region
of syringomycin (Wangt al., 2006a). Thus, similar 1. fischeri LUxR, they become active
after forming a multimeric complex (Choi and Greenberg, 1992). However, khile must
first bind an autoinducer to dimerize and become an activate transcription(Resser and
Reverchon, 2007), it is unclear what if any factors contribute to the activation oRfP8-N
associated LuxR-type regulators. In addition to SalA and SyrF, a third LypeR-ggulator,
SyrG, also exhibits partial control over syringomycin syntheds sgringae, although it
operates independent of SalA and SyrF¢tal., 2002). Furthermor®. syringae B728a
possesses two additional regulators of this type (for a total of five), whitk tthe syringafactin
biosynthetic cluster on both sides. SyfR, the regulator physically upstreamadister, was
previously demonstrated to be required for syringafactin productiBnsyringae DC3000.
However, the LuxR homolog downstream of the syringafactin biosynthetis dhastero effect
on syringafactin production when deleted, and remains unnamedé{Barti2007). No further
characterization of SyfR has appeared.

Although it is clear that these LuxR-type regulators often control lipopeptdeesis in
Pseudomonads, there has been little investigation of how environmental signalsofiéleid int
regulation. Some plant signals have been shown to induce lipopeptide production in plant-
associated Pseudomonads, supporting their proposed roles in virulencet(Kock002; Wang
et al., 2006b). Additionally, lipopeptides are regulated in a manner dependent on quorum
sensing and cell density in a f@&acillus andPseudomonas species (Raaijmakeesal., 2010).
We recently found that expression of syringafactiR.igyringae is dependent on contact of cells
with surfaces (Chapter 3). The current study was undertaken to invesigatéetof SyfR in
such contact-dependent syringafactin production in strain B728a. We will show fRat Sy
controls more than syringafactin production, and is involved in a complex web of cross-
regulation between other LuxR-type regulators and other lipopeptidesyringae.

MATERIALSAND METHODS

Bacterial strainsand growth conditions. P. syringae pv. syringae B728a (Loper and Lindow,
1987) was cultured on King's medium B (KB) plates with 1.5% agar technical ¢kahg 1954)
at 28 °C.E. coli strains DHg%, S17-1 (Simoret al., 1983), and SM1Q@pir) (Delorenzcet al.,
1990) were cultured on Luria Agar at 37 °C. Syringomycin minimal medium (SRM1L@dth
um arbutin and 0.1% fructose was used for syringomycin induction (Mo and Gross, 1991).
Antibiotics were used at the following concentratiang/ihl): kanamycin (25 foP. syringae, 50
for E. cali), rifampin (100), tetracycline (15), gentamycin (75) and spectinom$y0) (

Biosurfactant detection assays. The drop-collapse assay was performed as according to
Bodour and Miller-Maier (Bodour and Miller-Maier, 1998).u2L0W-40 Pennzofl (Pennzoil
Products Company, Houston, TX, USA) was applied to delimited wells on the lid of dl96-we
plate and allowed to equilibrate at room temperature. Nesttobeither diluted surfactant
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samples or supernatant from bacterial cultures or re-suspended bactengscalere pipetted
onto the oil surface. Drops which retained a spherical shape were scored a® fiegati
surfactant content, while drops which had a visibly-decreased contactatigtke oil and
spread (collapsed) were scored as positive for surfactant content.

The atomized oil assay was performed as in (Bareh, 2010): Bacteria were spotted onto
agar plates using sterile toothpicks and grown overnight. An airbrush (Type Hh&aasc
Airbrush Co., Chicago, IL) was used to apply a fine mist of mineral oil (lightfpacd, Fisher
Scientific) onto the plate at an air pressure of 19 psi.

Chromosomal disruptions of SyfR, Psyr_2578, SyrE, SypA, and AlgT. Site-directed
mutagenesis was performed with single-crossover insertion events. Rtagie genes of
interest were amplified frorR. syringae genomic DNA by PCR with primers
5'CACCTCCAGTACGGGCGACGAGAC (syfR-KO-F),
5'CGTGGCATTGTGGCTGGACTGAG (syfR-KO-R), 55CACCGCCACGCACCTCCTCAC
(2578 KO F), 5’ AGTCGCTCGGCCTGCTCAA (2578-KO-R),
5'CACCGGGCCGCAACTTCATTACTG (syrE-KO-F),
5GGGCTGACCGAGGAAAACATACC (syre-KO-R),
5'CACCGCCCCAATGCCAGCTACAAAAAG (sypA-KO-F),
5'CACCGGGCCGCAACTTCATTACTG (sypA-KO-R),
5'CACCTGCTAACCCAGGAAGAGGAT (AlgT-KO-F), and
5’AGCGCACGGTACCAACAGGACACT (AlgT-KO-R). The resulting fiveserts were
subcloned into pENTR/D-TOPO and subsequently transferred into pLVC/D by cldRase
reactions. Plasmids were isolated and electroporateé.icti S17-1 for conjugal transfer.
Both E. coli andP. syringae were grown individually overnight on plates, then mated overnight.
TransformedP. syringae were isolated on KB plates containing rifampin and tetracycline.
Knockouts were confirmed by PCR amplification.

Constitutive expression vectorsfor SyfR. Full-length and truncated expression vectorsytiR
were generated by replacemengfif in p519n-gfp (Matthysseet al., 1996). Full-lengttsyfR
was amplified by PCR from genomic DNA with primers

5’AACATATG AACACGGCGCAACATTTCGAG (syfR-full-F) and
5’AGAATTCTCAATCACCAGCCATCCAGCG (syfR-full-R). Truncated SyfRggwas
amplified with syfR-full-F and 5’AGAATTAGTCCTGTGCAAGCCTGCC (syfR-196-R). C-
terminal SyfRes-257was amplified with primers 5’ AACATATGACGCGCAGAGCCTTGCTC
(syfR-164-F) and syfR-full-R, with the syfR-164-F primer adding a stat $HCR conditions
were as follows: 28 cycles of 95°C, 59°C, and 7&fC1 min each, with a final extension time of
10 min at 72°CThe resulting fragments and th&19n-gfp vector were digested witkdel and
EcoRl, and ligated to form plasmid$Pn-syfR, p519n-syfR;-195 and p19n-syfRye4-257
Insertions were confirmed by PCR. Expression plasmids were electroporatedldrtype and
mutant strains d®. syringae B728a with selection for kanamycin resistance.

Construction of a PsyfR-gfp and PsyrB-gfp transcriptional fusion. Reporter plasmids were
constructed similar to described in Burch (2010). The upstream promoter regiorPof the
syringae B728asyfR gene waamplified by PCR from genomic DNA with primers
5TAAGCTTGGCTCAAGGTCCTTCTTGGCG (syfR-pro-F) and
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5TGAATTCCTTGAGCTTTCCTGATTCCGACCGC (syfR-pro-R) to generate a 289-bp
promoter region. The upstream promoter region oPttsgringae B728asyrB1 gene was
amplified by PCR from genomic DNA with primers

5’ACAAAGCTT CAAACTCCTGGACCTCAGC (syrBl-pro-F) and

5’AGAATTC GACCAAAGCTCCTGTGTAATAACC (syrB1-pro-R) to generate a 328-bp
promoter region. PCR conditiom&re as follows: 28 cycles of 95°C, 59°C, and 7#C min
each, with a final extension time of 10 min at 72T7@e PCR products were first cloned into
pTOPO Blunt (Invitrogenand transformed intk. coli DH5a. The insert was sequenced to
verify its identity. pTOPO-8/fR and pTOPO-BrB were digested witHindlll andEcoRI, and
theresulting fragments were respectively cloned into pPROBE-OT and pPROB@/der et
al., 2000) which contain a promoterlegp gene in order tgenerate p§fR-gfp and pRyrB-gfp.

Reporter plasmids were electroporated into wild-type and mutant str&insyoingae B728a.

The appropriate transformed strains were grown overnight (unless otheragsbel®) on KB
plates or in KB broth medium (unless otherwise described), then re-suspended intghospha
buffer (10 mM, pH 7.5) to an approximate gpof 0.2. GFP fluorescence intensitgs
determined using a TD-700 fluorometer (Turner Designs, Sunnyvale, CA) withran?86
bandpass excitation filter and a 510- to 700-nm combination emission filter. ikeelat
fluorescence unit (RFU) was definasithe fluorescence of the suspensions normalized for the
suspension turbidity measured as¢@D

Generation of mutants. Transposon mutagenesis was performed as in Chapter 4. Briefly, a
SyfA- deletion mutant oP. syringae B728a and the conjugati¥e coli strain SM10kpir)
harboring pUT mini-Tn5 Sm/Sp (Deloreneal., 1990) were grown overnight on agar plates
with appropriate antibiotics. Cells were then harvested with a loop, washedsauspesded in
potassium phosphate buffer (10 mM, pH 7.5), and then mixed in a ratio &. @i (: P.

syringae) and incubated overnight as a confluent lawn on a KB plate. After incubation, the cell
were re-suspended in phosphate buffer and 10% of the cell suspension vebsni@teB
medium containing 100g/ml rifampin and 10@g/ml spectinomycin and incubated for three
days.P. syringae transposon mutants were spotted using sterile toothpicks from colonies on
selection plates onto KB plates, and visually screened after four or more amgsvtf for
absence of the fried egg phenotype. The genes into which the transposon hedl im$leese
mutants was determined using arbitrarily-primed PCR similar to theochef O'Tooleet al.,
(O'Tooleet al., 1999). Mutations generated by the transposon from pUT mini-Tn5 Sm/Sp, were
characterized using primers complementary to the 5’ end of the transposom;tptsme-ext,
5-GCGCGAGCAGGGGAATTG was used in the initial PCR reaction, and primer tn5sm-int,
5-CGGTTTACAAGCATAAAGCTTGCTC, was used in a second reaction to amplif
sequences 5’ to the insertion site. The PCR product was purified (QIAquick P{liBaEoin

kit, Qiagen) and submitted for sequencing using primer pRLintl. The locationsseicihenced
fragments were determined directly bBBAST search on thBseudomonas genome database
(Winsoret al., 2009) and compared to the published sequeneesgfingae B728a (Feikt al.,
2005).
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RESULTS

SyfR multimersregulate syringafactin production. Previously, another group identified a
LuxR-type regulator oppositely transcribed but immediately upstream sftimgafactin
biosynthetic cluster, and termedyfR. Deletion of this regulatory gene abolishes syringafactin
production inPseudomonas syringae pv. tomato DC3000 (Bertt al., 2007). During a
transposon mutagenesis screen to characterize surfactant produBtisyringae B728a,

although we identified a number of insertions in the syringafactin biosynthesieglwe did not
identify any insertions in thg/fR homolog (Burchet al., 2010). We thus createdsdR-

knockout strain in order to confirm its role in regulation of syringafactin productien in
syringae B728a (Fig. 1C). Indeed, disruption®fR results inthe production of only a very
small amount of surfactant as measured by the oil spray assay, equivalens¢eha a
syringafactin-deficienAsyfA strain (Fig. 1B). Furthermore, when we introducesgifA: gfp

reporter gene fusion on plasmidgyfA-gfp into thesyfR- mutant we observed a 40-fold
reduction in fluorescence compared to that in a wild-type strain (data not shownlar &ifi
syringae DC3000, disruption of the downstream LuxR-type regulator Psyr_2578 had no effect
on syringafactin production (data not shown).

Figure V-1. Surfactant production isyfA andsyfR mutants ofPseudomonas syringae
Halos of atomized oil droplets modified by surfaxttaproduced by a wild-type strain®fsyringae (A), a
AsyfA deletion (B), asyfR- mutant (C), and &yfR- strain harboring §19n-syfR conferring constitutive
expression of SyfR (D). Bars indicate 1 cm.

We next complemented tisgfR- mutantin trans by introducing plasmid§19n-syfR in which
thenpt2 promoter drives the constitutive expressiosyfR. This plasmid-borne copy s§fR
restored syringafactin production to the mutant, with a zone of surfactant productidizetsua

by the oil spray assay as large as that of the wild-type strain (Fig.@FP fluorescence

exhibited when p&/fA-gfp was introduced into this complemented strain was 4-fold higher than
that of the wild type strain (Fig. 3).

SyfR belongs to a family of regulators that is not well studied, and so we fuxdraimed its

mode of function. SyfR was found to have several features in common with the other
characterized members of this family. Waahgl. (2006a) demonstrated that SalA and SyrF
dimerize to form an active regulator. As further evidence of this dimengzdar both SalA and
SyrF, as well as LuxR, truncated forms of these regulators that lack gren{ddl DNA binding
domain are inactive but can multimerize with functional protein in a dominant veegation

(Choi and Greenberg, 1992; Wagiaal., 2006a). We expressed a truncated version of SyfR that
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contained the first 198 amino acids (predicted LuxR dimerizing domain) {y¢Rs well as a
truncated protein that only included the last 94 amino acids (predicted DNA-bindingwlomai
(SyfR164-259 constitutively under the control of tmpt2 promoter in ayfR- mutant (Fig. 2). The
later construct was included because a LuxR protein that lacked the dimeriziaigpdom
constitutively activated LuxR targets (Choi and Greenberg, 1991).

syfA im Lce| | HTH |~

P519n-syfR, ;e

P51 gn'SyfR1g4.25

FigureV-2. Genomic context and predicted domain structures predicted for SHER of

syringae B728a.

The divergently transcribegyfA andsyfR loci are separated by a 288 bp shared promotarredRegions
of SyfR with predicted functions were determinedhw8MART (Schultzt al., 1998). The low
compositional complexity (LCC) region is locatedhatpositions 143-160, while the helix-turn-helix
(HTH) DNA-binding domain that is characteristiclafxR-type regulators is located at aa positions197-
254. B19n-syfR;.19sWas designed to exclude the HTH domain (but inehing predicted region of
dimerization), while p19n-syfR;s4.257Was designed to exclude the predicted dimerizatamain.

Neither of the truncated SyfR constructs restored syringafactin productasyfR- mutant (data
not shown). Either SyfR4.2s7apparently did not include the correct regions of the DNA-binding
domain, or SyfR has a different structural organization than LuxR. We also introtlased t
truncated SyfR variants into the wild-type strain to test for dominant negagvienence which
would indicate that SyfR forms multimers similar to SalA and SyrF. Whilevildetype strain
expressing SyfiRs-os7retained full syringfactin production, the wild-type strain constitutively
expressing SyfR;ogproduced only the same size small surfactant halo (BRF3yéR-anutant
strain (data not shown). Additionally, when we introduced trsgfpRyfp reporter fusion into
these strains, we observed a similar pattern of GFP fluorescence as produgtioigafatin in
these strains; overexpression of the SyfR binding domain has a repressiveresyéA
transcription (Fig. 3). This supports the hypothesis that this regulator farraKimeric
complex in order to induce syringafactin transcription.
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FigureV-3. Dominant negative effect of a truncated SyfR protein on transcription of

syfA in Pseudomonas syringae

Relative GFP fluorescence of cellshfsyringae B728a harboring a plasmid in which GFP expression
dependent on the promotersyfA (pPsyfA-gfp) recovered from plate cultures. Indicated stramstain a
second plasmid which confers constitutive expressidull-length SyfR (p519n-syfR), a truncatedrfor
of SyfR missing the DNA-binding domainFOn-syfR; 199, Or a truncated form of SyfR missing the
dimerization domain @19n-syfRie4.059). Bars indicate standard deviation.

SyfR autoregulatesto induce syringafactin production at a surface.

We tested the hypothesis that SyfR might be involved in conveying the prefependacttion of
the surfactant syringafactin when cells were cultured on agar plates eshtpdroth cultures.
Initially, we determined if constitutive expression of SyfR is sufficienhtuce high levels of
syringafactin production in broth culture. We grew the wild-type strasyfRa mutant, and a
wild-type strain that over-produced SyfR by expressyfig constitutively on the plasmid
p519n-syfR, in both plate and broth conditions, and tested for surfactant production by the drop
collapse method. Similar to the oil spray assay depicted in Figure 1, the woateotiapse
assay indicated that relatively large quantities of syringafactia preduced in both the wild-
type and wild-type harboring plasmi@®n-syfR strains on agar plates, whilesgR- mutant
was deficient in surfactant production (Fig. 4). In contrast, while syriogjafaroduction was
low in a wild-type strain when these strains were grown in shaken broth sulttarestitutive
expression of SyfR induced sufficient syringafactin production to enable drop callzgbese
these culture conditions (Fig. 4). This suggested that low levels of SyfR miglsipoasile for
the low levels of syringafactin production seen in broth cultures. We thus hypothibsizéhe
surface regulation of syringafactin is at least in part mediated by SyfR.
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FigureV-4. ConstitutivesyfR expression enables syringafactin production in broth

cultures ofPseudomonas syringae.

Drop collapse assays of a wild-type straifPo$yringae (A), asyfR- mutant (B) and a wild-type strain
harboring p19n-syfR (C). Cell-free supernatant from plate-grown celispended to an Qg of 1.0 are in
the top row while cell-free supernatant from brotittures grown and diluted to a similar optical sign
are in the bottom row. Each well was tested with &f culture supernatant. The collapsed drogiets
elevated) are indicative of surfactant production.

We determined if the apparently low levels of SyfR in broth culture stemmeddmwhevels of
syfR transcription. To test this model we constructed a bioreporter in wigighr@porter gene
was expressed under the control of the promoteyfBfin plasmid pByfR-gfp. When a wild-
type strain carrying pyfR-gfp was grown in broth media, appareyiiR transcription was about
3-fold lower than when grown on agar plates (Fig. 5). As a control, similar levelsRof G
fluorescence were observed in a strain constitutively expressigfptheporter gene in these
two culture conditions. It should be noted that ratesyféf transcription itself were more than
10-fold higher in cells cultured on agar plates compared to broth (Chaper 3). Weéeattre
larger effect of broth culture ayfA expression than on expression of its regulsffi® as a
consequence of the strong concentration dependence of oligomerization of SyfR that would be
expected to contribute to its activation.
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FigureV-5. Surface culture enhanced expressiogytR is dependent on SyfR in

Pseudomonas syringae.

Relative GFP fluorescence of cells of the wild-tgpeyfR- mutant ofP. syringae B728a harboring a
plasmid in which GFP is constitutively expressesll@m-gfp) or a plasmid in which GFP expression is
dependent on the promotergfR (pPsyfR-gfp) recovered from plate and broth cultures. Bagécite
standard deviation.

We investigated the possibility thefR is subject to autoregulation ih syringae since LuxR
induces its own expression at least 2- to 3-fold compared to theRnmutant strains (Fuquet

al., 1994). Similarly, constitutive SalA expression results in a 2- to 3-fold uptegubfsal A

(Kitten et al., 1998). It is noteworthy that this range of autoregulation is of the same magnitude
as the differences syfR transcription observed between broth and plate cultures. Therefore, we
investigated the transcription sffR in the absence of functional SyfR protein. Surprisingly, we
observed equally low GFP fluorescence s§f&- mutant strain harboring p#R-gfp cultured

on both agar plates and in broth media (Fig. 5). This finding suggested two important points.
First, it suggests that SyfR is autoregulated, and is necessary for theanaidts own

transcription above a low baseline level. Second, it suggests that the sunfgatoregf both
syringafactin production and SyfR abundance are conferred by a post-tramsariptocess that
affects SyfR levels or activity. Thus, we hypothesize that broth cultutbticos reduce the
magnitude of SyfR autoregulation, either through degradation afffReéranscript or SyfR

itself, or by alteration of SyfR. Further biochemical experimentatitirbesnecessary to

determine the mode of this control.

If broth conditions foster the hypothesized destruction or modification of SyfR, thenighe
expect that constitutive production of SyfR would nonetheless result in lower pronthtetion
of syfR andsyfA in broth cultures compared to growth on agar plates. We earlier observed that
constitutive expression of SyfR enabled syringafactin production even in bratrecblat we
did not examineyfA expression per se. AppareytA expression in broth culture, as estimated
with the plasmid p&fA-gfp introduced into a strain constitutively expressing SyfR, was slightly
below that observed on agar plates (Fig. 6A), which might lend support to our hypothesis.
However, the promoter activity sffR in a strain with constitutive expression of SyfR was
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slightly higher in broth cultures than in cells recovered from agar plates6@)g We have no
explanation for whyyfA expression was lower in broth cultures than on agar plates sytidle
was higher. Further biochemical work might help elucidate any additianatdahat contribute
to syfA regulation. Nonetheless, the observation that constitutive expression of SyfRireault
further up-regulation odyfR further supports our claim that SyfR is autoregulated (Fig. 6B).
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FigureV-6. Effects of constitutive SyfR production on expressiogybh (A) or syfR

(B) in P. syringae strains grown under various culture conditions

Relative GFP fluorescence of wild tyPesyringae B728a or a SyfR-overexpressing strain which carrie
p519n-syfR. Gfp fluorescence intensity reflect ratesgf transcription (A) osyfR transcription (B),
which is conveyed by plasmids in which GFP expmss dependent on the promoteisgf (pPsyfA-gfp)
or syfR (pPsyfR-gfp), respectively, recovered from plate and brothurak. Bars indicate standard
deviation.

A test of the self-sufficiency of the autoinduction processy/iét would be to demonstrate that
SyfR is sufficient forsyfA induction in another bacterial taxa that might lack ancillary
components found only iR. syringae. Introduction ofuxR from V. fischeri along with its
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regulated bioluminescence-encoding operon resulted in expression of of biollenceesiE.

coli (Choi and Greenberg, 1991). We sequentially transfonedi strain DHm with both
p519n-syfR and @PsyfA-gfp. The resultinde. coli strain did not display any GFP fluorescence
(data not shown). This indicates either that additional transcription factare@ssary fasyfA
transcription, that processing or some unknown activation of SyfR cannot o&woln that
these components were not efficiency transcribed irihisli host, or that SyfR does not
directly regulatesyfA. Additional investigation to distinguish these possibilities is warranted.

Gac and SalA control SyfR. We investigated the possibility that SyfR functions downstream
from other global regulators B syringae. There have been multiple reports that the
GacA/GacS two-component regulatory system controls lipopeptide productiom €kalg

2002; Duberret al., 2005; de Bruijn and Raaijmakers, 2009a)P.Isyringae, it has been further
demonstrated that GacA/S controls lipopeptide production through its regulation dK8tA

et al., 1998). We hypothesized that Gac might also control syringafactin production, and thus
tested surfactant production imgacS deletion mutant (D. Gross) using the atomized oil assay
as well as determining the expression of various genes involved in syringafadiicton

using transcription reporters. No surfactant production was observekhat@mutant, and

syfR andsyfA transcription are nearly abolished (Fig. 7, data not shown). Additionally, we
determined whether SyfR operates independently of SalA, or if SalA is upstorarByfR
function. Surprisingly, thasalA deletion mutant (graciously provided by D. Gross) also
exhibited abolished surfactant production and very low levedgf@fandsyfA transcription

(close to the detection level) (Fig. 7, data not shown). This suggests that thesaedingsthe
baseline expression of SyfR. It also suggests that these pathways arporibds for the
surface-dependent inductionsyfA, but rather have an epistatic role in syringafactin production.
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FigureV-7. SalA and GacS both are required for substantial expression of SyfR in

Pseudomonas syringae

Relative GFP fluorescence of wild-tysyfR-, AsalA, or AgacS cells ofP. syringae B728a recovered from
plate cultures that harbored a plasmid in which @Kfression is dependent on the promotesyitt
(pPsyfR-gfp). Bars indicate standard deviation.
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We were surprised to observe that bashl A andAgacS mutants exhibited abolished surfactant
production. We thus questioned if the strains are still capable of producing anahgecreti
syringafactin or whether pleiotropic effects on cell metabolism tlaalenthem incapable of this
metabolic process was operative in these mutants. To test this, we conltiexgpressed SyfR
by introducing plasmid $19n-syfR into both theAgacS andAsalA mutant strains. These strains
produced surfactant detectable both by the atomized oil spray as well as wateilldpge ¢n
both broth and plate cultures of these strains (data not shown). These mutants, gyfRlisch
not normally transcribed, thus produce and secrete syringafactin whemsSyfBolied
constitutively. This demonstrates that neither GacS nor SalA are nedessanyngafactin
transcription, or for supply of necessary intermediates for syringafactiugion, but rather
exert their influence on syringafactin production solely through their controe@yfR
regulator.

SyfR controls mor ethan syringafactin. While we have demonstrated that GacS and SalA are
upstream of SyfR, which itself controls syringafactin production, the questiomiesdras to
whether this surfactant is the only product under transcriptional control of Syf&cl@nthat
SyfR regulates more genes than just those required for syringafactintbiesig came from the
observation thaAsyfA andsyfR- mutants did not appear identical in culture. Although the
strains initially appear very similar, isolated colonies ofABgA mutant, when allowed to grow
undisturbed for four or more days, exhibited a curious “fried egg” phenotype, whdgRhe
mutant did not (Fig. 8B-C top row). This phenotype appeared as a raised “yolkiadfdoibny
growth that was typical of the wild type strain, followed by successive expapisthe colony
after day three as a thinner wrinkly fringe or “white.”

FigureV-8. Fried egg phenotype observedsyiR- mutants oP. syringae can be

blocked by an extracellular, self-produced signal.

Four day old colonies of a wild-type P. syringamist (A), AsyfA mutant (B),syfR- mutant (C),

AsyfA/syrE- double mutant (D), AsyfA mutant harboring §19n-syfR (E), and asyfR- mutant harboring
p519n-syfR (F). Single colonies of a given strain grown oragar plate are depicted in the top row, while
colonies of these strains grown in close proxinutaAsyfA/algT- mutant ofP. syringae are in the bottom
row.

We initially suspected that secondary mutations might have been the cause lobkéato be
a poorly growing or stressed strain. However, all independently iscldfecandsyfB-
transposon mutants as well as the site-diressgtA deletion mutant displayed this same
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phenotype, suggesting that it is a direct response to the absence of syimgdfmetheless,
in order to rule out the possibility of secondary mutations in our syringafadiaiedé strains,
we created ayfR- mutation in aAsyfA deletion strain. Surprisingly, this second mutation
abolished the fried egg phenotype normally exhibited byAHyEA mutant, and the appearance of
this AsyfA/syfR- double mutant was indistinguishable from that eff&- mutant alone (picture
not shown). This suggested that SyfR transcriptionally regulates more gangssttinose
enabling syringafactin production, specifically including genes encoding vendtait triggers
development of the fried egg phenotype. We initially hypothesized that perH&m&yced
both syringafactin production and also a system involved in either its transponpenrciption,
and we further postulated that syringafactin served not only as a surfactasiso as a
signaling molecule.

To additionally support the conjecture that SyfR controls more than just syritigafac
production, we introduced the plasmid conferring the constitutive expression of SyfR into
AsyfA strain. Curiously, this strain also exhibited a fried appearance, but one traeapoebe
an exaggerated and earlier-onset version of the rough “white” frksyfA strain (Fig. 8E, top).
Thus, the strong visual phenotype of this strain provides further evidence that SyfR
transcriptionally regulates more than just syringafactin production. In ¢mopaa wild-type
strain capable of syringafactin production and that constitutively exprégfeslevelops a
slightly matted appearance, but does not exhibit a fried appearance (Rap)38FAssuming that
this rough fried egg appearance is indeed indicative of stress, we might higmthat
syringafactin normally plays a protective role for the cell, and thab#srece makes the cells
somehow more susceptible to other factors induced by SyPRsymingae itself.

In order to identify genes under the control of SyfR, we screened 2,000 transposon mutants in a
AsyfA mutant background for any that had lost the fried egg phenotype. Several such mutants
were identified (Table 1). Prominent among the mutants found were severabnaetents in

the syringomycin biosynthetic genes and an associated secretion genel} I penpting

further investigation. In order to confirm the requirement for syringomyadinitiate the fried

egg phenotype, we constructed a site-directed knockaytBin aAsyfA mutant background.

This syringomycin deficient mutant was identical in colony appearancsytB-anutant (Fig.

8D, top). One of the most surprising aspects of this finding was the fact thgbsyyicin and
syringopeptin are assumed to have overlapping roles as plant virulence factors, tgpatally
co-regulated by SyrF which is downstream of SalA. However, a site-direotekout in the
syringopeptin biosynthetic gelsgoA did not lead to a loss of the fried egg phenotype (data not
shown). These results strongly suggest that syringomycin has a speeifit this phenoptype

that is independent from syringopeptin. However, while syringomycin appezcedsary for

the fried egg phenotype, this was not proof that it was a factor regulated hyn®ytR was

posited to be required for this phenomenon.
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Table V-1. Identity of genes disrupted in transposon mutants that could no longer exhibit
a fried egg phenotype infsyfA mutant background d¢¥seudomonas syringae

Locus of Tn5 insertion Predicted function
Psyr 0936 Glycosyltransferase
Psyr 1864 Spermidine synthase
Psyr 2603 Secretion protein
Psyr_2608 (syrE)* Syringomycin
Psyr 2611 (syrB1) Syringomycin
Psyr_2747 Extracellular ligand-binding
Psyr_ 3290 (fadB) Fatty acid oxidation
Psyr 3698 (gacS) Response regulator
Psyr 5133 (mnmE) tRNA modification

* Psyr_2608 was identified by two individual transpn insertion events

SyfR controls a pulse of syringomycin production. We postulated that the production of
syringomycin in the absence of syringafactin is altering cell physiotog way that leads to a
production of the fried egg phenotype. In order to confirm that syringomycin expréssinder
the control of SyfR, we developed a plasmid-based transcriptional reposyeB @&xpression
(pPsyrB-gfp). Indeed, the GFP fluorescence indicativeyoB expression was much lower in
cells of asyfR- mutant harboring syrB-gfp than in either asyfA mutant or the wild type

strain; expression in thiesyfA mutant was similar to that in the wild type strain (Fig. 9). In broth
cultures, expression syrB was similarly low in all strains, as further proof that genes
downstream of SyfR are not activated in broth conditions (data not shown). This cahéitms
syringomycin is induced in cells cultured on plates and is under the regulatagl cdiByfR.
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FigureV-9. SyfR controls syringomycin production Rseudomonas syringae.
Relative GFP fluorescence of a wild-type straisyfA mutant, orsyfR- mutant ofP. syringae B728a
harboring a plasmid in which GFP expression is ddpat on the promoter sjrB (pPsyrB-gfp), when
grown on agar plates. Bars indicate standard temia
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Because the fried egg phenotype is observed only in colonies older than 3 days stigaiiede
syringomycin expression in different mutant strains over the course oakdags.

Surprisingly, although syringomycin was highly expressed in wild-type\ayfé strains after
one day of growth, only very low levels of expression were detected at amygjgabstime (data
not shown). To further explore this apparent temporal regulation, we measured the GFP
fluorescence of cells of a wild-type strain harboringypB-gfp over the course of 48 hours of
growth on plates. In agreement with our initial observatigm& expression, and thus
presumably syringomycin production, is limited to a short period during initial plos®lony
development, peaking after about 24 hours and thereafter diminishing (Fig. 10). Teris att
expression was seen in both the wild-type angdydA mutant strain, but not in thsgfR- mutant,
in which syfA expression was always low (data not shown). This temporal regulasgrBa$
contrary to that o$yfA expression, which remains stably induced over this time period (data not
shown). Thus the role of SyfR in stimulating syringomycin expression is distmetitfs effect
on syringafactin expression.
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FigureV-10. Temporal dependence of SyfR-dependent expressigmBin

Pseudomonas syringae.

Relative GFP fluorescence of cells of wild-typesyringae B728a harboring a plasmid in which GFP
expression is dependent on the promotesyd (pPsyrB-gfp) measured in cells grown on agar plates for
various times. Bars indicate standard deviation.

We hypothesized that the strong temporal, and hence cell density-relateatjoagfl

syringomycin synthesis may be due to its suppression by quorum sensing in oldesculio

test this we measuregir B expression in AahlR mutant incapable of quorum sensing (strain
courtesy of R. Scott). The temporal expressiosyd in this strain was identical to that in a

wild type strain, with peak expression at 24 hours. This suggests that quorum sensing does not
mediate temporal regulation of syringomycin production (data not shown). Alse résests

also cast doubt on the model that syringomycin is directly responsible for indleifrged egg
phenotype, since the colony phenotype appears after about four days of growth, while
syringomycin production apparently peaks after only 24 hours.
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Although the biosynthetic pathway for syringomycin and regulation of its exprelsas been
extensively investigated, SyfR has never been implicated in its regulatierthu&/questioned if
SyfR was, in fact, an overlooked necessary regulatory element for sysioigopnoduction. To
test this we measuregir B expression in a wild-type ancsgR- mutant mutant strain on media
specifically formulated to induce syringomycin and syringopeptin produdfi@amget al.,
2006b). Although the levels of GFP fluorescence exhibitedgyfRa mutant harboring psyrB-
ofp were reduced compared to that in the wild type strain, we still see substgmtésiston of
syrB in the medium conducive to syringomycin production. This suggests to us that SyfR is not
absolutely required for the induction of syringomycin production in this medium thatsrine
plant environment, but plays a more ancillary role in its production. This mod#eateos
syringomycin production might explain why SyfR has not previously been iderdia
regulator of syringomycin.
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FigureV-11. SyfR contributes only partially to expressionsgfB in Pseudomonas
syringae.

Relative GFP fluorescence of cells of a wild-typ@eyfR- mutant strain oP. syringae B728a harboring a
plasmid in which GFP is constitutively expressesll@m-gfp) or a plasmid in which GFP expression is
dependent on the promotersyfB (pPsyrB-gfp) recovered from KB plates and plates of SRM cariraj
added arbutin and fructose for maximal syringomyeduction (Mo and Gross, 1991). Bars indicate
standard deviation.

An external signal that isnot syringomycin triggersthefried egg phenotype. By chance, it
was observed that the fried egg phenotype in coloniasydA mutants appeared much earlier
when they were grown near colonies &sgfA mutant blocked in any of various steps in the
AlgT regulatory pathway. When colonies ohsyfA mutant were grown on the same plate with
those of aAsyfA/algT- mutant (that was previously shown to produce copious quantities of
surfactants and perhaps other factors) (Chapter 2 and 4), the timing of the omsdtieditegg
phenotype was directly correlated with the distance from#g&V/algT- mutant (Fig. 12). The
fried egg phenotype was inducedAisyfA mutants after as few as 2 days of incubation when
cultured near asyfA/algT- mutant. When cultured by ahgT- mutant that was still capable of
syringafactin production, this early-onset property was diminished (data nat)shBremature
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induction of the fried egg phenotype occurred only As@A mutant, while colonies of wild-
type andsyfR- strains did not change their appearance in response to this signal (Fig. 8A-C,
bottom). This observation suggested that the fried egg phenotype must be a response to an
extracellular compound that is only sensed by a component of the SyfR regulon. ¥fe earli
hypothesized that syringomycin is the compound that induces this fried egg phenotype. If
syringomycin directly stresses the cell or otherwise induces this cplemotype, and if
syringomycin is produced in large quantities inabgil- mutant, then we should have seen a
restoration of the fried egg phenotype insgfA/syrE- double mutant strain upon exposure to
syringomycin. However, whenAsyfA/syrE- mutant strain is placed in close proximity to a
AsyfA/algT- mutant, there is no restoration of the fried egg phenotype (Fig. 8D, bottom).
Furthermore, asyfA mutant still exhibits a strong fried egg phenotype when placed near a
AsyfA/algT-/syrE- triple mutant (data not shown). Therefore, it does not appear that
syringomycin acts as the direct extracellular signal that invokesetipsmnse, but rather is
necessary for enabling other factors to induce the response. This evidedddjon & the
finding that syringomycin is only produced during the initial 24 hours of surface greathub
to assume that syringomycin instead acts as a signal that primes thefoolihveyfried egg
phenotype that we later observe.

We recently observed that algT- mutant ofP. syringae produces high levels of a surfactant
termed BRF (biosurfactant regulated by flagella), whose production requirbighdromolog.
This surfactant also exhibits a strong temporal pattern of regulation, with pordincireasing
over time (Chapter 4). Therefore, we hypothesized that this surfactant cousghmesible for
inducing the fried egg phenotype in thg/fA mutant. Colonies of AsyfA/AbrfA double

deletion mutant did not express the fried egg phenotype at any age. However, this daattle mut
regained the fried egg phenotype in the presencesjfad/algT- mutant strain, suggesting that
BRF could be a signal that induces this phenotype. Furthermore, nekbdA&lgT- double
mutant, nor a\syfA/AbrfA/algT- triple mutant is capable of inducing an early fried egg
phenotype in AsyfA mutant. However, application of a BRF extract near a coloneyfa
mutant does not induce the early appearance of the fried egg phenotype (data not lsi®wn).
thus possible that BRF is modified to gain its activity, or that BRF mightagptale in delivering
an insoluble signal over the long distances that separate colonies.

FigureV-12. The fried egg phenotype is a response to a self-produced diffusible signal

that is over-expressed inAsyfA/algT- mutant ofPseudomonas syringae.

Fried egg phenotypes exhibited by colonies aA5#A mutant located at different distances fronakgT-
mutant (established on the left side of the plast putside of the image). Images were taken &dter
days incubation.
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Although none of the biosurfactants producedPbgyringae appeared to be sufficient to induce
the fried egg phenotype, we investigated a variety of synthetic surfaicatiisir ability to
initiate this trait. Surprisingly, we observed that the hydrophobic surfactzam, & (sorbitol
oleate), was capable of inducing this phenotype (Fig. 13).

FigureV-13. Induction of the fried egg phenotypeRseudomonas syringae by a

hydrophobic synthetic surfactant.

Fried egg phenotypes of colonies ofsyfA mutant after growth for three days on agar plagsan 80 was
added to the plates approximately 1 cm from thergpht either day 0 (A) or day 2 (B). Bars inde@t25
cm.

DISCUSSION

Similar to the other characterized members of LuxR-type regulators,a@yi€ars to form
multimers in order to initiate transcription. Furthermore, in keeping with wéisens of LUxR
and SalA, SyfR appears to have an autoregulatory role in its own transcriptioevetpitis
unclear how the activation of SyfR is mediated by external conditions. IngbethuxR,
binding of a quorum signal induces dimerization which then allows LuxR to function as a
transcription factor; thus, cell density is conveyed to the cell by inateasaéability and
binding of the autoinducer signal, which stimulates increased LuxR actiags@x and
Reverchon, 2007). However, SyfR belongs to a class of LuxR-type regulators that do not
contain characterized small molecule binding domains, and thus there is no fadtasthaen
determined to limit SyfR dimerization and activity other than its own trgsigmmilevels. The
observation that SalA, another member of this class of regulators, is up-réguyate
perception of plant signals, makes it appear that the signal perception occleammudtSalA
(Wanget al., 2006b). Our results similarly indicate that the condition of surface sensing
stimulates an up-regulation of SyfR. However, we have also demonstratedsthat thi
transcriptional activation cfyfR at a surface is reliant on functional SyfR protein. Therefore, it
appears that the SyfR protein itself is involved with perceiving exteomalitions, and its
transcriptional up-regulation is a result of its autoregulatory activity. , Mreispeculate that
SalA is similarly self-regulating in response to plant signals, in additiomtalating
transcription of its downstream genes.

If the basal expression effR is the same in broth cultures as it is on surfaces, then what keeps
SyfR from being equally active in both conditions? It is tempting to spechktart

unidentified substrate or modification of SyfR induces its dimerizationjitgcdind perhaps
stability, similar to other LuxR-type regulators. However, this model doesgneé with a

103



previous report that SalA and SyrF, when purified fi&moli, dimerizedn vitro, as well as
bound to their target DNAs in gel shift assays in the apparent absence of suchl éxtéors
(Wanget al., 2006a). Furthermore, when SyfR is constitutively expressed, we observe an
increase in SyfR-mediated transcriptiorsgfA andsyfR under conditions of growth on both
plates and in broth, demonstrating that SyfR itself and not SyfR activation (liyaselténding
or another means) was the limiting factor in gene expression in broth conditionse @her
hand, although constitutive expression enhances transcriptggfAah both growth conditions,
we did observe a slightly lower level §ffA expression in broth conditions, which might imply
lower SyfR activity. Thus we hypothesize that external conditions lead to changgfR
activity through changes in protein abundance or modification, or through mRNAldegna
since constitutive expression can apparently overwhelm these processes.

If SyfR activity is mainly controlled through a degradation process, it is cuthatis/fR
expression was not sufficient for expressiosydA in E. coli. Although there are many potential
explanations for this observation, we find it most likely that SyfR does notlgiregulatesyfA,
but rather controls the expression of another transcription factor that in turnessyia.
Alternatively, SyfR might act in concert with other factors found onR.isyringae. Such a
model might indicate that degradation of SyfR is not essential for modulation obSyiRy,

and that. coli does not possess the factors necessary for SyfR modification and activation.
Another uncertainty is why the C-terminal portion of SyfR was incapable of rgabli
transcription osyfA. We chose to exclude the low compositional complexity region (LCC),
which often serves as a flexible linker or a direct binding interface (@eteti., 2010). While
there are many potential reasons why the truncated SyfR did not functiorketyshiat the

LCC region is necessary for activation of the DNA-binding properties of tié ddmain.

Our findings that SalA regulategfR, as well as the fact that SyfR reguladg® are both
surprising. syfR is physically located neayfA on the genome, whilglA is physically located
near genes encoding syringomycin suckyaB and syringopeptin production as well as the
other LuxR-type regulatoyrF andsyrG. Although these two genetic islands have not
previously been functionally associated, our results indicate that thegegatadeal of cross-talk
between them. The similarities in the given gene names can be confusisg, ia order to
better describe a model that accounts for the findings of this study, we presemharg of how
SyfR and syringafactin biosynthetic genes fit into the regulation of lipajsespéis a whole iR.
syringae B728a (Fig. 14). However, many components of this model remain to be determined:
Do SyrF and SyfR demonstrate regulatory control over each other? Can thesigheixR
regulators form heterocomplexes? SyrG has previously been demah&irasere no regulatory
association with SalA or SyrF, but does its regulatory pathway intersécBwiiR? Since both
up- and down-stream LuxR-type regulators affect viscosin productierflinorescens SBW25
(de Bruijn and Raaijmakers, 2009b), what is the role of the LuxR-type regulator ceammsif
syringafactin? Finally, what is the functional significance of the fregpairing of this class of
LuxR-type transcriptional regulators with lipopeptide NRPSs?
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A further mystery generated by this research is the unidentified casspeledgnt on SyfR
expression that induces an early expression of syringomycin followed by a uniqde=tfg”
colony appearance phenotype that is dependent on this syringomycin production. hAttreoug
“fried egg” trait is only apparent when syringafactin is not produced, it might bzathai of a
normal physiological response to aging of cells in colonies that is visnaliiked when the cells
can produce syringafactin. Furthermore, it is intriguing that our response share important
similarities with surfactin-mediated signalingBacillus subtilis. B. subtilis does not directly
sense surfactin, but rather potassium leakage that can be provoked by a varkedy of ot
compounds, such as other surfactants (L@ak, 2009b). This leakage is only perceived by
cells that do not produce surfactin, and its perception induces extracellulixrpnadiuction
(Lépezet al., 2009a). We speculate that the fried egg phenotype is due to an altered amount or
type of extracellular polysaccharide that is produced in straiRssyfingae that lack
syringafactin. Although we have no solid evidence of a similar mechaniBnsyringae, it is
intriguing that a variety of compounds induce this “fried egg” response that isestywhen
syringafactin is not produced. However, extracellular syringafactin dloe® not induce the
response, clearly ruling out it having an identical role to surfactin in such autbamduc

It should be rewarding to determine the SyfR regulon in order to determine if greedbSfried
egg” phenotype is a non-specific response indicative of stress, or rather id anasiiestation
of a regulated response such as altered EPS production. Microarray or RNA sensteicoas
comparing transcript abundance of a WT wiyf&®- mutant strain, as well as that ilhsyfA
mutant at various stages of colonial growth should help elucidate this mystery. Altneug
have ruled out a role of alginate in formation of this altered colony phenotype (dateonot),
other stress-responsive indicators might be observed. Additionally, trans&igt@iysis of a
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AsyfA mutant in which SyfR is over-expressed (displaying a hyper fried egg phenotigbe
reveal components of the SyfR regulon that lead to this phenotype.

Overall, the findings from this study serve to further distinguish the roléses lipopeptides
produced by. syringae B728a. These lipopeptides are structurally different, and they show
distinct differences imn vitro antimicrobial activities and phytotoxicity (Hutchison and Gross,
1997; Lavermicoccat al., 1997). However, little work has been performed to distinguish their
individual roles to bacteria inhabiting plant surfaces or in plant pathogenesig.edddnce

that SyrG regulates syringomycin but not syringopeptin provided genetic eviti@hcertain
biological circumstances might warrant syringomycin production spdbfiedthough the
consequences of such SyrG regulation was not further investigatetglLu2002). Our
evidence that SyfR also has a specific role in syringomycin but not syrpigopeoduction
should further prompt an examination of the roles of these different lipopeptiplesta.
Perhaps these lipopeptides are used at times in concert for plant virulencenigonsycin

might also have a unique additional signaling role that aids colonization of surface
Syringafactin might also contribute to the virulenc&ofyringae, but have a unique role in
motility or biofilm assembly on surfaces. These hypothetical functions &f tmespounds
remain to be tested.

These results raise an important question about how the roles of surfactants on plashtseshoul
tested. For instance, what genetic background will yield a truly syringafes strain?
Because multiple phenotypes might be regulated by SyfR, it would seenowise\syfA
mutants rather thasyfR- mutants in experiments to determine the function of syringafactin in
natural environments. If we block the expression of a regulator such as SyfRghtals
block other factors that have an important effect separate from the surfactaveves, if the

cell normally compensates for production of a surfactant, then just removingfatrmight
alter the cell in other ways we are not aware of. In other words, either obthesechoices
might confer reduced fitness for reasons other than the lack of surfactant, aodethastimate
the role of surfactanis vivo. This possibility cannot be easily addressed, but must be
considered by those conducting experiments with similar systems.
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ABSTRACT

Although biosurfactant production by plant-associated organisms in culture has been
documented previously, there has been little investigation of their produtiivo or
demonstration of their contribution to bacterial colonization of plants. This cbseas
designed to demonstrate that biosurfactant production occurs in the phyllosphes agso
evaluate the involvement of these compounds in bacterial motility and nutrient @aquisi
Growth ofPseudomonas syringae pv. syringae B728a on plants resulted in a reduction of leaf
surface water tension, mostly attributable to its production of syringafactiwer,

production of a biosurfactant regulated by flagella (BRF)AsyéA strain also significantly
enhanced the contact of water droplets with the leaf surface, demonstrgpiraglustion and
activity in planta. Biosurfactant production contributed little to motilityfdfsyringae on leaves
in various assays, although strains producing syringafactin were more abwrdpated to
non-producing mutants, measured both by culturing methods, as well as visually atgimeomar
leaf areas covered by water droplets. Wimlplanta motility assays yielded little evidence of a
role for biosurfactants in motility, strains producing either surfactant haehpyoportions of
cells that expressdtC on leaf surfaces compared to a mutant strain blocked in expression of
both surfactants. Surfactant production thus apparently results in a higher proportioreof mot
cells on leaves. Direct application of syringafactin as well as applicatioellsfof WTP.

syringae to leaves both increased cuticular transpiratiomAs#A strain ofP. syringae induced
even higher cuticular transpiration than the WT strain, suggesting that whiletaot$aare
sufficient to alter cuticular permeability, they mediate a complexaoten of bacteria with

plant surfaces. Biosurfactant production thus occurs in the phyllosphere, andntgapaikes in
both motility and nutrient acquisition were assessed.

Author contributions: A.B. and S.L. designed thsearch, V.Z. and L.S. designed and performed theleu
permeability experiments, A.B. and C.D. designed performed the surface tension and contact anglerements,
A.B. and S.M. performed all other research, and. Al S.L. wrote the paper.
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INTRODUCTION

Epiphytic bacteria regularly contend with high UV exposure, cycles of @gissiand hydration,
rapid temperature fluctuations, and low and heterogeneous nutrient avail(aimiitgw and

Brandl, 2003). Additionally, the waxy leaf surface presents a physical barvater and

nutrient availability on plant surfaces due to its impermeable hydrophobic (@ameiber,

2010). Despite all these challenges, phyllosphere bacteria have develgpeti@dathat

enable them to persist and multiply, as well as disperse to new regions of.tHeitea

hypothesized that during periods of abundant water availability epiphyteseparate from the
cellular aggregates that normally protect them against desiccatiss, stnel explore the leaf
surface, moving between dispersed regions of relatively higher nutrierst (elielno and

Upper, 2000). Additionally, it is under such conditions of leaf surface moisture when many plant
pathogens liké. syringae are most successful at causing disease. Such conditions apparently
enable invasion of the plant through stomata or other openings and subsequent colonization of
the apoplast (Underwoaad al., 2007). While epiphytes are distinct from most other bacteria in
their ability to grow and survive on leaves, the adaptations that they utilizevte in this

habitat remain largely unknown. Recently, our lab demonstrated that waxy |leaes.afe

enriched in biosurfactant-producing bacteria compared to other habitats ((3)aptée and

others (Lindow and Brandl, 2003) have previously postulated that biosurfactants might be
beneficial to the epiphytic life of bacteria, potentially enhancing theirement and/or ability to
acquire nutrients, although such roles remain only conjecture.

Biosurfactants are biologically-produced amphiphilic compounds that exhibit sadaeity
through the actions of their hydrophilic and hydrophobic groups. Biosurfactantsinseneted

to enable soil-borne bacteria to access hydrophobic carbon sources, and have since been
recognized as having many other functions including biofilm maintenance ahgbacant
required for swarming motility (movement across moist surfaces/ logepterge agar plates)
(Neu, 1996; Ron and Rosenberg, 2001). In plants, biosurfactants have received attention for
their possible roles as virulence factors enabling diseases of some wasyapld as
antimicrobial compounds that might contribute to biocontrol of plant diseases (lduteimd
Johnstone, 1993; Hutchison and Gross, 1997; &ais, 2004; Hernandez-Anguiambal .,

2004). However, when testeavivo, the contribution of biosurfactants to biocontrol ability has
been generally quite modest (Krwgftal., 2009). With a growing appreciation that human
pathogens occur on fresh produce there is renewed interest in the ecologicalhvese of
compounds in the phyllosphere.

Previously, it was demonstrated Pseudomonads that produced surfiacteindschanged the
wettability of the leaf after they were allowed to multipiyplanta (Bunsteret al., 1989).
However, it was not determined whether or not this benefitted the bacteria. &ctaoits can
enhance the contact between water and the leaf surface; this enlargedavesttef the leaf
might enable more of the leaf to be colonized by bacteria, and it could increasstrthatain of
locally abundant nutrients that might be separated by waxy regions of thehieafwould not
otherwise be wetted by water. Furthermore, besides increasing growththedigiribution of
nutrients, biosurfactants might also increase nutrient or water avaylabilfiose sites already
colonized by bacteria. Surfactants are capable of solubilizing plant eplautivax, although
only at concentrations above the critical micelle concentration (Taghaka 2001). With
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reduced epicuticular wax, the diffusion of nutrients from the interior of thedehe surface
would be enhanced. While waxes are not solubilized at lower surfactant conmesitrat
surfactants can have a plasticizing effect on the cuticle and enhanceoditiusoss the cuticle
(Schreibert al., 2005). Despite these many hypotheses of biosurfactant function in the
phyllosphere, their actual roles have not yet been addressed. Thus we sought talgpecific
investigate the roles of biosurfactant production in bacterial movement on éalvesticle
permeability.

We recently reported th&seudomonas syringae pv. syringae B728a produces multiple
biosurfactants (Burckt al., 2010). Both syringafactin and BRF (a Biosurfactant Regulated by
the Flagella) were produced and were required for motility in culture. Althnaglistinctions
are usually made of the features of biosurfactants, extensive chaediergf synthetic
surfactants has revealed that their physical properties can diféglygrad this will greatly

affect the processes that a given surfactant will best participate innskamce, the overall
balance of lipophilic and hydrophilic components (HLB) of a given surfactant mm@ortiant
descriptor of its useful properties. Hydrophilic, water soluble surfactantscsteuseful for
solubilizing oils into water, while the more hydrophobic surfactants have low sttubilvater
and are poor at this process. While syringafactin produc&d dyyingae B728a is relatively
hydrophilic, BRF is apparently much more hydrophobic; these two compounds whicly displa
different physical properties would be expected to have different biologleal rAdditionally,
these two surfactants are regulated differently, with syringafa@inlynnduced on surfaces,
and BRF freely produced in agueous conditions. This study reports initial explocdtibes
roles of these two surfactants in the epiphytic lifestylB.@&lringae B728a. Because the
interactions of bacteria with plants can be easily observed in the phyllosphstedied the
behavior of wild type and surfactant mutants using a variety of techniquedimgctulturing

and fluorescent microscopy to address the roles of surfactants in motditutcle

permeability.

MATERIALSAND METHODS

Bacterial strainsand growth conditions. P. syringae pv. syringae B728a (Loper and Lindow,
1987) was cultured on King's medium B (KB) plates with 1.5% technical agar ¢Kahg 1954)

at 28°C. Hydrated paper discs were prepared by gently placing individualtépxdfgcs

directly onto agar plates. Antibiotics were used at the following coratemts (1g/ml):

kanamycin (25), rifampin (100), natamycin (21.6), gentamycin (75) and spectinomycin (100)

Plant inoculations. For all plant experiments, primary leaves from 2-week old plants

(Phaseolus vulgaris cv. Bush Blue Lake 274, with 4-6 seedlings per pot) were used. For studies
of the wettability of leaf surfaces by bacteria, individual bactenalrst cultured on KB plates

were removed by scraping, suspended and washed in sterile phosphate buffer (1 mM, pH 7.5),
and adjusted to a final cell concentration of @@lls/ml. Cell suspensions were sprayed using a
hand-held perfume mister onto plants and the plants were then enclosed with pigstiic ba
maintain 100% humidity, and incubated under 16 h light cycles at 25°C for two days. The plants
were then allowed to dry on a lab bench at about 60% room humidity for two hours before
testing.
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For epiphytic fitness assays, individual bacterial strains cultured on K&platre removed by
scraping, suspended and washed in sterile phosphate buffer (1 mM, pH 7.5), and adjusted to a
final cell concentration of facells/ml. Cell suspensions were sprayed using a hand-held sprayer
onto plants and the plants were then enclosed in humidity tents with periodic foggingtaimai
100% humidity, and incubated under 16 h light cycles at 25°C for two days. Leafs were
periodically sampled from the plants at 1, 2, and 3 days after inoculation, sonicétedifom
phosphate buffer and serially dilution plated in order to obtain CFUs.

For leaf motility assays, individual bacterial strains cultured on KB ple¢es removed by

scraping, suspended and washed in sterile phosphate buffer (1 mM, pH 7.5), and adjusted to a
final cell concentration of 2 x 1@ells/ml. 5ul droplets containing Tcells were applied to

leaves on a defined site near the base of the leaf, and the plants were kept ity hembsdivith
periodic fogging to maintain 100% humidity. After 1-3 days the lower leaf segr@tdasted at

5 cm from the point of inoculation in a direction toward the tip of the leaf were gefaled

after sonication in order to determine the populations that had presumably grovesas af r
bacterial motility. Alternatively, whole leaves were collected antég@lto determine total
populations.

For microscopic examination of reporter strains, strains were inoculated ontgdatdéscribed
above for epiphytic fithess assays, and plants were bagged individually to ma0Q&b
humidity. For microscopic examination of constitutively fluorescent stratrans were
inoculated onto leaves as individual droplets as described above 4or leaf motiyty. ass

Surfactant extracts. Crude biosurfactant-containing culture extracts were prepared with
modification to the protocol detailed by Bestial. (Bertiet al., 2007). Agar plates with
confluent lawns oP. syringae B728a were grown for 48 hours. Cells were harvested by
washing four plates with 90 ml,B and cells were removed by centrifugation (5,000 x g, 10
min). Filter sterilized supernatant was extracted with 150 ml etlkeyhtcand the organic
fraction was dried to completion and re-suspended in 4 ml of methanol, filtered tlarOugh
um Nalgene filter (Fisher Scientific) and dried to completion. ExtractiorRi Bom aAsyfA
carrying pBRF2 was performed as described in Chapter 4.

Surface tension measurements. The surface tension of cell-free supernatants was determined
using the pendant drop method. Cell-free culture supernatants were analyzad-# 4000
video analysis instrument (First Ten Angstroms Inc., Portsmouth, VA). Dsopéee produced
using a 22 gauge blunt needle and the values reported represent an equilibricentensian
determined 60 seconds after drop formation.

To determine the contact angle measurements on bean leaves, singlevie@vearvested and
taped around a 50 ml falcon tube and positioned with the leaf horizon perpendicular to the
camera view. A droplet of @ H,O was deposited onto the horizon of the leaf sample using the
FTA instrument, and the image recorded every 100 ms for 15 seconds, by whidietuinepiet
had reached equilibrium. Contact angles were determined using the softwaredwathdée
instrument. Leaf areas free of major veins were avoided. Around five drapletddast four
leaves were used to determine the average contact angle of the leaves.
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Fluorescence. P. syringae B728a strains were transformed with either a pKLN42-tet plasmid
conferring constitutive GFP fluorescence (J. Cho, unpublisheg)fAsBfp indicative of
syringafactin transcription (Chapter 2),lfA-gfp indicative of BRF transcription (Chapter 4) or
pPfliC-gfp indicative of flagellin transcription (Chapter 4). Strains were either iatenilonto
plants as described above, or were grown on KB plates overnight and then suspended in
phosphate buffer (10 mM, pH 7.5) to an approximated@f 0.2. GFP fluorescence intensity
was determined using a TD-700 fluorometer (Turner Designs, CA, USA) with amM86-
bandpass excitation filter and a 510- to 700-nm combination emission filter. i&keelat
fluorescence unit (RFU) was definasithe fluorescence of the suspensions normalized for the
suspension turbidity measured as¢@D

Microscopy. Inoculated leaves were harvested and sonicated in 30 ml potassium phosphate
buffer (10 mM, pH 7.5) for 2 minutes. Cells were collected by centrifugation astdffiazen in

a solution containing gg/ml DAPI. DAPI-stained cell samples were washed and spotted onto
charged slides (clean glass slides pre-dipped in 0.1% gelatin solution)lidroplets and air-
dried under the hood. Samples were then covered with Aqua PolyMount anti-fade mounting
reagent (Polysciences, cat#18606) and cover slips. Bacteria were viewed agtdgpihetd at
1000x magnification using a Hamamatsu digital camera attached to a Zagnager M1
microscope. Samples were excited using a broad-spectrum mercury pyatahvisualized

using standard DAPI and EndowGFP filter cubes. Exposure settingsflia-gip were 0.5
seconds for DAPI and 0.5 seconds for GFP. Exposure settingssidéA{@fo were 0.4 seconds

for DAPI and 0.5 seconds for GFP. Exposure settings florfaR)fp were 0.2 seconds for DAPI
and 2 seconds for GFP. For each treatment, 5-10 images were acquired usingsifigiare,
using the Multi-D Acquire function for paired DAPI and GFP photomicrographs. Homadle
pairs, DAPI-stained bacterial cells were masked using the iVisiom&wggtion function, and

the segment masks were copied and pasted onto the tandem GFP images. Mean GFP pixel
intensity for each masked object was quantified. Objects that were laskOtbba more than 200
pixels in size were excluded from the data. Background fluorescence waseddas

calculating the pixel intensity from cell-free portions of GFP images.

Cuticle permeability. Cuticular transpiration was measured using radioactive labelled water
(spec. activity: 925 MBq g, Hartmann Analytik) and a method described in detail by (Schreiber
et al., 2005). Enzymatically isolated and UV-sterilizéinus cuticles were mounted into sterile
transport chambers filled with,O (6 x 1d Bq ml'Y). Chambers were incubated upside down
on scintillation tubes at 100% humidity and 20°C. Water loss was measured fet atde@

obtain the initial water flow before inoculation.

For inoculation selected bacterial strains were precultivated on KB pla2&SC for 2 days.
Cuticles were inoculated with 200 pl of surfactant extracts or dense susyseofbacterial cells
at 20°C and 100% humidity. For direct bacterial inoculations, after 24 h bactepahsios and
water were carefully removed with cellulose tissues, leaving a thind&gelhering cells on the
cuticle surface. After inoculation with bacteria or surfactant etdravater flow was measured
again for at least another 8 d. Mean effects of bacteria or extracts anautianspiration were
calculated dividing the rate of water flow after inoculation by the rateatér flow before
inoculation.
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RESULTS

Biosurfactant production on the leaf surface. SinceP. syringae produces two motility-
enabling surfactants on agar plates, syringafactin and BRF, both of thessudaould
contribute to altering the surface tension of leaves. In order to detdimeingative
contribution of these two surfactants to modifying leaf properties, we ipitlh#racterized the
relative surfactant activities of these two compounds. Surfactants weaeted from lawns of
plate-grown cells of differerR. syringae strains in order to obtain semi-pure cultures of
surfactants. Similar to the wild-type straimlarfA strain that only produces syringafactin
yielded an extract that lowered the surface tension of water to 25-26 difrdbia 1). On the
other hand, extract fromAsyfA strain that only produces BRF reduced the surface tension of
water only slightly below that of an extract fromsyfA/AbrfA strain incapable of producing
either surfactant (around 60 dyn/cm). Thus it appears that syringafati@nmsin contributor
to the surface activity d?. syringae in culture. However, as we have observed previously
(Chapter 4), whebrfA is constitutively expressed imAsyfA strain AsyfA + pBRF2), the
extracted BRF surfactant is capable of lowering the surface tensicteftw levels near that
conferred by syringafactin (Table 1). This indicates that BRF is a potenttamifebut that its
small contribution to surface activity on agar plates stems from its low produletiels under
these culture conditions on agar plates.

TableVI-1. Surface active properties of surfactants produceld. syringae B728a.

Surface tension of

Bacterial strain water (dyn/cm)

WT 25
AsyfA 55.9
AbrfA 26
AsyfA + pBRF2 29
AsyfA/AbrfA 59.5

While BRF contributed little to reducing the surface tension of water compargdngagactin

in agar-grown cells we assessed the contribution of both of the surfantpiaista since their
patterns of production may be quite different on leaves compared to culture medidesef

the production of surfactants on leaves we measured the water-repell&inegant us vulgaris
leaves colonized bk. syringae strains differing in their ability to produce these two surfactants.
After allowing inoculated bacteria to incubate on moist leaves for two dayestimeated the
interfacial tension of water on leaves from the contact angles of wapdet$ placed on the leaf
surface. Plants inoculated with the wild-type straiR.adyringae exhibited increased contact of
water droplets with the leaf surface, indicated by a reduced contact Bioglg)( The contact
angle of water on plants inoculated witAg/fA/AbrfA strain incapable of surfactant production
was similarly high as that on non-inoculated plants and much higher than that on plants
colonized by the wild type strain of P. syringae (Fig. 1). It is noteworthattieugh the
amphiphilic virulence factors syringomycin and syringopeptin can still be produeed i
AsyfA/AbrfA strain, we see little if any contribution of their possible production on the properties
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of water on the leaf surface. AbrfA strain ofP. syringae that only produces syringafactin still
reduced leaf surface water tension to levels indistinguishable from tHatreohby the wild-
type strain (Fig. 1). Thus, similar to plate culture extracts, syringaiacufficient to account
for nearly all of the observed surface activityPosyringae on plants. However, contrary to
plate cultures, asyfA strain that is only capable of BRF production significantly reduced the
surface tension of water (P<0.01) on leaves to a level intermediate betweell{typevand the
surfactant-deficient strain (Fig. 1). This suggests that BRF, althoughathtged at levels
comparable to syringafactin, nonetheless is produced in sufficient quantities to ttateons
surface activity on plants and that it is produced at a higher level on leaves tharcitligre on
agar plates. This apparent increased production on leaves is consistent with ousprevi
observation that moist, rough surfaces indor¢A transcription more than smooth agar surfaces
(Chapter 4).
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Figure VI-1. Effect of biosurfactant production on leaf surface properties.

Contact angles of individual water droplets on &sainoculated with a variety &f syringae strains or an
un-inoculated control. Each measurement is aregeecof at least 19 water droplets from at least fou
different plants from two different pots,standard error.

In order to verify production of syringafactin and BRF on the plant surface, we irextplants
with fluorescent reporter strains indicative of the biosynthesis of each faictsut. We
recovered the reporter strains after two days of growth on plants in humid conditidns
measured the relative fluorescence of individual cells by calculdigugaverage pixel
intensities by quantitative microscopy. Both reporter strains were inducglnts (Fig. 2),
each displaying a broad range of induction levels, indicative of varying coranbudf
surfactant production on the leaf surface. We did not observe distinct tiers of prodeisn |
but rather a semi-normal distribution of production, which suggests that there are not
subpopulation of producers and non-producers such as has been obsBreeatitihis (Lopez
and Kolter, 2010). Thus, in agreement with our detection of biosurfactants on the keed Surf
syringae induces production of both syringafactin and BRF epiphytically.
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FigureVI1-2. Expression ofyfA andbrfA from individual cells oPseudomonas

syringae recovered from plants

Average pixel intensity of cells harboring the ptad pPsyfA-gfp in which GFP expression is dependent on
the promoter of syringafactin biosynthesis (A) aimel plasmid pBrfA-gfp in which GFP expression is
dependent on the promoter of BRF biosynthesis {BJe GFP fluorescence of cells was measured by
guantitative fluorescence microscopy after recowdrgells from growth on plants. The average pixel
intensity of individual cells is plotted againsetbumulative proportion of cells having that or éwpixel
intensity.

Biosurfactants and leaf motility. While the biosurfactants produced Bysyringae on leaves

can alter the surface tension of water measured at the scale of individerativeglets, the
guestion remained as to whether such changes in water behavior would affec!dmedtavior

at the small scales at which it lives on plants. We thus measured changesatilityeonP.
syringae strains differing in surfactant production on leaves since we hypothesize that
biosurfactant production in the phyllosphere should increase cell motility in thisthadbi
observedn vitro. We previously demonstrated that biosurfactants contribute greatly to the
swarming motility ofP. syringae B728a on moist agar surfaces, but not to either swimming or
movement through hydrated paper (Chapter 4). As flagella appeared to bedréaqumest

forms of motility inP. syringae and since flagellar motility has previously been shown to play a
role in movement oP. syringae on leaves (Haefele and Lindow, 1987), we also constructed a
AflgK deletion mutant deficient in flagella production to use as a motility-deficantrol strain
for comparison purposes. Since cell$?o$yringae can move several centimeters per day on
moist agar surfaces we measured the movement of strains differingaatantfproduction and
flagellar motility across the distance of enfrevulgaris leaves. Individual leaves were
inoculated with a single small (5ul) droplet containing délls of a given strain on a defined site
near the base of a leaf and the leaves were kept in a humid chamber. Afteslti®dayer

leaf segments at 5 cm from the point of inoculation were quantified by pédtargsonication in
order to determine the populations that had presumably grown as a result oalbactrty.
Movement of bacteria from the point of inoculation was found to be much more dependent on
the environmental condition to which they leaves were exposed than to the features of the
bacterial colonists. On relatively dry leaves exposed to non-fully seduaat bacteria were
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rarely detected at distances as far as 5 cm from the point of inoculation. rastomben leaves
were exposed to highly humid conditions under which moisture does not evaporate from leaf
surfaces, we observed similar but highly variable numbers of cells of eaichattthe 5 cm

distal sampling location, including the flagella knockout (data not shown). Thus it apfiesre
active motility might not be required for bacterial translocation on wet $emve that passive
processes such as mobile droplets of condensation might be sufficient to disperse dearciss
the leaf.

While long-distance movement Bf syringae on leaves was not obviously dependent on
surfactant production, we hypothesized that more local movement might benefitiffaotant
production. Local motility on leaves was assessed by visuatiingnarked strains d.

syringae that differed in surfactant production within and near droplets of inoculum placed on
leaves. Droplets were incubated for one or two days at 100% room humidity, so that the drople
never dried out, nor moved from the point of inoculation. It was not visibly apparent whether th
strains differed in their dispersal from the droplets. The large majoraglisfremained within

the water drops, with small assemblages of cells sometimes visilatebites of the main

droplet, irrespective of genetic background. There appeared to be an increasedtieekstyat

the outer edges of the droplets (Fig. 3), especially in strains which wereleaf both flagella

and syringafactin production, although the variability between droplets made suclabbsesrv

hard to quantify.

FigureVI1-3. Syringafactin enables higher density colonization at the edges of water

drops.

Photomicrographs affp-marked strains of WT (A) antisyfA (B) P. syringae on leaf surfaces. Strains
were inoculated as single droplets of inoculum, guedpictured fields of view focus on the boundadge
of a water droplet containing the inoculum (leftgoam of view). Excess liquid was removed before
imaging.

Because we were unable to accurately quantify the spatial distribution afdactéeaves with
microscopy observations, we measured the total population of bacteria that had deselope
leaves after 24 hours of growth. Given that net growth on leaves would be indicative of
successful accessing of nutrients either at the point of inoculation or froentainhearby that
were accessed by local exploration of the leaf, we reasoned that anypefiedactant
production on either movement of cells on the leaf or increased nutrient diffusion hear cel
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should result in altered bacterial growth. The results of experiments in whiahtsafP.
syringae altered in surfactant production were applied to leaves were highly variable and
therefore the studies were repeated many times. Generally we founddinatsipable of
producing both flagella as well as syringafactin grow to about twice the popusite
compared to mutants blocked in syringafactin production (Fig. 4). We hypothesitesha
larger population size might be reflective of the higher density of cells obsernedeatges of
the droplets in the studies discussed above.

58
5y o R
“ |- -0 - AbrfA
2 5.6 1. 4. noa
@ 55 | —e— AsyfAMADITA
€ g4 | —0O-nfgk
=]
£ 5.3 +
E 5.2 +
g 5.1 4
- |
4.9
4.8 .

Day 0 Day 1

FigureVI1-4. Epiphytic multiplication from single spot inocula
Bacterial surface populations on bean leaves aftemight application of spots and measured by CFU.

Since motility ofP. syringae is dependent on flagella which, in turn, affect the expression of
surfactants such as BRF, we investigated the expression of fliC encodelrflagmutant
strains of differing in surfactant production as an indication of potential for mewam
different settings. We first examined the expression of flagellin in thereiff strains on hard
agar plates to determine if flagellin expression differed under conditions wdtéityns not
observed. Indeed, the expressiofii@ was very similar in all strains, irrespective of their
ability to produce surfactant (Fig. 5A). We also examifi€zlexpression in cells that were
allowed to colonize hydrated paper discs placed on agar surfaces, a condition tlest actatd
flagellar motility. Although not significantly differenfljC expression was higher inAdorfA
mutant and was lower inAsyfA/AbrfA double deletion than the wild-type strain (Fig. 4A).
Based on results seen in other studies in culture (Chapter 4), it appears AfmatAlrautant
produces more flagellin than the wild type strain while on this porous surfaceppévha
compensate for increased flagellar breaking. In contrast, the mutantiatking syringafactin
production apparently produces slightly less flagellin and also exhibits leisymothese
porous surfaces (Chapter 4). Interestingly, the mutant lacking anytantfpmduction also
apparently exhibited reduced flagellin production, perhaps reflecting a respdessg favorable
conditions for motility.
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FigureVI-5. invitro andin vivo expression ofliC in surfactant mutants &f. syringae
GFP fluorescence exhibited by the wild-typsyfA, AbrfA, or the double deletioasyfA/AbrfA strains of

P. syringae B728a harboring the plasmid fiZ-gfp in which GFP expression is dependent on the premot
of fliC encoding flagellin synthesis. GFP fluorescencstiafins was measured by a fluorimeter after
vitro growth on hard agar plates and hydrated papes disd expressed as relative fluorescence
normalized per OE, (A), or the average pixel intensities of thosdscehich exhibited GFP fluorescence
above the level shown by uninduced cells as deteuinby quantitative fluorescence microscopy after
growth on leaves (B).

The expression dfiC was also examined in the surfactant mutants recovered from colonized
plants. We observed heterogeneous expressithiCah strains recovered from plants indicative
of two subpopulations (Fig. 6). An analysis of the variation in GFP fluorescence observed
among cells recovered from plants revealed that different proportions obfci#ibs various

strains expressdtlC while on leaves. A large number of cells in a given field of view had
similarly low GFP fluorescence as cellsRofsyringae not harboring @fp reporter gene (an
average pixel intensity of 15 units at the exposure times used in this study).célesere
assumed to bR. syringae cells that lacked any expressiorflo€ since nearly all cells recovered
from plants were the inoculat&€d syringae strains. The remainder of the cells exhibited a range
of levels ofgfp fluorescence detectable by fluorescence microscopy. Assuming that the non-
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fliC-induced cells were completely non-motile and that the cells that exhibitmsasome
detectabldliC expression were motile, we quantified the fraction of cells of each strawehat
potentially motile on leaves. About 39.2% of WT cells are non-motile on plant surfages (F
6A) while as many as 44.2% and 47.3% of the cellssgfA andAbrfA mutant strains
respectively were apparently non-motile. Over 53.1% of the cellasffA/AbrfA double
deletion were non-motile (Fig. 6B). Contrary to the results of large-scaityradsays, the
analysis of the expression of genes related to motility suggests that ¢helsoiffactants do
play a significant role iin planta motility. However, it remains uncertain how the levels of
flagellin synthesis relate to the form or extent of motility.
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FigureVI1-6. Expression ofliC of individual cells in individual cells of strains

Pseudomonas syringae differing in surfactant production after recovery from plants
Average pixel intensity of wild-type (A) aksyfA/AbrfA (B) cells ofP. syringae B728a harboring the
plasmid pRiC-gfp in which GFP expression is dependent on the prenwfliC conferring flagellin
synthesis. The GFP fluorescence of cells was medday quantitative fluorescence microscopy after
recovery of cells from growth on plants. The ageraixel intensity of individual cells is plottedainst
the cumulative proportion of cells having that@weér pixel intensity. The open arrow marks the
discontinuity in fluorescence intensity that digtilshed un-induced and induced cells, and the dlose
arrow marks the median GFP fluorescence of cediswlere considered to have at least some level of

induction offliC.
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After filtering out the subpopulations of ndinc-induced cells, the average level of GFP
fluorescence observed among induced cells was assessed. The reldtivechgmesssion of

fliC in a given strain on plants was similar to that observed on hydrated paper discsén cultur
While aAsyfA mutant exhibited only a slightly lower level of expressiofli@ compared to the
wild-type strain, a\brfA mutant enhanced expression. FurthermoreAsg@V/AbrfA double
deletion exhibited reduced levelsfbC expression.

Biosurfactants and cuticle per meability

To test the hypothesis that the biosurfactants produc&ddyyingae could act as plasticizers of
the cuticle of plants, thereby increasing its permeability to both water aadspdltes, we
characterized the effects of culture extracts containing surfactardlated cuticles. Using
diffusion chambers as described before (Schretoar, 2005), isolated cuticles froRrunus
laurocerasus were used to separate two chambers, and the flow of deuterated water from one
chamber to the other was measured to estimate cuticular permeabilityopliéel she extracts
directly onto isolated plant cuticles and measured the levels of movement oiuhe @eross the
cuticle. Application of syringafactin (from an extract oflafA strain) resulted ina 1.5 (0.8) —
fold increase in the diffusion of deuterated water acrosBrivaus cuticles (Fig. 7A), while
extracts from asyfA/AbrfA mutant had no apparent effect on the cuticular diffusion rate:(1.0
0.15) (Fig. 7B). Extracts from a wild-type strain increased cuticular affus a similar extent
as that of extracts fromAbrfA strain, while those from AsyfA strain did not alter cuticular
diffusion, similar to that of extracts fromAssyfA/AbrfA strain (data not shown). The magnitude
of these effects of the different mutant strain extracts on cuticularidrifusas similar to their
effects on water tension itself (Table 1). While BRF is unlikely to be produdedhatevels on
the leaf based on our previous results (Fig. 1), we tested the effect of high |I&BRE oh

cuticle permeability using extracts of\ayfA strain which overexpressbsfA. Although this
extract has high surface activity (Table 1), it induced very little change auticke (data not
shown).
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FigureVI-7. Effect of surfactant extracts on cuticular transpiration

Measurements of heavy water that have diffusedsadiee cuticle over time. The arrows indicatetittme
point where extracts from a surfactant mutesyf A/AbrfA strain (A) and abrfA strain that produces
syringafactin (B). Measurements are an average lefast 9 isolated cuticles.

Given that cuticular permeability was increased upon application of syattgaive tested
whether colonization of leaves with syringafactin-producing bacteria waelld similar
changes in cuticular function. Dense cultures of plate-grown cells anddbeaiated surfactant
were applied to the cuticles, and diffusion of deuterated water was measuréatas be
Surprisingly, mutant cells deficient in any surfactant production increasqebtimeability of the
cuticles much more than the cells of the surfactant-producing wild-type @trg. 8).
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FigureVI-8. Effect of suspensions of cells Bseudomonas syringae strains differing in

surfactant production on cuticular transpiration

Measurements of deuterated water that diffusedsadie isolated cuticle over time. The arrow iatis
the time when cell suspensions of a wild-type sttaiosed circles) or a surfactant mutAsgfA/AbrfA
strain (open circles) d?. syringae B728a were applied. Measurements are an avefagjdeast 5 isolated
cuticles. The vertical bars represent standariatiews.

DISCUSSION

Pseudomonas syringae pv. syringae has proven to be a very useful model organism by which to
study the biological role of surfactant production. While this species includessirains that

are pathogens of a variety of plants it also demonstrates a superiortatslityive and thrive
epiphytically on asymptomatic plants compared to most other bacteran{-ind Upper, 2000).
Biosurfactant production has been noted in many species of Pseudomonads, but few
Pseudomonas habitats allow for as easy observation and manipulation of surfactant production in
these natural habitats as do leaves. Thus, the phyllosphere has proven to be ah sxtele

in which to test the biological roles of biosurfactant production. The studies repardtbkie
shown, using a variety of techniques, the different roles of syringafactin dadBth

bacterial motility and nutrient acquisition in this plant colonist.

Biosurfactants have long been presumed to play a role in bacterial movementméafyle
reports have shown their contribution to motility in somewhat artificial sesfaach as on agar
plates (Kearns, 2010), few studies have addressed this function in more realigtts. A clear
explanation of how they might aid in motility, especially in complex environmergs)dtebeen
presented. Our results indicate that biosurfactants play only a modest ralgliity on humid
leaf surfaces. Although rapid long-distance motility across leaves aavsbeved, it does not
appear that this form of motility resembles biosurfactant- and flagedi#iated swarming
motility, at least under the conditions that we explored. Swarming moéligsron a
continuous outward expansion of a thick layer of cells. However, such a cell dexsity a
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continuity of cell assemblages may not be common on leaf environments, where instead
somewhat isolated cell aggregates are much more commonly observed (dhohigndow,
2004). In fact, the leaf is considered a spatially heterogeneous environmentattéhescsites
that are relatively hospitable to bacterial growth. It appears that Istayrde travel (movement
of more than several centimeters) across a leaf is much more likelylteelie passive
movement associated with water movement itself rather than due to actiegdbanovement.
Previous studies, for example, have also documented that natural processes shehehsditly
rain droplets are important in natural dispersal of bacteria on plants (ltrainp1996).
Although certain conditions might be envisioned to foster active surfactant-etetedterial
movement across leaves such as thin, persistent moisture films, such conditions doeld not
recreated here. Further work will be needed to determine those conditionsiwfbaetarts have
their maximal effect on bacterial movement on such rough, spatially hetoergemfaces such
as leaves.

Although biosurfactants might not play a large role in large-scale movemenints) pla find
evidence that they enable movement at much smaller spatial scales. deace\dlearly
indicates that the surface tension of individual droplets of water is lowered dhéepimtiuction
of syringafactin on leaves (Fig. 1). The resulting spreading of water dragietss the leaf
expands the zones of colonization for the bacteria that produced the surfactant andlgpparent
increases their access to local, but dispersed nutrient-rich colonizatioorsitesleaf. This
process of expanded areas of colonization on leaves might proceed similar to thadofopos
swarm expansions in culture (Turret@l., 2010). Swarming cells in this model include cells
that are stalled at the swarm front that pump water to the edge of the group; tred ofvers
orientation of their flagella extends them beyond the swarming front which theshdiegnnel
water outwards, thereby expanding the swarm front (Twatredr, 2010). A surfactant such as
syringafactin could lower the tension of the water at the swarm front whicld weake it easier
to perpetuate such thin films of water. Further experimentation with srgaHetities of
bacteria in sub-microliter sized water droplets should enable observation ohthibution of
surfactants such as syringafactin to such a process.

In addition to enabling local motility and thus the outward expansion of colonized aqueasis zone
on plants, surfactants may play a role in enabling conditions for flagelldityritgelf. The
presumably hydrophobic surfactant BRF appears to play a prominent role in sucess.proc
Populations of cells in a mutant Bf syringae that could not produce BRF included a larger
proportion of cells that did not exprd&€ and thus were presumably non-motile compared to
strains that could produce BRF. How might BRF be enabling expression of flagellihus
presumably enhancing flagellar motility in the phyllosphere? Severaldfregdence and other
published reports (McCartet al., 1988; Belas and Suvanasuthi, 2005) suggest that there is a
feedback on production of more flagellin and other flagellar components under conditions where
flagellar breakage or increased torque occurs. This is especially pnonwvimen bacterial cells

are grown on surfaces. We have observedflil@aexpression is up-regulated in populations of
AbrfA cells (Fig. 5); it appears that BRF probably lubricates flagellts, aetl/or surfaces, which
increases motility and decreases flagellar breakage. Thus syringaiadtBRF appear to

cooperate in different processes that seem to be essential for flagedi@ted movement on

rough surfaces such as leaves. Syringafactin may aid in wetting sudacesle movement to

take place, while BRF may help protect the flagella themselves to enapl@tiess to proceed.
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Alternatively, because we know BRF has relatively low water solubilitgight act as an
effective evaporation barrier at the water/air interface, enhancaoigrtz access to thin films of
water through which to travel. Future examination of water availability in theityi of bacteria
differing in surfactant production at such small scales should provide much insiglhieinto t
process of motility.

Although we clearly observe an effect of purified syringafactin on cati@grmeabilityn vitro,
it is unclear what role, if any, surfactant production by bacteria haidong cuticles while
they colonize plants. It is puzzling that when a surfactant-deficient mugandpplied to
isolated cuticles, it actually increased cuticle permeability tddeugher than those observed
for cuticles treated with surfactant-producing cells (Fig. 8). Preigievidence suggests that
syringafactin has an anti-adhesive property that prevents cells froninggiwethe leaf cuticle.
This would be in agreement with the many examples of other biosurfactants whiatt gineve
adherence of bacteria to surfaces such as silicone, glass, and staelgdditsthke and Costa,
2007). Perhaps the tighter adherence of surfactant-deficient mutants to tleecoutigared to
the wild type strain better enables water loss though another mechanism. tikigrntne
bacteria might produce other unknown plasticizing factors that can increasentieapiity of
the cuticle, but a film of surfactant on the cuticle might decrease the effeuch compounds
and/or disperse these factors and reduce their impact on the cuticle. Fudiessill be
needed to address these possibilities. Additionally, it should be rewardingrimexhe role of
these different surfactants in moving substances other than water acraggctae Elydrophilic
surfactants such as syringafactin, when adsorbed into the cuticle, shouddenitre hydration
of the cuticle, increasing the movement not only of water but also water-solaldeules.
Alternatively, although hydrophobic surfactants readily adsorb into théesutiey do not
increase the hydration but rather the fluidity of cuticular waxes that, in turaases the rate of
diffusion of hydrophobic compounds across the cuticle (Hess and Foy, 2000). Although we have
not observed an effect of BRF-containing culture extracts on water moverness the cuticle,
it might enhance bacterial access to other compounds.

Another potential role of biosurfactant production that we have not explored is thégoss
contribution to enabling spontaneous bacterial invasion of stomata. This movement @ingater
bacteria into the apoplast is normally prevented by the high surface tensioteigfomacan

occur when the surface tension of the liquid is reduced suchZabrima purpusii when the
surface tension of liquid is less than 30 dyn/cm (Schonherr and Bukovac, 1972). Both
syringafactin and BRF are capable of reducing the surface tension otevagtow 30 dyn/cm,
and it seems likely that locally concentrated bacterial production of tbeggoands on leaves
could achieve the minimal surface tension reduction necessary for spontandiasanfof

bean leaves. These surfactants might thus prove to be virulence fa&osgingae, and their

role in invasion of plants should be further investigated.

There are certain limitations of the broad extrapolation of the resultsdttidy that will
necessitate further study. All studies of bacterial interactions vatitgplvere conducted under
humid conditions close to 100% humidity, but many interactions of bacteria and plants occur
under much drier conditions. It should be informative to repeat some of these expgenmment
lower humidity conditions to observe what, if any, role biosurfactants mightrplay
environments having limited hydration. The relative lack of water might coatesturfactants,
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thereby increasing some of their functions, while decreasing otherfieffoadre, although we

are primarily interested in the role of biosurfactant production in the epiphgstyle ofP.

syringae, it is also pathogenic to our bean plants, and these compounds might facilitate different
types of interactions with this bacterium and non-host plants. It would be iniertat

compare the results of movement and growtR.@&yringae on a non-host plant with those seen
here on the host plant bean. Additionally, because leaf surface waxes have sulbmafzattal i

on bacterial colonization and differ greatly between plant species (ManceBeattie, 2002), it

will be insightful to determine the consequences of biosurfactant production on thgiepiph
existence oP. syringae on leaves of plants differing in cuticular hydrophobicities.

Our research has mainly focused on syringafactin and BRF on the leaf sanfé¢as ignored

the other amphiphilic compounds syringomycin and syringopeptin that are mRdsybingae.

It has been postulated that these phytotoxins might also aid in motiRtysgfingae on the leaf
surface (Hutchison and Gross 1997; Bereflaf., 1999). However, based on our observations
that the leaf surface water tension is identical between un-inoculated goidnptants inoculated
with aP. syringae mutant strain deficient in both syringafactin and BRF production, it does not
appear that either of these phytotoxins have a measurable role in alteiengelsdions on

leaves. Nonetheless, it remains to be demonstrated that strains blocked in producése of t
amphiphilic compounds in addition to syringafactin and BRF do or do not a further reduced
epiphytic fitness.

Although we have not observed a large reduction in epiphytic fithdassgfingae associated

with a loss of biosurfactant production, there have been some clues that both syirmgath

BRF might play specific roles in the phyllosphere. It appears that BRI montribute more to
flagellar movement on the leaf surface than syringafactin, based on its imphetfaaction of

cells expressing genes for flagellin production on leaves. On the other hand ewe dbat
syringafactin might play a larger role in conditioning the waxy leaf serfa enable cuticular
permeability as well as fostering expanded aqueous zones and thus enhance favesable
growth sites. Further studies of surfactant production on leaves should advance our
understanding of the interactions of human and plant pathogens with the plants on which they
live.
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Chapter VII.
Conclusion

Our studies reveal that biosurfactant producers are common in the environment; from 5% of
bacteria from aqueous habitats and as many as 13% from surface environourts puch
compounds (Chapter 3). In fact, we are likely underestimating this prevalenics@s$actant
production was assessed only on a single nutrient medium, while some bactetieestig:t
biosurfactant production to other nutrient conditions that more closely mimic the ooaditi
experienced in their natural habitats. Thus, biosurfactant producers aragamomembers of
bacterial communities, and their production of surfactants can have substapéieis on the
surface properties of their habitats. Human activities also add surfactantsr&d na
environments indirectly as waste, as well as intentionally for agricuiurposes and for oil
dispersal. Thus, further investigations of the physiological roles of biosuntfastaould reveal
important details about bacterial lifestyle and fitness factors, aswélle potential impacts of
the addition of surfactants into the environment on bacterial activities.

To address these many questions related to the role of biosurfactants we deaetape highly
sensitive method for their detection, as well as collected many biosurfpotaliuicing bacterial
strains from a variety of habitats. Additionally, we developed a number of imptwtds for

the study of biosurfactants, including many mutants altered in their producticeil @s w
bioreporter strains in the model bacteriBseudomonas syringae pv. syringae B728a that enable
assessment of the conditions which enable biosurfactant production and the interdepeindency
their expression. BecauBesyringae produces multiple biosurfactants with different properties,
it is an excellent model in which to examine the roles of different types afcsamts within a
single system. With these tools, we were able to make substantial pragresstigating the
biological roles of different types of biosurfactants using genetic apgmsars well as planta
experimentation.

Biosurfactant properties and spectrum of activity

The degree to which a surfactant is hydrophilic or lipophilic is not normally usedénmtéons
of biosurfactants, but it is an industry standard for determining what apmtisatisurfactant can
be used for. Not all biosurfactants have the same chemical properties, anctéfriava
produces a biosurfactant for a specific purpose, then that biosurfactant is moso |hahe
evolved to have the correct physical properties for this function. Biosurfaesaatrchers would
benefit from the development of a variety of physical property-based plescassays

including the degree to which the surfactant is hydrophilic or lipophilic. Combining aentur
knowledge of synthetic surfactants with improved property-based classifications of
biosurfactants could dramatically improve predictions of biosurfactant functions

It is interesting that the atomized oil assay appears to be able to differ¢hé extent to which
a surfactant is hydrophilic or hydrophobic. We observe that hydrophobic and balanced
surfactants confer bright halos, while highly hydrophilic surfactants dreutlito detect and
confer dark halos. Moreover, balanced surfactants cause the de-wetted oisdnagplfetrm a
bright halo to travel along the gradient of surfactant concentration awaytgewurce. It is
possible that this gradient-driven passive motility illustrates a bi@tygielevant role for
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balanced surfactants. Additionally, balanced surfactants specifiodilge liquid to be released
from agar plates onto the surface; are these surfactants the best caholigeiesntial osmotic
agents?It is interesting that in our isolation of biosurfactant producing bacteriadreariety of
environments we did not identify any that conferred dark halos in our assay. Thisndiggie
that the very hydrophilic surfactants best suited for the emulsificationsohtal water are not
commonly biologically produced. Perhaps a hydrophobic substrate needs to be available to
induce production of such emulsifiers.

P. syringae produces both a balanced surfactant with good water solubility, syringafaatiell as
as the more hydrophobic surfactant BRF. Hydrophilic surfactants are prettiaghcrease the
hydration of leaf cuticles and increase their permeability to watable substances (Hess and
Foy, 2000). Indeed, we observed that syringafactin was capable of increasieglméty

across isolated cuticles (Chapter 6). On the other hand, experimentation with hydrophobic
surfactants reveals that although they will increase the fluidity of waxkediiusion of
hydrophobic substances across the cuticle, they will not increase the wateap#ity of the
cuticle (Hess and Foy, 2000). Indeed, when large quantities of BRF weredappkolated
plant cuticles, it results in little if any change in their permealitityater. Because our
biosurfactants behaved similarly to synthetic surfactants having sehaanical properties,
most likely other biosurfactants could likewise have predictable functions. Nosdhig
knowledge biologically interesting, but if we identify surfactant-mediatéigines that are
desirable or undesirable, it would be good to know what properties we might expect the
biosurfactants to display in order to effectively screen for them in environinbewtaria.

Regulation of surfactants

Although we would ideally be able to predict the functions of biosurfactants basedron thei
physical properties, we do not yet know the functions of enough known molecules tedblsev
goal. Another way we approached the elucidation of biosurfactant functions wasrime

their genetic regulation to enable inferences of their roles. It is ititeyeésat we found a wide
variety of bacteria to exhibit surface-dependent production of biosurfactdraptéC 3). This
obviously implicates their importance on surfaces. However, how do bacteria $uch as
syringae sense that they are on surfaces? We demonstrate that it is not throutdr flage
inhibition, or other factors that are generally recognized at surfacesed&mpwe have not yet
identified the signal, but it is apparent that the surface sensing mespagead to SyfR
(Chapter 5). In the future we would like to determine what factor spegifreglts in lower
SyfR activation in broth cultures, namely, whether this is accomplished byddé&greof its
MRNA or by proteolytic breakdown. Alternately, there could be a regulptotger that
phosphorylates or somehow activates SyfR. Additionally, it would be informative to urtkkeve
hierarchy of regulation linking all of the lipopeptides and LuxR-type regulaidssyringae.
These regulators are frequently located near lipopeptide NRPS loci in Pseudsnzobetter
understand of how SyfR functions might shed light on the conserved placement of LexR-typ
regulators with lipopeptide determinants, as well as what makes them bgpeded for their
regulation. It will be especially interestingteudomonas lipopeptides prove to have
autoinductive properties, such asBacillus subtilis (LOpez and Kolter, 2010).

While investigating SyfR, we focused on a curious “fried egg” phenotype that syayeid
specifically byAsyfA mutants. Although we do not necessarily believe that this phenotype is
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biologically relevant, it served as a useful visual phenotype to identify othes gewnstream

of SyfR. Our results suggest that mutants defective in a surfactant guitstoe could both

have unintended consequences on the expression of other genes not directly involved in the
synthesis of that biosurfactant. Further analysis of the fried egg phenotype stpuhdone us
whether this is a generalized response to altered cellular physiologpeciic genetic

response.

Although BRF is not regulated at surfaces like syringafactin, it is curioug thaegulated by

an OmpR homolog iR. syringae that is predicted to function similar to the Cpx two-component
system inP. aeruginosa (Leeet al., 2009). Cpx has been demonstrated to be a method of surface
sensing irk. coli (Otto and Silhavy, 2002), by virtue of its involvement in detection of misfolded
proteins caused by the physical perturbation of surface adhesion. Furthehauddkize done to
determine if this OmpR homolog functions as a surface senBosyningae, and to uncover

how this pathway might contribute to the bacteria’s decision to produce BRF.

Another striking finding from both mutagenesis screens (Chapters 2 and 4) wiae AEfT
extracellular stress response pathway appears to similarly regathteyringafactin and BRF
production. AIgT, thd>seudomonas homolog to SigE, functions in a mode similar to Cpx
wherein it senses misfolded proteins in the periplasm (Raivio and Silhavy, 1999)vdiowe
while a knockout of the potential Cpx-like systenPirsyringae abolished BRF production, a
knockout in AlgT dramatically up-regulated BRF production. It will be intergdb see how
these two pathways differ in their prompts and responses. Furthermore, the ahbily of
mutants to induce the “fried egg” phenotype (Chapter 5) suggests that ansanfalysi
compounds secreted by this mutant will yield interesting results.

Finally, regarding BRF, it will be insightful to determine exactly haagéllar function is linked
to BRF production. Our finding of the co-regulation of BRF with flagellin productiggests a
lubricative role for this biosurfactant. While it is tempting to speculateBR&t production is
tied to Class IV flagellar genes and thus to flagellin production, low but sigmifievels of BRF
production in mutants disrupted in Class Il and Il flagellar genes suggeswiséhéChapter 4).
Furthermore, it is surprising that cells defective in flagellar glyledisy, despite having
functional flagella, up-regulate both BRF and flagellin production as much agedlifi mutant.
This suggests a potentially novel role for flagellar glycosylation inléigellar-mediated sensing
mechanism.

Biosurfactantsin the phyllosphere

As we postulated, it appears that biosurfactant production is a common occurrence in the
phyllosphere (Chapter 3). Further investigation into the factors contributingfaéatant
production on leaf surfaces would better elucidate under what conditions biosusfatiginitbe
most useful to their producers in nature. We need to know more of how factors like humidity,
leaf age, sun exposure, leaf wax composition, and other parameters affect trenpecohl
biosurfactant production. A rigorous analysis of these variables should result ctipeedi
models which would indicate the appropriate conditions for the isolation of large mpsaoitit
novel biosurfactant producers. Conversely, in agricultural settings, conditions could be
manipulated to minimize or maximize biosurfactant production on crops depending on what
roles biosurfactants will prove to have in pathogen motility.
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It is interesting thalP. syringae B728a produces a wider variety of biosurfactants than strain
DC3000. It is tempting to speculate that this larger arsenal of surfaataatsgs for the ability
of B728a to flourish as an epiphyte whereas DC3000 does not. Alternatively, it noigiate
that DC3000 has co-opted syringafactin for a wider range of activities ingltlte pathogenic
role that is normally assigned to syringomycin and syringopeptin productior2aBwhich
DC3000 also does not produce. It will be informative to further investigate symtgafa
production in DC3000 in light of the fact that this strain does not have the ancillaigINR&t
strain B728a has, and to test its role in the interactions of DC3000 with plants.

Although ourin planta results might suggest that syringafactin enables larger epiphytic
populations to develop by increasing diffusion of nutrients across the plant cutiele, ot
explanations have not been ruled out. A point of particular concern is thaPssycegae is a
pathogen td°. vulgaris, it might use specific mechanisms to acquire nutrients on the leaf surface
that would not be available on a non-host plant. If syringafactin enhances nwaidadtibty on

the leaf surface, is that through general or pathogenic mechanisms? On the othedhbhed, di
pathogenic capabilities &f. syringae somehow mask the fithess costs that might otherwise have
been seen in surfactant mutations? It will be prudent t®tsgtingae and its surfactant

mutants on non-host plants in the future to see if the surfactant deficient mutabiiseebarger
difference in fithess compared to the wild type strain than seen on beans. We sweipahd

our assays to measure the ingress of bacteria into leaves, as well s idisiéation and
progression ifP. vulgaris, in order to look into the broader roles of biosurfactant production in
the virulence oP. syringae.

This field would also benefit from the development of sensitive methods to observe
biosurfactantsn vivo. It might be possible to develop microscopic techniques to track how far
surfactants diffuse across the leaf surface from producing cells. Ht b@goossible to either use
specific dyes that bind surfactants, or exploit the ability of surfactatsange the surface
properties of leaves to visualize their presence. Application of smaller anobumbsula onto

leaf surfaces might also enhance our ability to observe surfactant-aidetymatilditionally,

anin planta method using intact plants coupled with sensitive nutrient biosensors , similar to the
isolated cuticle method, might finally demonstrateith@vo role of surfactant-aided nutrient
diffusion.

The widespread prevalence of synthetic and bacterial-produced surfactaetemvironment
and our food supply should provoke a more thorough investigation into the specific roles these
different types of surfactants might have on bacteria. This investigatiordsimiylst examine
their effects on the lifestyle of the producers, but also what they might do for et
bacteria that do not produce surfactants. Surfactants, even when bagisvdliged, are
secreted into the environment and therefore might also affect the interactrasmoducers
with their habitats. It seems likely that these surfactants might emaimen pathogens to
invade plant tissues, for example. Alternatively, they might have a protedtee lef
preventing the adherence of problematic bacteria. Different surfaetarilikely to have
varying effects on these processes, and thus it is important that we alddsesissues for a
broad variety of surfactants.
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