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ABSTRACT

THE ROLE OF BIOFILM FORMATION IN SYSTEMIC MOVEMENT OERWINIA
AMYLOVORAN APPLE

By

Jessica Koczan

Erwinia amylovorais a highly virulent, necrogenic plant pathogen that causes fire blight
disease on apple, pear, and other rosaceous plants. The fire blight pathogey isVagivie
and capable of rapid systemic movement through plants. Current methods of control focus on
chemical and antibiotic treatments. The popularity of highly susceptible csléind the
emergence of antibiotic resistance have driven the need to find other methodsdidficent
blight. The study of pathogen virulence factors has the potential to identify nowall cont

methods.

Several bacterial virulence factors have been shown to be critical filmdmrmation,
the production in a complex aggregated network of bacterial cells, exopolysaeshand other
macromolecules. In addition, vascular plant pathogens commonly use the alwidfilof
formation to aid in the systemic movement of the pathogen. Research presentesttiare
silico analysis to identify several virulence factors. Biofilm formation analemce assays
determined that virulence factors that contribute to the systemic moventerdrmiylovoran

vascular tissue of apple.

The production of exopolysaccharides amylovoran and levan was determined to be
needed for the formation of a mature biofilm. Though cells are motile, amylovdrciermte

mutants are unable to move past the site of inoculation. Levan deficient mutaratg aispl



delayed, reduced virulence phenotype. Several putative bacterial surfatespmt attachment
structures, assist in the initial attachment (both reversible and intgegisf the pathogen to
host tissue. Deletions in genes encoding for the production of attachment strdicstieslly
reduce the biofilm capability &. amylovoraand the ability to get into the xylem tissue. In
addition, mutation of functional flagellar motor stators demonstrated thattynetils important
in mediating contact of bacterial cells to surfaces. Motility of iileebight pathogen is shown
to be important in the movement of bacterial cells within host tissue. Additipnadhyity
seems to be important in the expansion of biofilms. In total, the contribution of theeeule
factors to biofilm formation and the localization of the pathogen in host tissue imphyidfibch

formation assists in the systemic movemert .chmylovoran apple.
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Chapter 1: Literature Review

Apple Malusx domesticy, is both a popular and agriculturally important crop. Fire
blight, caused by the plant pathodemvinia amylovorais a common and devastating disease on
apple, pear and other pome fruits, and affects crops gloliallgmylovorawas first determined
to be a plant pathogen in the 1880s; however, records of disease can be traced to 1780 in the
Hudson valley in the Eastern United States (1). Despite a lengthy higttyljght is still one
of the most prominent diseases on apple worldwide (58). In the southwest gregiorgof
Michigan, in the year 2000, fire blight was responsible for the loss of over four hundreantthous
trees (77). Outside the United Statesamylovorahas been given quarantine status and poses

significant problems in Europe and Asia (100).

Fire blight is recognized by wilting of tissue, necrosis, as well as eesiddooze from
tissue. E. amylovoras a vascular invading plant pathogen that is capable of rapid systemic
movement within the xylem tissue (11). The pathogen is currently managed througk tife
chemical control programs, including the use of antibiotics and copper; howeveméhgence
of antibiotic resistance has highlighted a need for alternate contiobdse{77,104). In
addition, because current fire blight control programs center on controbingrfinfections, if
the pathogen can make it to the vascular tissue or inoculum is present when damagsg storm

occur, there are no means of control for the systemic movemEntaiylovorg77).

Identification of host defenses differentially altered in response by thegeat between
resistant and susceptible apple cultivars has been largely unsuccessful .7 T,Hes€ results
have steered the majority of fire blight research towards understanding howhtbhgepacauses

disease. Researchers working with closely related bacteriaéspsach aErwinia



chrysanthemihave used genetic analysis of virulence factors to design novel contexjissat
(100). Thus, the understanding of virulence mechanisris aiylovoramay lead to not only

the discovery of novel controls but improved design of current control measures. In tha hope
large number of important virulence factordnfamylovoranave been identified through a

variety of techniques (22, 23, 39, 73, 102, 119). The main purpose of this chapter is to review
current knowledge on the systemic movemer.aimylovoran apple. However, the systemic
movement oE. amylovoras largely understudied. Thus, | will address current knowledge on
the disease process, host defenses, and the identity and proposed function of s@eeicd vir

factors, all of which are potentially involved in the systemic movemelat amylovora

Contributing factors to the virulence of E. amylovora.

E. amylovoraa Gram negative, rod shaped bacterium, is a member of the
Enterobacteriaceae family, which includes the animal pathdfgaigerichia colandYersinia
pestis,and plant pathogergantoea stewartjiandDickeya dadantii The biology of the fire
blight pathogen is defined by the virulence factors that are present (BigPhysiological,
biochemical and serological studies performed throughout the 1970’s and 1980 fitsieid
basic characteristics associated with pathogen virulence, incliimpydaduction of
exopolysaccharides (EPS) (53), and bacterial motility (86). Thenadf/genetic techniques led
to transposon mutagenesis studies, which identified the pathogenicity fadiosnoylovora
the EPS amylovoran, the hrp region, and DspA/E (4, 8, 102). Additional transposon mutagenesis
studies identified several virulence genes involved in lipopolysacchamf) (iroduction (107)
and the production of an additional EPS, levan (46). Over time, development of new gcreenin
techniques has led to a long list of additional factors that contribute to the virafdhce
amylovoraincluding penicillin-binding proteins, multidrug efflux pumps, autoinducers, and a

2



siderophore (22, 23, 33, 39, 73, 119). Despite the extensive research put into identifying
virulence factors, functional characterization is limited to only that gb#tleogenicity factors
amylovoran and DspA/E. This may be due to redundant functionality of factors, or wrulenc

factors may act in an additive fashion, similar to the factoxaimhomonas oryza@4).

Despite a lack of functional characterization, virulence factors e@nmggight into the
lifestyle of the pathogen. For example, a pathogen that utilizes thd sgdtion system
promotes damage in the host tissue cells, not only providing nutrients but also aiding the
expansion of colonization (27). The use of the type Ill secretion system can bgsulpibee but
often functions in inhibiting host defenses (45). Other virulence factors such as glodysdes
often contribute to cell structure (LPS) and in protecting the bacterium fi®ent/ironment
(EPS) (34). Recent studies have determined that the role of polysaccharidestipés m
functions in the pathogenicity process (34). Bacterial motility has alsodstermined to be
essential in the colonization of surfaces and bacterial surface struotwok®d in motility have
been shown to be important in attachment of cells to surfaces, as well as topmewntlof
biofilms, an aggregated network of EPS, bacterial cells, and other macraleslgt?). The
ability to use the suite of virulence factors in vascular systemic movesname of the factors
that allowsE. amylovorao be so devastating. Thus insight into movement of the pathogen will

assist in future control.

| A. Type Il Secretion System.The type Il secretion system is important in the virulence of
several plant pathogens includikgfastidiosa25), X. oryzag(83), E. carotovora(92), andD.
dadantii(28). Machinery spanning across the cell membranes (Fig. 1-2) isrdinrtiteat of the

type IV pilus, and consists of at least 12 core components, including pseudopilins (28, 92). The
system secretes proteins or extracellular enzymes, such as polygelases, endoglucanases,
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cellulases, and proteases, which are involved in the breakdown of cellulaah{&®)i The

type Il secretion system is often controlled by quorum-sensing or by themment (92).

Early transposon mutagenesis studies determined that unlike other Erwings $hec
amylovoradoes not use cell wall degrading enzymes to aid in pathogenicity by the breakdown of
tissue (95). Though this early work suggests an absence of the type Ibsesystem, Riekki
and others (87) demonstrated tRamylovoraencodes for type Il secretion machinery,
including a functionatelAgene. More recently, a study examining genes induced during
infection of immature pear fruit also identified several genes encodingrfdrsecreted by, the
type Il secretion system (119). Though deletion of one of those genes only had dfelitjloine
virulence (119), the effect of the secreted enzymes could be additive. Sim#éetyor of
individual type 1l secreted proteins Xf oryzaedoes not alter virulence, but multiple deletions
results in much greater reductions in virulence (&4)dadantiialso produces multiple factors
deemed essential for virulence, though changes in virulence are seen wéerrgarding

multiple virulence factors have been deleted (94).

Secreted proteins are virulence factors that function in the break down tissueehowe
the role these enzymes play in the disease process is mainly spe¢@tiveroposed functions
include combating host defenses, provision of nutrients, or the establishment ata @&j.

X. fastidiosasecretes enzymes that are suspected to degrade pit membranes, aiding in the
movement of the pathogen through xylem vessels (25). Interestingly, furthes stidithe
function for the type Il secretion systemRnaeruginosauggests type Il secretion pseudopilins
have an additional role in the adherence of bacterial cells and an increasgdoatoitim

biofilms (56). Though functionality of type Il secretion proteins fil&namylovorahas yet to be



defined, these proteins could assist in the systemic movement of the pathogem throug

degradation of vascular elements or the adherence of cells.

| B. Type lll secretion system. The type Il secretion system, spanning both membranes of a
bacterial cell (Fig. 1-1), is important in the secretion of effector proteiasntercellular space

of host tissue and can be found in enteric and gram negative plant pathogenic (3i;té6a (
79). The system is generated by an island that encodes genes that assembld ither tyipe
secretion system (30). Pathogens use the system to deliver effector pniteihe host to

suppress host defense responses (45).

Early transposon mutagenesis screerts. iamylovoradentified mutants in the Hrp
island as nonpathogenic and no longer able to elicit a hypersensitive response9(HR2).7
Biochemical studies identified a limited number of proteins that are secketkd type Ili
secretion system including the effector protein DspA/E (#8pA/Ehas been shown to be
homologous tavrE, whose secretion iR. syringaesuppresses papilla formation of the host (12,
45). When expressed planta DspA/E suppresses salicylic acid-mediated cell wall defenses,
including callose deposition, and induces necrotic cell death (17, 32). IntesedDisgh/E is
thought to function within the intercellular space of a plant cell (17); howEvamylovoras a
vascular invading pathogen, residing primarily in the xylem tissue. It isilplatisat DSpA/E
could function in the movement & amylovorao the vascular tissue. Additional studies have
shown that DsSpA/E also plays a role in the induction of reactive oxygen speciesiiRizdta
(112). Induction of ROS has the potential for damaging host tissue, including that of bundle

sheath (60), suggesting additional function in the movemednt afylovora



| C. Exopolysaccharides.Characteristic signs of fire blight include wilted tissue, necrosis, and
ooze. Wilted shoots are thought to be a product of vascular tissue clogged with baedtsrial

and EPS (68). EPS, which forms a loose capsule around bacterial cells (Fig. 4-1), i
determinant that often contributes to disease in several enteric pathogeh)68), Zl'here are
many roles for EPS including protection of the bacterium from desiccation and hapiges in
environment, adherence to surfaces, and biofilm formation (34, 68). In the 1970’s, work in the
Goodman and Beer labs determined EPS to be one of the underlying causes of wii.due to
amylovora(42, 98). E. amylovorgoroduced a material, initially described as the toxin
amylovorin, which caused wilt symptoms in host, but not in nonhost plants (42). Laterithe tox
was identified as amylovoran, an EPS. Additional transposon mutagenesis studigsddeat

EPS levan, as a virulence factor, and an unnamed low molecular weight EPS (40).

i. Amylovoran. Amylovoran is a heteropolymer comprised of a branched repeating unit
consisting of galactose, glucose, and pyruvate residues (75). Genes encodiogytitbdsis of
amylovoran are contained within a 12-gene operon ok tlaenylovorachromosome (21).
Deletion and insertion mutants of critical genes of the operon result in a logshajgacity (8,
120). In plant tissue, bacterial populations are low in concentration, and some sirggle ge
deletions cause slight increases in population size (72). In addition, the quantiyl@f@an
produced by individugE. amylovorastrains is correlated with the degree of virulence, with
weak producers exhibiting reduced virulence (2). Coinoculation with other avirulégis
can restore pathogenicity, and cells that lack EPS gain EPS sloughexroERS positive cells

(7, 81).

The role of amylovoran in causing wilt symptoms was examined by Sjulin and Bger (9
and found to be associated with restriction of water movement through physical blotkag
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vascular element. However, the Goodman group later argued that EPS has addigismal r
disease, including a possible role in interaction with the host xylem tissue (43,H&7[EPS of

E. amylovorahas also been shown to aid in the survival of the bacteria when exposed to reactive
oxygen speciem vitro (61). Despite the implications for multiple roles for amylovoran, the

actual function in pathogenicity for amylovoran has yet to be determined.

Interestingly, the genes encoding for the biosynthesis of amylovorarEframylovora
share a high sequence identity with the genes encoding for the biosynthesigaotast from the
pathogerP. stewartii(29). In addition, cross complementation experiments demonstrated that
amylovoran can replace stewartarPinstewartij however when complementing amylovoran,
stewartan is not enough to restore disease to wild type levels, yet digaasenss can be seen,
suggesting partial restoration of function (9). Stewartan has not only been stiggdstetion
in the movement dP. stewartiithrough the rupturing of pit membranes in the xylem tissue (34),
but it also has been shown to be an important factor in biofilm formation, which ultimiately a
in the colonization and pathogenicity of the pathogen through the vascular tissue (68). Hig
sequence identity and partial restoration of function suggests that amylovorémetson in a

similar manner.

ii. Levan. Bacteria often have the ability to produce more than one EPS; however, fete secr
two or more EPSs at the same time (35). Nonethdtessnylovorgporoduces two other EPSs:
levan, a homopolymer of fructose residues that is produced following the breakdown of sucros
(46), and an uncharacterized low molecular weight glucan (21). Levan prodsatmmtriolled

by thelsc gene encoding the levansucrase enzyme which breaks down sucrose into levan and
glucose (46). The low viscosity nature of levan suggests it is highly branchiegreperties

similar to levan irP. syringag(34). The low molecular weight glucan was determined to be
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branched with D-glucose residues; however, little is known about this EPS, inclsdiolg iin
virulence, though the glucan is speculated to function in stabilizing the celiust ofE.

amylovora(21, 99).

Due to an excess of sucrose on floral surfaces, it is speculated that levamguimcthe
protection of bacteria on the floral surface, as well as altering thédlovaonment through the
reduction of available sucrose (34, 46). It was believed that levan functioreiprion the
flower due to a lack of available sucraselanta(34); however, levan has been shown to
contribute to virulence and aid in the spread of bacterial cells within the host (14n 46).
addition, sucrose has been demonstrated to not only be produced by photosynthesis, but also be
essential in transport of carbohydrates within plants (51). The limited aligilabsucrose in
the xylem would suggest that levan is not always produced; however, when supreseiis,

levan assists in the spread and ultimately systemic movement of the pathogen.

| D. Motility. Bacteria capable of motility have increased survival and growth, and motsity ha
been demonstrated to be an integral component in the virulence of both closely rataied e
(38) and vascular plant pathogens (25, 106). For example, the vascular plant patistena
solancearunrequires flagellar driven motility for early colonization of tomato (106).
fastidiosarequires functional pili to aid in movement through the vascular tissue in grape (25).
Like many enteric pathogens, motility Bf amylovoras driven by temperature and pH
dependent peritrichous flagella (Fig. 1-1) (86). Early research demodstratiity to be

required for blossom colonization (5). It was also established that bagtemdh and motility

are inversely related (86). In that same study, bacteria cells are menmplanta leading to

the conclusion that flagellar driven motility is essential for blossom colaorizddut not

colonization of the host. Additionally, nonmotile strains can be injected directly intcssdmbt
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disease progresses similar to that of the wild type (5, 24). In contrastyegnent work
examining the relationship between motility and virulence demonstrated thateelswarming
motility positively correlated with severity of virulenceBfamylovora(115). Virulence studies
also demonstratell. amylovoraneeds motility to enter uninjured tissue (19), further indicating

the importance of motility in virulence in apple.

In response to environmental changes, bacterial cells can switch frora taatdnmotile
lifestyles, often by way of extracellular or cell-to-cell signgd8). Signals can be sensed
through two-component regulatory systems (38). A recent study examimngptmponent
systems oE. amylovoradentified multiple flagellar regulators (83). An additional study
demonstrated a link between the two-component systems and motility @.2dmylovoracells
arrested in motilityn plantacan have motility restored; inoculated shoots were immersed in
water, after which motile cells emerged from tissue (5). These restitterfurdicate that

motility may be multifunctional throughout the pathogenicity process.

| E. Attachment to surfaces. Bacterial attachment is known to facilitate the disease process,

both in the initial colonization as well as expansion (88). Cells adhere to a suttiac¢heough
specific attachment structures such as pili or fimbriae, or by a complex ofdEPS, proteins

and DNA (86). Attachment structures have been thoroughly examined in model pathogens such
asE. coliandP. aeruginosahowever, structures have been shown to be important in the
virulence ofX. fastidiosa37) andR. solancearun(59). In addition, the type | fimbriae function

in the attachment d&. rhaponticito rhubarb plant tissue (62), as well as inEhéerbicola

cassava interaction (88). Attachmen&ofamylovorao floral surfaces has been shown to be
important in initial colonization of the pathogen (58). Competition from other basteriaas

E. herbicolarestricts pathogen growth and incidence of disease on the blossom (49, 57). Despite
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the importance of attachment in the pathogenicity process, besides the raldéemceion floral
tissue, the role of attachment tor amylovoras largely unknown. One of the main functions of
attachment is to prevent cells from being removed from a surface (88). TEwitiah the
environment of the xylem are exposed to regular washing of xylem fluids. Thobpatiat of
cells would seem to be important in the colonization of xylem tissue, and may aicystheaic

movement oE. amylovora

I. Disease stages of fire blight.

Il A. Blossomblight. The fleeting life of floral tissue has made the study of blossom blight
challenging. Researchers have found ways around these challenges bewauseafe central

to controlling the disease cycle Bf amylovora Epiphytic populations dtE. amylovoradevelop

on floral tissue (108), and are subsequently spread by pollinating insects &f7d yaiim

addition, the co-occurrence of floral tissue and ideal growing conditions favestslé

preferable folE. amylovora58). However, the presence of epiphytic populations is not enough

to cause disease, the fire blight pathogen has to also progress into thel@83ue (

OnceE. amylovoraattaches to the surface of the stigma within the floral tissue, epiphytic
growth greatly increases pathogen population size (Fig. 1-2) (108). To maintaja a lar
population the stigma provides nutrients to the pathogen. In addition, surface stroctines
stigma, termed papillae (Fig. 1-2), provide protection for bacterial @gdisst environmental
stress (49). The mechanism of the switch from an epiphytic life to a pathafgstidd is
unknown, though it could result from bacterial population size, weather conditions, chranges
nutrient availability, or floral age. Currently, the thought is that rain fatk the migration of

E. amylovoradown the stigma of pear to the hypanthium (nectary) (101). Once at the nectary,
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bacteria are thought to gain entrance into the host through nectarthodes (20, 101).rHbiseve
method of entry cannot be universal for fire blight infection. The anatomy of the apgderl,
though similar to pear in most accounts, does not allow for easy access to thbowetadue

to positioning, excess hair, and a ring of stamens (53, 108). Thus, it is also probdble that
amylovorais able to enter apple through the stigmatic walls, which tend to be thin celled wal
with little or no cuticle, and ruptured papillae (53, 117). This hypothesis is suppyprtieel b
presence of large populations within the papillae of the stigma (117). Onceomfgets in, the
blossom displays characteristic symptoms of fire blight: discolored, dategdissue and ooze.
Populations grow and press out of the tissue, where they can provide further inoculum for
additional infection. Once the pathogen gains entry to nectary tissue, populatiodsbehalle

to migrate into the vascular tissue.

Il B. Shoot blight. Besides entry into the plant through the blossdmsmylovoraenters
through wounds in damaged leaves (Harly summer storms often include wind and hail,
which can damage young leaf tissue. This can lead to disease epidemicsafipopoif
epiphyticE. amylovoraare present (110). The progression of bacteria from the wound to the
xylem, or from the blossom to the xylem, is largely unknown. It is assumed thedlseve
virulence factors assist in the progression of the cells to the vasculay WesweE. amylovora

is known to colonize and develop into shoot blight (103).

Commonly, shoot blight manifests itself as wilted, necrotic tissue, oftemrfgrthe
shape of a shepherd’s crook. Exudates of ooze also emerge from tissue. Wlinseoréo be
a product of clogged vascular tissue due to increases in populations of bacteriaaas well
exopolysaccharides (34). In Pierce’s disease, which is caus&gdila fastidiosasimilar shoot
blight symptoms are seen (25). Though entry of the pathogen is aXefegt(diosas vectored
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directly into xylem vessels), it is presumed that both pathogens act once imsidefashion
within the tissue. Chatterjee and others (25) concluded that wilt in grape & \datet stress
caused by blocked xylem vessels, presumably because they are full of zacddracterial by-
products. In apple, shoot blight can lead to internal spread of bacteria to other tissdegncl
the rootstock. New cankers, or overwintering structures, can form and provieléoa survival
of the pathogen for the next growing season (77). Alternatively, if shoctiorfes severe

enough it can lead to the death of a tree.

Il C. Asymptomatic disease progressionln a few cased;. amylovoras able to progress in
tissue asymptomatically (110). Typically, symptomless infection is pr@séess susceptible
cultivars (11). Itis hypothesized that in such caBesamylovordas unable to escape xylem
vessels, thus not allowing for a sufficient population to give rise to diseageays (11, 110).
Studies examining asymptomatic colonization of grape Mittastidiosahave concluded that
asymptomatic tissue has small populations of bacteria compared to sympt@ssati¢25).
However, smaller populations of bacteria within asymptomatic grape iedreasr time, giving
rise to blocked tissue and ultimately diseased tissue (25). In &ppleylovoracan be
recovered from symptomless tissue up to a year after inoculation, but only irpemaations

(11).

[l. Current control of disease

Fire blight is a serious global threat to pome fruit crops every year. Inrigsuotitside
of the United States, control is extremely restricted: no geneticaltyfied crops and low use of
antibiotics are required (77). Control of the disease is dependent on the region, du@in part t

differing weather conditions, as well as the robustness of bacteriaks@ad governmental
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regulation on chemicals (58, 77). In Michigan, current management of fire blightted to
cultural practices, the use of resistant trees, and chemical controlg; apgdied during bloom.
Computational prediction models are effective and widely used in determining wéigplydhe
chemical controls (58). However, erratic weather can result in epidehdcsease.

Additionally, false positive predictions can cause the application of chemibals they are not
needed (58). The use of biocontrols, or other living organisms to control gro&th of
amylovora is a popular control method in the Western U.S., as well as in Europe. Biocontrol
species can compete for growth on floral surfaces or suppress the gr@vimnoflovora(58).
However, this method is ineffective in the Eastern U.S. due to inconsistenciewih gfahe

biocontrol agent on the blossoms and unpredictable weather (57, 104).

Control of fire blight, once the pathogen has progressed past floral tissue, isniey. li
However, an emerging area of research has focused on increasing host defienises thost
resistance (77). Most of these studies have focused on the introduction ofrtesnsgéural
breeding techniques are not feasible because apple is diploid, self-incoe@atibhas a
generation time of 4-8 years (96). The introduction of the transgan Efrom Hyalophora
cecropiapupae resulted in stable expression over a 12 year period, along with increased
resistance to fire blight in the field (16). However, consumer acceptatwe for fruit
produced using transgenic technology. Other methods of inducing host resistance lieclude t
use of growth retardants such as Apogee®, which reduces shoot growth kynigplgiibberellin
biosynthesis (77). This chemical has promise as a control; when applied, firerdigahce
and severity is reduced. This chemical is not a bactericide but causesiredsiceigor (77).
However, Apogee® must be applied often, treatment is expensive, and control gayst al

effective, so the benefits do not always outweigh the costs (77). Currently, thechsenafal
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controls, such as antibiotics and copper products, is the most effective and poputar way t
manage fire blight in the eastern United States. However, the emergengeiofia resistance
and the lack of new chemistries on the market have led to the need for of novel cortitoolsmet

(70, 77).

V. Identification of host defenses and the ability of the pathogen to overcontteem.

Host defense mechanisms in apple that result in more resistant cultevéasyely
unknown. Even with the recent sequencing of the apple genome (111), the majority of host
defenses were been identified through the examination of virulence fatEaramylovora
This has led to a bias towards host response&ttanhylovoras able to overcome. Fire blight
infection has been shown to elicit several host defense responses, including the produation of a
HR (114), phytoalexins (23), reactive oxygen species (ROS) (61), and induction of pasiegene
related (PR)- proteins (114). Further studies focusing on the role of geinedigple defense
identified additionaPR genes (69) and putative resistance genes that interact with DSpA/E (71).
Induced host responses are often manipulated by the pathogen and do not provide sufficient
disease control. However, the presence of more resistant varieties guggests additional
plant defense responses including the presence of anatomical barrierackltieidentified
host responses emphasizes the importance of knowinghamylovoras able to move
systematically to and within the vascular tissue in susceptible cujts@tbat resistance

mechanisms in other cultivars can be identified.

IV A. Anatomical defense. Despite the importance of anatomical defense, little is known about
the anatomy of apple. NonetheledSsamylovoraaces several anatomical barriers which

potentially could function in preventing the invasion of the pathogen throughout the different

14



types of tissue it encounters, from the surface of floral or leaf tissue tustte of xylem tissue
(Fig. 1.3). Logically, there are only two ways past a physical bameugh or around.

Becausde. amylovoradoes not produce sufficient amounts of cell wall degrading enzymes (95),
it would seem that both on the surface of tissue and inside xylem tissue, the pathogatherust

enter through natural openings or go around the physical barriers.

It is well documented that on the surface of floral tis&u@mylovoraenters through
nectarthodes or wounded tissue (53); however, the mechanisms or process of progréissi
pathogen to and through the xylem tissue is unknown. Unless directly loaded into the xylem
tissue via insect vector, such as the pathogdastidiosavascular invading bacteria must cross
several barriers to enter the xylem tissue (Fig. 1-3). Presumably, orgaghlbgen is in the
intercellular space surrounding the mesophyll tissue, there would be no phgsieakb
inhibiting the spread and growth &f amylovorawithin intercellular space. Similar growth after
entry of water pores can been seen in rice by the vascular plant paxhaggpaepv. oryzae
(118). However, bacterial cells encounter more barriers in the passagthé intercellular
space into either the mesophyll or bundle sheath tissue, which protects the vestuddFtg.

1-3). If entrance occurs through the mesophyll tissue, bacterial cells treeadwess through

the plasmodesmata into the bundle sheaths, which are connected to the xylem3@ssels (
Alternatively,E. amylovoracould enter the vascular tissue through the smallest veins, which are
situated within the intercellular spaces of leaf tissue, and are not surroundedeoyiye bundle
sheath or bundle sheath extensions (36). Ultimately, Bnamylovoras in xylem tissue, the
pathogen still encounters physical barriers that can impede progressioteftdmicell,

including that of pit membranes (36). However, there may be acompensatibe difficulty

15



for localization to the vascular system: presumably bacterial celgwite xylem have limited

exposure to other host defenses (13).

Currently, it is unknown if anatomical defense plays a role in halting thenggste
movement of the pathogen. Few studies have examined the anatomy of apple, probably due to
the challenges of working with tree tissue. However, recent work with A@oidpeeshoot
growth regulator, suggests that anatomy has a role in restricting movénoaigiht new tissue
(77). An alternate study examining host tissue alterations, demonstedtd8 thours post

inoculation a thickening next to the xylem cell wall occurs (78).

IV B. Host recognition responses

i. ROS response.A typical response of plants after exposure to bacteria is a rapid raleése
reactive oxygen species (ROS). This response is has been shown to have multtplatdfées
antimicrobial properties (113) and is often associated with the resistgnabrgy pathway

leading to the hypersensitive response (HR) (50). The HR response iszetbpabgrammed

cell death that causes dying tissue to rapidly become dehydrated, whichlimitsrthe supply

of nutrients to a pathogen (44). In addition, the ROS has also been demonstrated to be involved
in the activation of pathogenesis related (PR) genes (114), promotion of eledeakdage

(113), and is a substrate for the reinforcement of cell walls (66).

The process of ROS production in response to bacterial exposure has been well studied
using theP. syringaemodel system (109). In short, immediately following bacterial exppsure
the host produces a nonspecific, short-lived ROS burst, or oxidative burst (109). This short burs
produces low levels of ROS, which can act as signaling molecules to activates\varst

defenses (41). In response to avirulent or incompatible pathogens, the host producesdprolonge
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ROS, leading to the development of HR (109). Virulent pathogens have developed mechanisms,
including the use of effector proteins, which abolish the prolonged ROS in host tissuel{109).
has been suggested that the HR, in coordination with other defense responses, isiathnséres

mechanism (55).

Interestingly, when challenged wilh amylovoraapple responds atypically. Venisse
and colleagues (112) demonstrated thaamylovoreaelicits an incompatible plant/pathogen
response within the host; or rather, a prolonged oxidative burst is released,ddipvapid
necrosis of tissue. However, this ROS production is similar in both susceptible and more
resistant varieties of apple (114), further demonstrating that a positietatiom between ROS
production and host defense agalBsamylovoracannot be made. It is possible tRat
amylovoranot only survives the increased production of ROS, but is able to manipulate the ROS
to do damage against the host, ultimately assisting in the systemic moveitienpathogen.
Interestingly, an increased tolerance to ROS exposure (10) sugge&isaimtiovoramay use
host defenses to kill the host cells (113), which could ultimately aid in the movembat of t

pathogen through dead cells.

ii. Production of an agglutination factor. Numerous studies in the 1970’s identified host
defense factors termed agglutination factors (52, 53, 89). Agglutinins, also knaetirss |
bind to specific simple sugar, and have been shown to precipitate polysaccharides (80).
However, while lectins have been shown to have multiple roles in plant functions, including
plant defense, they have not been shown to interact directly with virulent pathogens (80).
Conversely, in avirulent plant/pathogen interactions, agglutination factors haveshtm@vn to
sequester or arrest avirulent bacterial cells (80). An agglutinatitay faoduced by apple,

when challenged witk. amylovoraEPS minus mutants, did not allow for bacterial cells to
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attach to xylem surfaces and caused the aggregation of cells and ultineatelyal cell death
(53). Additional studies determined that the lectin linked to the LS amylovorecells,

which are exposed from the absence of EPS (88). Since the initial discoveryg§hhgnation
factor, there has been no new research on the topic. This leads one to believe thdeunless t
agglutination factor has additional, still to be determined, roles in the amtivtplant

defenses, it is not effective in inhibiting viruldatamylovora

iii. Phytoalexin production. Despite little being known about the mode of action of
phytoalexins, these low molecular metabolites have long been known to playrahost i
defense (48). Typically, production of phytoalexins is positively corehlateh resistant
phenotypes in hosts (48). In apple, the role of phytoalexins in host defense is largelymunk
However, mutants missing the gene for a phytoalexin-inducible multidrug @imp inE.
amylovoraare not as virulent on the host as wild type (22), suggesting phytoalexins have an
unknown function in apple defense. Although this research is yet another example of
circumvented host defense that is not sufficient to defend against the pathogseaatirevas
performed in susceptible trees. It is possible that phytoalexin production ineaistamt
varieties of apple have a more direct role in the host defense responsetgaimgbvora
Precursors for phytoalexin production, produced through the phenylpropanoid pathway, have
been shown to be repressed in susceptible varieties, and induced in more resistiast \1ddigt
iv. Activation of defense associated genet addition to anatomical barriers and biochemical
protection, hosts under pathogen attack also have increased activation of seepsal dgated
genes. In apple, most notably, pathogenesis related (PR)- protein genes (&S)stacce (R)
genes encoding $pA/E-interacting poteins ofMalus x domesticgDIPM) (71) are induced after

inoculation withE. amylovora PR-proteins are suggested to be involved in the induction of
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systemic acquired resistance (SAR) in plants. However, examinationeo&sEBR proteins in

apple demonstrated that PR-proteins are induced after inoculatioR.vathylovorabut are not
induced by treatment with SAR elicitgfE5). Additionally, there seems to be no difference in

the induction of PR-proteins between resistant and susceptible varietiesn(8)teryate study
examining the effect of SAR inducers on apple demonstrated that theysef/ditease can be
reduced; however, SAR induced host resistance in apple was only sustained forimshort t

period (69). This suggests that PR-proteins may be involved in the recognition of pathogens but

may not have a specific role in the defense ag&namylovora

Host defense can also function in a gene-for-gene fashion, where a plant R gene
recognizes a gene product produced by a pathogen, often in the form of an elicitém (45).
apple, the search for R genes led to the identification of DIPMs; however, activghDIPMs
occurs in both susceptible and resistant varieties (71). Numerous genomis ahatlibe
release of the apple genome confirmed that there are no gene-forvgeaetions between
apple ance. amylovora3, 71, 111). Despite this, subtractive hybridizations performed between
susceptible and resistant varieties of apple has identified several EShiavhaifferent
expression profiles (3) so perhaps in the future specific genes involved in appkedeiébe

identified.

V. Systemic movement oE. amylovora within the host.

Early observations that shoot blight symptoms localized to vein tissue afiempley
led to hypothesis th&. amylovoras a vascular invading pathogen (31). Since then, multiple
groups have confirmed th&t amylovoras found in xylem tissue after inoculation (31, 103).

These studies indicate tHat amylovorgprobably moves systemically through the vascular
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tissue. More recent imaging Bf amylovorausing agfp reporter system demonstrated that
bacterial cells localize to the xylem tissue and migrate against thefheylem fluids (13).
Bacterial cells also overflow into xylem parenchyma cells. Simijl&iRrien (78) founcE.
amylovoracells in parenchyma cells; however the pathogen invaded xylem cells first.
Interestingly, even in more resistant cultivars of applegmylovoras able to move
systemically, though initially at a much slower rate than in more subteeptiltivars (74).
However, once the pathogen localized to the xylem tig€susmylovoras able to travel to the
root stock faster in more resistant varieties than susceptible culfidgrsThese results suggest
that in resistant cultivarg&. amylovoramay encounter more host defenses in actively growing
tissue. However, the lack of a change in known host defenses between cultivars (74, 114) le
researchers to question what is halting the movement of the pathogen. It is ghasidhanges

in anatomy between varieties restrict movemerit.aimylovora

In a recent review by Billing (11), the route of initial colonization and syistem
movement was brought into question: perhaps there are multiple routes frohsiieitod
multiplication to the vascular tissue. In attempts to resolve the mechanism ohemive the
xylem tissue, Bogs and others (13) examined the movemegf-tztbeled avirulenE.
amylovora In their experiments, amylovoran deficient cells did not move past the site of
inoculation. An additional study demonstrated that several mutants decreaseciceihdve
reduced movement to the central vein (14). Their results indicate that importerice

factors may contribute to the movement of the pathogen to the vascular tissue.

Currently, only a limited number of studies have successfully examined thegyste
movement of vascular invading pathogens. Probably the best defiietagtidiosaon grape.
Once the pathogen is delivered into xylem tissue by the leaf hopper ved@stidiosa
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colonizes xylem vessels. To move systemically through the xylefastidiosautilizes several
virulence factors, including the production of EPS, motility, the type Il searstistem, and
attachment to xylem tissue (25, 37, 76). Most of the virulence factors idemtifileis pathogen
also contribute to biofilm formation (26, 76, 91), and biofilm formation is essential for the
systemic movement of. fastidiosan grape. Similar studies B. stewartiirevealed that the
EPS stewartan, necessary for pathogenicity in corn, functions in the developimiefitra

within corn xylem tissue (63).

VI. Rationale and Project Goals.

In a review of other vascular invading pathosystems, a common theme emerges: most
virulence factors involved in pathogenesis also function in biofilm formation (85filrBs, or
aggregates of bacteria, EPS and other macromolecules, provide a milieu in wijlietcsiled
organisms to act in a multicellular fashion (18). Biofilm formation enablexaleadvantages
over non-biofilm forming cells, including the protection of bacterial cells feowironmental
stress, increased nutrient acquisition, an increased rate of gene exchdmgately] biofilm
formation has been shown to be critical in the virulence of many pathogens (46).odéssof
biofilm formation is well defined (80; Fig. 1-4). Bacterial cells tiaos from a planktonic
lifestyle to become attached to a surface (Fig. 1-4.1). Attachment acdws stages:
reversible and irreversible. Irreversible cells form a microgo(&ig. 1-4.2) or a monolayer on
a surface. Microcolonies develop into macrocolonies (Fig. 1-4.3). Macrocoloaies ar
surrounded by a matrix of EPS, DNA, and proteins. Water channels are formed through
macrocolonies that allow for the diffusion of oxygen and nutrients. An unknown signal then
triggers the release of cells from the macrocolony, causing cologgnaiisation to new sites
(Fig. 1-4.4).
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The purpose of my doctoral research was to examine the systemic movekent of
amylovorawithin apple. We hypothesized that biofilm formation contributes to the sigstem
movement oE. amylovoran apple. The concept that biofilm formation assists in movement is
counterintuitive: attachment and aggregation of bacterial cells suggestrfixaone location.
However, within the xylemE:. amylovoramovement is opposite to the flow of xylem fluid. The
attachment of cells and subsequent biofilm formation has the potential of prevhatfhughing
of bacterial cells. Potentially, motile bacteria could progress farther kylkben tissue. When
the flow of xylem fluids reverses, typically during periods of high transpid66), bacterial
cells could travel down xylem tissue. Changes in directional movementewh Xiglid could
potentially signal the pathogen to attach and begin the biofilm formation probesest
whetherE. amylovoras capable of forming biofilms, | used defined techniques for measuring
biofilm formation. | was able to demonstrate tBaamylovoraorms biofilms bothn vitro and

in planta(Chapter 2).

Two key pieces of evidence led us to examine the role of EPS in biofilm formation and
systemic movement: 1) a hallmark of biofilm formation is the architectusttixxthat surrounds
the bacterial cells which contains EPS (105) and other molecules, and 2) Bogseaad1®)
determined that amylovoran deficidht amylovorecells are unable to move past the site of
inoculation. It is possible that the lack of biofilm formation halts the systerowement of the
pathogen through the inability to form biofilms. In chapter 2, | examine the rofeybddeoran
in biofilm formation. Also in chapter 2, | examine the role of levan in biofilm féiona These
mutants are still capable of causing disease, but colonization is much siodveirugéence is

reduced compared to wild type (45).
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Chapter 2 demonstrates that biofilm formation correlates with pathogemgityulence
and systemic movement of the pathogen. To uncouple biofilm formation from EPS poducti
in order to better understand the role of biofilm formation in systemic movemessl la
genetics approach to identify additional key factors in biofilm formaticgseRrch presented in
chapter 3 examines mutants with deletions in genes that encode for putavebsutface
structures that have the potential to be involved in reversible and irregeagdthment of
bacterial cells to surfaces, a key stage in biofilm formation. Prior tahhister, the only
bacterial attachment structures known to be producégl aynylovorawvere the peritrichous
flagella (84). In addition, | wanted to determine if altering the key stefinbiformation
would alter the systemic movement of the pathogen. Similarly, in chaptekdmined an
additional factor demonstrated to function in biofilm formation, bacterial myotilit other
pathosystems, including. aeruginosafunctional flagellar motor stators that drive flagellar
motility have been implicated in mediating attachment of the biofilm, dsas¢he expansion of
biofilms. I identified and generated deletion mutants in single genes, a Saigleset, and both
gene sets encoding for the flagellar motor stators to examine howdioisdantributes to the

biofilm formation and systemic movementi®famylovora

In closely related work, we examined the mechanism by which prohexadilenerc
(ProCa), a shoot growth regulator, inhibits disease. Treatment of treesSpoiglee®,
containing the active ingredient Pro Ca, results in a reduction of disease iediuéme field.
Our research demonstrates a positive correlation between reductionssgedisedence with a
thickening of parenchymal cell walls (Appendix 1). Presumably, the thiogeaficell walls
inhibits the pathogen from infecting these cells, which is a prerequisitectingnihe vascular

tissue, ultimately halting the systemic movement of the pathogen.
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Figure 1-1.Select virulence factors &rwinia amylovora Notice close association with
bacterial cell surface. The majority of known virulence factors werrtiited through
transposon mutagenesis studies. The peritrichous flagella are necessarylitgr mot
Exopolysaccharides (EPS) are thought to protect the bacterial cell fremédrevironmental
conditions. The type Il secretion system (T2SS) is needed for the secretedinnllc
degrading enzymes. The type lll secretion system is needed for théoseatetffector
proteins, particularly DspE. Additional other factors that are involved in pathoggende
include a siderophore and penicillin binding protein. For interpretation of the refereencolor

in this and all other figures, the reader is referred to the electronic vefsios dissertation.
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Figure 1-2. Scanning electron microscope image of the stigmatic surface of appés.fléy
The tip of the stigma surface is covered with papillae, which are bulbousds$tapetures
indicated by the arrow. The papillae are the location of epiphytic growth caldom and are
the primary source of inoculum for secondary infection. B) Papillae (medmifimage)
provide the pathogen protection from environmental stress, while rupture ofpill@epprovides
nutrients and an entry point into the hoBtwinia amylovora(indicated by arrows) is able to

grow in large populations around the papillae.
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Figure 1-2(cont'd)
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Figure 1-3. Taken from referenc36 with permission. Crossection depicting cellular structu
of a pear leaf. FdE. amylovorao localize to the xylem tissuéhe preferred site of infectio
the pathogen must travel through or around mamgr&agf mesophyll and bundle sheath ti.
The bundle sheath is a natural barrier againgbafieogen, with no visible access from

intercellular space to the vascular sys
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Figure 1-4.Biofilm formation process. 1) Planktonic bacterial cells become attadteyl
virulence factors involved in this transition often include bacterial motility antébal surface
structures that mediate attachment. 2) Microcolony formation. Thestagg of a biofilm
often includes increased production of exopolysaccharides. 3) Macrocolonyidormeat
mature biofilm often develops a mushroom-shaped architecture which allothe fbow of

fluids within the biofilm. 4) Colony expansion. Bacterial cells areastd from the biofilm.
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Chapter 2: The contribution of Erwinia amylovora exopolysaccharides amylovoran and
levan to biofilm formation: implications in pathogenicity.

This chapter has been modified from a publication referenced: Koczan, J.M., Md@rat Zhao,
Y., and Sundin, G.W. 2009. Contributionkxfwinia amylovoraexopolysaccharides amylovoran

and levan to biofilm formation: implications in pathogenicity. Phytopathology 99: 1237-1244.

ABSTRACT

Erwinia amylovorais a highly virulent, necrogenic, vascular pathogen of rosaceous
species that produces the exopolysaccharide amylovoran, a known pathodgctimifyand
levan, a virulence factor. An vitro crystal violet staining and a bright field microscopy method
were used to demonstrate that Eheamylovoras capable of forming a biofilm on solid surfaces.
Amylovoran and levan production deletion mutants were used to determine that amylowran wa
required for biofilm formation and that levan contributed to biofilm formation.inAntro flow
cell and confocal microscopy was used to further reveal the architedétmd of a mature
biofilm and differences in biofilm formation betweEnamylovorawild-type (WT), Aamsand
Alsc mutant celldabeled withgfp or cfp. Scanning electron microscopy analysi&of
amylovoraWT cells following experimental inoculation in apple indicated that extensoféni
formation occurs in xylem vessels. Howeveamsmutant cells were nonpathogenic and died
rapidly following inoculation, andlsc mutant cells were not detected in xylem vessels and were
reduced in movement in apple shoots. These results demonstrate that biofilm formgsi@n pla

critical role in the pathogenesisBf amylovora
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INTRODUCTION

Erwinia amylovoraa gram-negative plant pathogenic bacterium, is the causal agent of
fire blight, a devastating disease on rosaceous species such as apple and gaghlyFhe
virulent fire blight pathogen moves rapidly both within susceptible plants and Ivetrees in
orchards, resulting in significant losses when environmental conditions favoranfelet
amylovorais capable of infecting flowers, actively-growing shoots, and rootstock cromehs, a
successful disease management is difficult because of the lack of effextteecides and also
because most apple varieties are susceptible or highly susceptible to firé28)ghA hallmark
symptom of fire blight is the formation of the shepherd’s crook, which is produced by a
combination of wilt and necrosis on a shoot. Wilted shoots are typically sourcesevfdbact
ooze, which consists of bacterial cells embedded in a polysaccharide matciari!lie

disseminated between hosts by insects and wind-driven rain (39).

In the 1970’s, work in the Goodman and Beer labs provided a foundation for the
understanding of the causes of host tissue wilting.lamylovora18, 35). The Goodman
group first demonstrated tht amylovorgproduced a material that caused wilt symptoms in
host, but not in nonhost plants (18). This material was initially described as thermykavarin
and later identified as the exopolysaccharide (EPS) amylovoran (18). Tlo¢ aolgylovoran in
causing wilt symptoms was further examined by Sjulin and Beer (35) and found spbmizsl
with restriction of water movement through physical blockage of vasculaeetemXylem
vessel blockage occurred because of the viscosity of amylovoran; this blookiétybe
eliminated by increasing the salt concentration of amylovoran solutions velgicbad viscosity

(34).
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Amylovoran is a heteropolymer comprised of a branched repeating unit consisting of
galactose, glucose, and pyruvate residues (24). Amylovoran is a pathogewcioityas
amylovoran-deficient mutants are avirulent (3, 36). In addition, the quantitgydd@oran
produced by individudE. amylovorastrains is correlated with the degree of virulence, with
weak producers exhibiting reduced virulence (1). Genes encoding the biosyothesi
amylovoran are contained within a 12-gene operon ok tlaeylovorachromosome, and
insertional mutants of critical genes of the operon result in a loss of pathogé)icigy
amylovoraalso produces levan, a homopolymer of fructose residues that is produced following
the breakdown of sucrose. Levan production is controlled bigdlygmne encoding the

levansucrase enzyme, and also contributes to virulence (17).

A common developmental strategy for microbes in nature is the formation of biofilms,
which can be composed of bacterial cells, EPS, protein, and DNA (39). Biofilmtimnma
enables unicellular organisms to interact with other unicellular organissoftjimg in a
multicellular assemblage (30). Bacteria inhabiting biofilms exhibiindisbehaviors compared
to free-living planktonic cells, and gene expression patterns of baci¢hiese two growth
modes can be markedly different. A biofilm has the ability to act as a buffezctingt
associated bacterial cells from rapid fluctuations in environmental condit®oglms also
enable an accelerated rate of horizontal genetic exchange, and bactefiénis biay be
protected from both antibiotics and host defenses (30, 38). The classic definition ohaikiofil
an aggregation that forms a mushroom-like shape (11). More recently, it has baédrthadt
there is greater diversity in the structure of biofilms, ranging frotafigregations to the

classical mushroom-shaped aggregation (30, 38). Structural diversity eafr@riglifferences
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in environmental conditions or from the individual bacterial components that comprise the

biofilm.

The realization that biofilm formation is a critical aspect of pathogemepiant and
animal bacterial pathogens has increased the scope and significance ofresdidmch (30).
For example, the biofilm mode of growth is utilized by organisms suBls@sdomonas
aeruginosaandStaphylococcus aurels the establishment of chronic human infections (29).
The vascular tissue of plants is an additional site of biofilm formation by plant pathsgeh as
Pantoea stewartisubspstewarti, Xanthomonas campestps. campestrisandXylella
fastidiosa(20, 31, 32). The interrelationship between EPS production, biofilm formation, and
pathogenesis is also an area of emerging interest. EPS is essent@tforafims, with a
number of studies demonstrating that an inability to produce EPS eliminates iaofihation,
but not initial attachment to surfaces (38). EPS is also an essential pathipdectior for many

plant-pathogenic bacteria (22).

While amylovoran has long been known as a pathogenicity fackEbramylovorathe
connection between amylovoran production, biofilm formation, and pathogenesis has not yet
been established. We hypothesized Ehaimylovoravould form biofilms on surfaces, that
amylovoran and possibly levan production would be necessary for biofilm formation, and that
the biofilm mode of growth would contribute to pathogenesis and xylem vessel colonization a
migration. In this study, we demonstrate thatmylovoraEal18%orms a biofilmin vitro and
in planta Furthermore, we used genetically-defined mutants to show that amylovoran is
necessary for biofilm formation, but not levan. This work also implies that biofilmateym
may play a significant role in the pathogenesik.chmylovoraand in the movement @.
amylovoracells via apple xylem.
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MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions.The bacterial strains, plasmids, and
oligonucleotide primers used in this study are listed in Table 2-1. All stke&resgrown in
Luria Broth (LB) medium at 28°C, unless noted. For biofilm formation assays, straiasiso
grown in 0.5x LB medium and in minimal medium (MM) (14) and in minimal medium

supplemented with 2% sucrose. Growth media were supplemented with the antibiotics

ampicillin (Amp) (50 ug m'fL); chloramphenicol (Cm) (20 pug I-’Ill]; gentamicin (Gm) (15 pg
ml_l); kanamycin (Km) (30 ug rh]I); streptomycin (Sm) (30 ug F%), and tetracycline (Tc) (12

-1
Kg ml™) as necessary.

Insertional and deletion mutagenesis and complementationWe generated a deletion mutant
of the levansucrase gelse of E. amylovoraby using the. phage recombinases as previously
described foE. coli(10). Briefly, we transformeB. amylovorastrain Ea1189 with plasmid
pKD46 encoding recombinase=d 8, y andexa The transformant Ea1189 (pKD46) was grown
overnight in LB broth at 28°C, transferred into fresh LB broth medium containing 0.1%

arabinose, and grown to exponential phase. The cells were then made electrotai@®pémnd

o - : R ,
stored at -80°C. Recombination fragments consisting of a Cm resistance geney@ its

own promoter, flanked by 50-nucleotide (nt) homology arms ofsthgene were generated by
PCR using the plasmid pKD3 as a template. The primers Lsc F and Lse Rsgérfor

construction of dsc deletion mutant (Table 2-1). Another primer pair flanking the target gene

and an internal prime pair Cm1 and Cm2 of theROarsistance gene was used to confirm the

mutant by PCR. The PCR products were gel-purified using a gel purificati@i&gen,
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Valencia, CA). Following electroporation, transformants were plated omé&um amended
with Amp and Cm. Construction and validation of Ealda&39s in which a 15.8-kb region
including theamsbiosynthetic operon was deleted, is described elsewhere (41). In the resulting

mutants, the majority of the coding region(s) of @dinesoperon ottsc gene was replaced by the

KmR or CmR marker, respectively. The Eal¥88c mutant was complemented with plasmid

pJMK1, a clone containing thec gene fromE. amylovoraEal189 along with its native
promoter ligated into pPBBR1MCS-3. Thse gene and upstream sequence was amplified from

Eal189 using the primers Isc compF and Isc compR (Table 2-1)

Pathogenicity assaysStrains were assayed for virulence using a standard immature pear fruit
assay and apple shoot assay as previously described (26, 40). Briefly, for inpeatureit

assays, bacterial suspensions of strains were grown overnight in LB broth,dthbyest
centrifugation, and resuspended in 0.5x sterile phosphate-buffered saline (HB&)Iwit

adjusted to approximately 1x16fu/ml. Immature pear$¢rus communis. cv. ‘Bartlett’)

were surface sterilized with 10% bleach, dried in a laminar flow hood, and woundes wit

sterile needle. Wounded pears were inoculated wilho? cell suspension and incubated in a
humidified chamber at 28°C. Symptoms were recorded at 2, 4, 6, 7, and 8 days post inoculation.
For bacterial population studies, the pear tissue surrounding the inoculatioasegaised

using a no. 4 cork borer and homogenized in 0.5 ml of 0.5x PBS. Bacterial growth within the
pear tissue was monitored at 0, 1, 2, and 3 days post inoculation by dilution plating of the ground
material on LB medium. Fruits were assayed in triplicate, and each expewaerepeated

three times.
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For shoot assays, overnight cultures were washed and resuspended in 0.5x PBS at a

density of approximately ZXfO:fu/mI. We used 2 yr.-old potted apple trees (cv. ‘Gala’ on M9

rootstock) obtained from Hilltop Nursery (Hartford, MI) in all experiments. Wreyoungest
leaves of the central shoot were cut perpendicularly to mid-vein approxiridietm from the
tip of the leaf using scissors dipped in the bacterial suspension. Symptomsaeeded at 7
and 14 days post inoculation. Samples for population studies were taken at 14 days post
inoculation, with the first three cm of the inoculated leaf weighed and then grounmitled €BS
using a Polytron® PT 10-35 blender (Brinkmann Instruments Inc.). Bacterial gr@asth w
monitored by dilution plating of ground material on LB medium. Shoot assays werendone i

triplicate and each experiment was repeated three times.

In vitro crystal violet assay for biofilm formation. We used am vitro biofilm formation
assay that was modified from a previously established crystal violet stassayg (27). Briefly,

Eall89, Eall18&ms,Eall8%lsc,andEall8Alsd/pIJMK1 strains were each grown overnight

in LB broth to a concentration of 2x‘?l®fu/m|. Fivepul of this overnight culture was then added

to 125ul of sterile LB medium in individual wells of a 96-well polyvinyl chloride (PMtlate
(Corning, New York). The bacteria were incubated in the plates for 16 h at 28°C usin@mini
agitation. Suspensions from PVC plates were discarded and a 10% crystatsioletas added
to the wells. To ensure that biofilm rings formed were fEbramylovoraand not due to excess
crystal violet stain, the culture volume was added to half the volume of the wed,thvnistain
completely filled wells. After 1 h, the crystal violet stain was decaméddle wells were gently

washed three times with water. Individual wells in the plates were examswadlyifor the
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presence of a crystal violet-stained ring which was indicative of biofiimdton on the walls

of the well. This assay was repeated three times for each strain tested.

Biofilm formation was quantified following development on glass coverslipser Af

overnight growth in LB broth to a density of approximately 28xd1‘0/ml, 25ul of the culture

was added to 2 ml of either LB, 0.5x LB, MM, or MM medium amended with 2% sucrose in
individual wells of a 24-well plate (Corning). A glass cover slip wasgulat an approximately
30° angle in each well to maximize surface exposure to the growing cultheepldtes were
incubated overnight at 28. After 48 h, the suspension was removed and a 10% crystal violet
solution was added for 1 h, after which the glass cover slip was rinsed three itimgteme

water. The glass cover slips were air dried for 1 h, and thepl20@0% methanol, 10%

glacial acetic acid was added to wells to resolubilized the crystal stalat The solubilized
crystal violet was quantified through spectrophotometry at an absorbance of 63thgra

safire microplate reader (Tecan, Research Triangle Park, NC). Kastneent included 24

replicates, and experiments were repeated three times.

Bright field microscopy was also used to visualize biofilm formation and ggikgation
on the glass cover slips. Cover slips were processed as described abovehexegptal violet
stain was not resolubilized following the sterile rinses. Cover slips Weneeixamined using
bright field microscopy [OlympusIX71 inverted microscope (Olympus Amenica N.Y.)] and

images of cellular aggregation and biofilm formation were captured.

Confocal laser scanning microscopy visualization d&. amylovora biofilms. Biofilm
formation was further examined using a flow cell apparatus (Stovall ti&m&es, Greensboro

N.C.). E. amylovoraEal189, Eal18&ms Eal18%lsc, and Eal188IsdpJMK1 strains were
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labeled withgfp or yfp by introduction of the appropriate plasmid (pMP2444 or pMP4518) via
electroporation. Cell suspensions were established in LB medium in the flamaddtesh

medium was passed through the flow cell chamber for up to 48 h at 25°C, using a configuration
detailed in the manufacturer’s instructions (Stovall Life Sciences). Réramvere examined

using the Zeiss 510 Meta ConfoCor3 LSM confocal laser scanning microscope (Ca8M

Zeiss Microimaging, GmbH) and images were captured at 10x and 20x usingMhenk§e

browsing software (Carl Zeiss Microimaging, GmbH). Z-stacks wenepiled and a three
dimensional image that measured intensity was produced by using the ‘2.5 dimewith the

LSM browser.

Visualization of E. amylovora in shoot tissue using scanning electron microscopyl he two
youngest leaves of three independent apple shoots (cv. ‘Gala’) were inoculatéh®iB9,

Eall8dams Eall8%lsc, Eal18Alsd/pJMK1, or sterile 0.5xPBS buffer using the scissor cut

method described above, except an additional treatment of 244 8&s conducted at 1x?[%

so bacterial could be visualized in tissue. Leaves were collected at O, 2, 4 and f0stay
inoculation, sectioned into 1 cm sections and fixed in paraformaldehyde/glutgdad§2.5%

of each compound in 0.1M sodium cacodylate buffer] Electron Microscopy ScienceslcdHatf

PA) at 25C overnight. The tissue was dehydrated successively in 25%, 50%, 75% and 90%
ethanol for 30 min each, and in 100% ethanol three times for 15 min. Samples were tlakn critic
point dried using a critical point drier (Balzers CPD, Lichtenstein). Ouétwle tissue was
sectioned into 1 mm latitudinal slices after critical point drying to redud@cts from fixation
process and mounted on aluminum mounting stubs (Electron Microscopy Scienceg] Hatfiel
PA), and then coated with gold using a gold sputter coater (EMSCOPE SC500 Spteter coa

Ashford, Kent, Great Britain) for leaf tissue or osmium using a pure osmiunr ¢(Natec-an,
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Meiwa Shoji Co. LTD, Japan) for tissue inoculated with bacteria allowingréater resolution.
Images were captured on the scanning electron microscope (SEM), JEOL 6408 Electron
Optics Laboratories) with a LaB6 emitter (Noran EDS) using an8lg8ftware (Soft Imaging

system, GmbH).

RESULTS

Construction and analysis of amylovoran and levansucrase mutantdVe used a modified
one-step PCR deletion method (10) to construct a mutdntarhylovoraEal189 with a

deletion of the levansucrase gése In addition, we used Eal188ms a strain in which a total

of 15.8 kb was deleted from the Ea1189 chromosome encompassing all 12 genesdras@en
andamsL(41). Amylovoran production was completely abolished in this strain (41).
Pathogenicity assays were conducted using Eadar88and Eal188Isc and, similar to

findings by others (3, 17, 36), taensoperon deletion mutant was completely nonpathogenic in
the immature pear assay and lfemutant exhibited a reduction in virulence (Fig. 2-1).
Complementation of Eal188c with thelsc gene encoded on pJMK1, restored pathogenicity to
Eal189 levels in immature pear fruit assay (data not shown). In addition, B&EdBIVK1

but not Ea1188Isc produced elevated, domed colonies on MM agar medium amended with 2%
sucrose, indicative of levansucrase activity. Results with mutants in &ppleiisoculation

assays were consistent with those in the immature pear assays (data nat shown)

In vitro analysis of biofilm formation. We initially used the crystal violet staining assay with
modification (27) to examine biofilm formation vitro. This common technique has been used
with a wide variety of bacteria to assess biofilm formation on a surfdhe atr-liquid interface.

After 16 h of growth in a PVC 96-well assay plate, Ea1189 demonstrated visual evidence of
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biofilm formation, while there was an absence of biofilm formation within thkswhere
Eall8%amswas grown (data not shown). EalA&® retained the ability to form a biofilm,
but at a reduced rate as evidenced by rings in the wells that were neithes raer des thick as

Eal189 (data not shown).

Quantification of biofilm formation was measured, similar to other biddtindies (19),
to assess the effect of growth media and the role @frttsandlsc mutations on biofilm
formation. Biofilm formation by the strain Ea1189 on glass following growtlBiroit.0.5x LB
was similar in each of three experiments (Fig. 2-2). We also assesskud foiohation of cells
grown in MM medium, a medium which has been used previously for evaluation of
exopolysaccharide production i amylovora2, 4). Biofilm formation by Ea1189 in MM
amended with 2% sucrose was only slightly greater than that in MM alone (Fig Hb®ever,
the biofilms formed by Ea1189 after growth in MM amended with 2% sucrose or MM were
significantly reduced compared to biofilms formed by Eal1189 after growtB wr10.5x LB

(Fig. 2-2).

Based on the growth media results, we used 0.5x LB as the growth medium for
subsequent experiments. In the next set of experiments, we visualized biafilatidéor on
glass cover slips using bright field microscopy and quantified biofilm fiiomay Eal1189,
Eall8%ams,Eall8%lsc,and Eall88Isd/pJMK1. Similar to the assay results using the 96-
well assay plate, cells of strain Ea1189 readily formed large aggrégage2-3A) which is a
hallmark of biofilm formation, while Eal1@@&mscells did not aggregate (Fig. 2-3B). Strain
Eall8Qlscalso showed a decrease in overall aggregation compared to Ea1189, but aggregates
were present on the glass cover slip (Fig. 2-3C). Complementation of Bdd®ih pJMK1

restored aggregation on cover slip to wild-type levels (data not shown). Strain kafdk39
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exhibited a significant reduction in biofilm formation of greater than 80% comhparfeall89
in the glass cover slips (Fig. 2-4). Biofilm formation by Eall88&was intermediate to that of
Eal189 and Eall8@msand was complemented with pJMKZ1, but not to wild-type levels,

although not significantly different from wild-type levels (Fig. 2-4).

Confocal laser scanning microscopy visualization d&. amylovora biofilms. We also

analyzed biofilm formatiom vitro using a flow cell apparatus. This method enabled a non-
invasive observation of biofilm formation under a continuous flow of fresh 0.5x LB medium into
an enclosed chamber that was inoculated with either Ea1189/pMR#g#) (
Eal182amgpMP4518 yfp+), Eal18@lsc/pMP2444 ¢fp+), or Eal188lsc/pIMK1/pMP2444
(gfpt). After 24 h, we visualized cultures grown in the flow cells using CLSM, and getherate
three dimensional view of the confocal image through the measurement ofisignsity. An
intensity map with arbitrary values was established which measured the amfhuotesicence
emitted from thayfp- or yfpdabeled cells, where the intensity of the signal reports the density of
cells in a particular location. In this assay, Ea1189/pMP2444 demonstrated kailgpnarof

biofilm formation including the formation of large spatial cellular aggregdtstified through

high signal intensity ofifp fluorescence after 24 h of growth (Fig. 2-5A). Aggregates were
observed throughout the entire chamber attached to the surface of the chamberéimexhi
vertical growth (Fig. 2-5A). In contrast, the EalA8M3$pMP4518 culture was uniform and

had a very low signal intensity gfp fluorescence, showing no signs of aggregation after 24 h
(Fig. 2-5B). Growth of Eal1189sc/pMP2444 in the flow cell resulted in the production of
biofilms that were intermediate to the signal intensity of Ea1189/pMP2444(biQ). The

complemented strain Eal189c¢pJMK1 + pMP2444dfpt) exhibited large spacial aggregates
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and vertical growth similar to the wild-type strain after 24 h growth (detszhown). Flow cell

experiments with each strain were repeated at least three tirhesiwiiar results.

in planta biofilm formation analysis. Latitudinal sections of petiole tissue from the youngest
leaves sampled from shoot tips inoculated \EitlamylovoraEal1189 and mutant strains were
examined using SEM, with the sectioning occurring after the fixation procesatsrial
examined had as little artifact as possible. Extensive cell growth waenewithin the vascular
system, and characteristics of biofilm formation were observed in all saifnpin Ea1189-
inoculated tissue. We first observed multicellular aggregates that appeaeedttached to the
xylem wall with cell growth inward into the xylem vessel (Fig. 2-6A). Wehkerrobserved
multicellular aggregates encased within a matrix of fibrillar nigtérat traversed the diameter
of xylem vessels, linking cells on either end that were attached to the xgkiffrig. 2-6B).
Biofilms in more advanced stages of development were comprised of greater sioimtegdis
and associated fibrillar material retaining linkages to wall-atthcleds (Fig. 2-6C). In some
cases, the xylem vessels were completely filled with the bactesfdhbivhich also included
the apparent extrusion of cells outside of individual vessels (Fig. 2-6D). Each shéagjdrof

development in xylem vessels (Fig. 2-6A-D) could be visualized within one sample.

It was very difficult to visualize cells of Eal188msin petiole tissue after inoculation,

and this was confirmed by cell count data that indicatededl@ reduction in population
within 2 days after inoculation (data not shown). We were only able to visualize Aahi89
cells near the inoculation site in a few samples; these cells differadcklls of the wild-type

Eal189 in that the cells were elongated and there was no evidence of aggregatiba or of t

production of a fibrillar matrix (Fig. 2-7A). Observation of EalAR@ in plantarevealed that
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cells were mostly associated with leaf parenchymal tissue (Fig).2V¥B did also observe
biofilm formation by Ea1188Iscin xylem tissue similar to that of Ea1189; however, there

appeared to be a reduction of the fibrillar matrix materials. InoculatidhsBail 18Alsc using

higher doses (f(S) cfu/ml) were also done to determine if higher cell doses would facilitate

xylem colonization; however, we did not observe any cells within xylem vassialg the

concentrated inoculum.
DISCUSSION

The results of ouin vitro andin plantaresults demonstrated thiat amylovoracells form
biofilms and that biofilm growth may play an important role in host plant coloarzaflhe
production of biofilmsn plantais a characteristic shared among several vascular plant
pathogens includinB. stewartiisubspstewartii X. campestrigv. vesicatorig andX. fastidiosa
(20, 31, 320). Biofilm formation is an important developmental growth feature of aoange
bacterial pathogens of plants and animals, and the biofilm growth habit represardogical
survival strategy in which cells present in the biofilm are more resistarteimal stress (29).
The transcriptome of biofilm-associated cells differs from that oflivéeg planktonic cells and
biofilm-associated cells are also more resistant to antibiotics and ptjeletss susceptible to
detection by host surveillance mechanisms (23). Thus, the importance of biofilms to

pathogenesis is an emerging concept in both animal and plant pathology.

The amylovoran EPS was required for biofilm formatiorEbyamylovoraand the
absence of amylovoran production was accompanied by reductions in both attachment to
surfaces and cell-to-cell aggregation. EPS and other ligands such as pili adifabilitate

anchoring of bacterial cells to surfaces (13). Attachment is a cfitsiastep in biofilm
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development, and surface attachment apparently provides a strong selectivagadicadiverse
bacteria as surface-associated organisms outnumber free-livingaelst ecosystems (8).
Surface association may promote access to nutrients; for example, nutreoigous
environments tend to concentrate near solid surfaces (13). Attachment to sudscdso
protect bacterial pathogens from host defense responses (28). In xylese andhoring is of
additional importance for bacterial establishment because of sap flowto&ell-aggregation
promotes the next phase of biofilm growth and requires determinants such as pylp&h&t
enable cells to migrate across a surface and form microcoloni&s.fastidiosatype | and type
IV pili and fimbrial adhesins are involved in aggregation, and a fimbrial adhesin muwnt wa
decreased in virulence, possibly due to the production of a reduced biofilm in host xylem
elements (12, 15). Biofilm production By amylovorawithin xylem vessels of apple appears to
be similar to that oP. stewartiisubspstewartiiin xylem vessels of corn (20) in that the
adherence of cells to xylem walls and aggregation is accompanied by grosvttiegtinto the
lumen of the xylem vessel. Developing biofilms from various locations on vessetaalteen
fuse together, resulting in vessel blockage and the wilting symptoms enestacof fire blight
and Stewart’s wilt diseases. Thus, the inability to produce amylovoran cribplEesamylovora
mutant cells in all aspects of biofilm formation resulting in cells that @anpathogenic, possibly
due to increased susceptibility to host defense responses (16), but also due to antanability

effectively establish a biofilm within the host.

We found that levan played a role in biofilm formatiorEinamylovoraas a
levansucrase-deficient mutant was reduced in biofilm formation and in amlitaggregatiom
vitro. In addition, secretion of levansucrase is thought to contribute to the colonization of

sucrose-containing tissue By amylovora17). Plants in the Rosaceae family contain sorbitol

54



and sucrose as the major storage and transport carbohydrates (7). Levamsuttasel byE.
amylovorato cleave sucrose to fructose which is polymerized into levan with the additional
release of glucose (17). Sucrose can also be transportdfl emoylovoracells and

metabolized, and sucrose utilization is a virulence factor that is requiraactmssful leaf
colonization (5). Arlsc mutant would retain the ability to metabolize sucrose suggesting that the
energy status of the pathogen is not affected. Instead, our results implyetthattzon in

biofilm developmentn plantaby theE. amylovoraAlsc mutant would result in the observed
reduction in virulence, and the virulence defect was restored by complementai@m has

also been hypothesized to contribute to protectida. @mylovoracells against host defenses
(17), and could play this role by contributing to biofilm development. Visualizati&n of
amylovoraAlscin plantaalso revealed that the mutant was localized to the mesophyll tissue, a
location where we did not detect the wild type cells in abundance. A misooertétells

might also contribute to a reduction in virulence and reduced xylem colonization. zaticali

to the correct tissue appears to be critical to the proper development of fite bhligalization

to incorrect tissue may expose the cell to host defenses or may not provide the proper

environment for further disease development.

In summary, we demonstrated tlEatamylovoraorms a biofilm and the importance of
biofilm formation to the fire blight infection. We were also able to provide evidirate
amylovoran, the main EPS component, is necessary for biofilm formation, and that levan, a
minor EPS component, also plays a role in biofilm formation. Our results imply tfiébi
formation and pathogenesis are linked; however, further experimentation is neeaiefti o c

this hypothesis. We are currently identifying genes encoding trakssey for biofilms that
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are independent of EPS production. Mutational analysis of those genes would enable

determination of the mechanistic role of biofilm formatiorfciramylovorgpathogenesis.
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Table 2-1.Bacterial strains, plasmids and primers used in chapter 2.

Strains,
plasmids, ... a Source or
Relevant Characteristics reference
and primers
Strains
E. amylovora
Eal189 Wild type 6
Eall8%ams Deletion mutant of themsoperon 41
Eall8%lsc Deletion mutant olsc encoding levansucrase sTtB:ij
Plasmids
pBBR1MC-3 Broad-host-range cloning vectorﬁ'c 19
pJMK1 Lscgene and native promoter in pPBBR1MCS-3 sTtB:ij
pKD3 Plasmid utilized irk phage recombinase mutagenesis 10
method
0KD46 Expresses recomblnases r&,.dk, and exo for the 10
construction of deletion mutants
pBBR1MCS-5 backbonegfp expressed frorfac promoter;
pMP2444 R 37
Gm
pBBR1MCS-5 backboneifp expressed frortac promoter;
pMP4518 R 37
Gm
Primers
5-ATGTCAGATTATAATTATAAACC .
Lsc F AACGCTGTGGACTCGTGCCGATGC This
ATTGTGTAGGCTGGAGCTGCTTC-3’ study
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Table 2-1
(cont'd)

Lsc R

Comp F

Comp R

5-AATAAAATTTCATTACAGAA
AGTAACGGCCTTATATAGGTATTAG
CTTCGCATATGAATATCCTCCTTA-3’

5’GGTACCAAACGTACAG
GAACACCTTATATTCTG-3

5-GAGCTCATGACTATC
ATAGCGATATCAGCC-3

This
study

This
study
This
study

% Abbreviations: Gm, gentamicin; Sm, streptomycin; Tc, tetracycline
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Figure 2-1. Symptoms oE. amylovori Ea1189, Ea118%ams and Eal188Isc in immature
pear at seven days pastculation Eall8@amsis nonpathogenic arffiall8%lscis reduced

in virulence. Representatiyears shown from three individual experiments, pears per tria

inoculated with culture of 1x140:fu/ml.
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Figure 2-2. Quantification of the effect of growth medium on biofilm growth on glasg.by
amylovoraEal189. Biofilm formation is significantly greater in Luria BrotlBfland 0.5x LB
than in Minimal Media (MM), or MM plus 2% sucros®leasurements were taken after 48 h
growth in each medium. Values represent the mean of 24 sample reglicatene
representative experiment. Sample means were compared by anflgsisnce and separated
using the Student’s t-test. The presence of different letters above saegpievatues indicates

the means were significantly differentRak 0.05.
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Figure 2-3. Attachment andggregatio of E. amylovoraEal189, Eall18%am:s and
Eall8%lscto glass after 16 lA) E. amylovoraEall89 has large aggregat®@sEFall8Aams
has only single cellsand C) Eal18&lsc has reduced aggregate size on the glass s. Cells
were visualized using bright field microscopy feliag staining with a violet solution. Not
cells appear on both sides of the glass surfadelighiter gray cell aggregates on the revi

side.
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Figure 2-4. Quantification of biofilm formation of Ea1189, Eallg&tns Eall18alsc,and
Eall8Alscd/pJMK1 in 0.5x LB after 48 h. Values represent mean of three replicates, 24 sample
replicates from one representative experiment. Sample means were cobypaneghalysis of
variance and separated using the Student t-test. The presence of détezenabove sample

mean values indicates the means were significantly differéh&d.05.
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Figure 2-5. Three-dimensional view of flow cell contents through intensity mapping after 24
growth. A) E. amylovor&Eall89, B) Eall8hams C) Eall84lsc. Aggregate size is
indicated by intensity. The more bacterial cells present in one location (agaggréhe more
intense the color. Note: intensity mapping has set max value at 250 and mapslapedevi¢h

five color layers. Additional layers of color indicate greater intensigigsfal. Representative

of three separate trials.
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Figure 2-6. Biofilm formationin plantaby E. amylovoraEal189 seven day®s-inoculation
of 2x108 cfu per ml using thecisso cut method. A) Attachment of cellsittnel walls of xylem
vessels, aggregation, and initggbwtl into the lumen of the vessel. B) Fusmfrdeveloping

biofilms across the expansexafiem vessels. The fibrillar matrix in whiatells are embedded

is prominent. C) Furthetevelopmer of biofilms following additional celgrowth and D)

complete filling of xylem vessddy theE. amylovorabiofilm.
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Figure 2-7. A) Visualization ofE. amylovoraEal18%ams48 h postnoculatior with 2x108

cells intoapple shoots. Cells appear shapen with no evidence of aggregation or the poe

of extracellular fibrillar material. B) Visualizah of Eal188lscin apple laf tissue, inoculate

with cell concentration of 1xf8. Bacterial cells are localized to plant parenchlyoells with

reduced colonization of xylem vess
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Chapter 3: Cell surface attachment structures contribute to biofin formation and xylem
colonization of Erwinia amylovora.

This chapter has been modified from work submitted for publication: Koczan, J.M., Lannema

B.R., McGrath, M.J., and Sundin, G.W. Applied Environmental Microbiology.

ABSTRACT

Biofilm formation plays a critical role in the pathogenesi&nfinia amylovoraand the
systemic invasion of plant hosts. The functional role of the exopolysaccharidesvaragland
levan in pathogenesis and biofilm formation has been evaluated. However, the rolénof biof
formation, independent of exopolysaccharide production, in pathogenesis and movement withi
plants, has not been studied previously. Evaluation of the role of attachrizemintylovora
biofilm formation and virulence was examined through the analysis of deletion moitgetses
encoding structures postulated to function in attachment to surfaces or iarcaijgtegation.
The genes and gene clusters studied were selected based on bioinformatioscddic
analyses and quantitative assays demonstrated that attachment structuessfsnbriae and
pili are involved in the attachment Bf amylovorao surfaces and are necessary for the
production of mature biofilms. A time course assay indicated that type lidienfoinction
earlier in attachment, while type IV pilus structures appear to functienitaattachment. Our
results indicate that multiple attachment structures are needed for imafiine formation and
full virulence, and that biofilm formation facilitates entry and is necgdgsathe buildup of

large populations dE. amylovoracells into xylem tissue.
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INTRODUCTION

Biofilm development is often utilized by bacterial pathogens to aid in host skiakeint,
population expansion, and ultimately in disease proliferation (7, 27). The biofilnx ipedtects
cells from stressful environmental conditions, and enables increased nutneisttern. The
formation of biofilms is a coordinated and highly regulated process that exhilitstdist
transitions between phases. These developmental phases include planktonicr{fremg)yyi
attachment (reversible and irreversible), mature biofilm, and detach&®ntThe specific
regulatory triggers governing the transition between phases are largely imkmwever, it has
been shown that mechanical signals, nutritional and metabolic signals, quorum siymsitsy
and host derived signals can shift biofilm development through the different phases 8y 16).
understanding the functional mechanisms of distinct biofilm phases in pathogpoesisial
novel targets for disease control can be discovered.

Bacteria produce numerous proteinaceous structures that can be used in celhauattesi
attachment to surfaces. These structures range from monomeric proteinsihocprafgexes
(24) and include the pili and fimbriae, which consist of multiple different appendagestheen
structures such as curli, adhesins, intimins, and invasins (16, 17, 24). An understanding of the
roles these structures play in attachment, overall biofilm formation, agsve#thogenesis is
still at the early stages; however, it has been showrk#diterichia colandPseudomonas
aeruginosaboth utilize pili and fimbriae in biofilm formation (7). Recently, the roles of
afimbrial and fimbrial adhesins dfylella fastidiosaand pili ofRalstonia solanacearuind
Acidovorax avenabave been explored, further demonstrating that biofilm formation within

vascular plant pathogens is an important factor in virulence (1, 9, 14). However, tetugh c
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surface structures have been implicated in biofilm formation and attachmemtethefrthe
structures can vary greatly among different species (7).

The gram-negative plant pathogérwinia amylovoras the causal agent of fire blight.
This organism is highly virulent and capable of rapid systemic movement widimhimsts and
of rapid dissemination among Rosaceous species, including apple and pear, when environmenta
conditions are favorable. The internal movement of the pathogen through the vastatared
plants, and the ability of the pathogen to infect flowers, actively growing shadtspats,
makes the management of fire blight difficult (21). Previous work has demodghrateéhe
exopolysaccharides amylovoran and levan are important elements in the biatfilatidor ofE.
amylovora(18). Amylovoran is a pathogenicity factor that is also thought to function add shie
that protects cells from host-elicited antimicrobial responses from g@ntéevan is a known
virulence factor (10), though its specific role in pathogenesis is unknown. Wenterested in
determining the specific role of biofilm formation i amylovorgpathogenesis. We
hypothesized that we could use a genetic approach to uncouple biofilm formation from
exopolysaccharide biosynthesis thus enabling an evaluation of the importance wrf biofil
formation in virulence without compromising the pathogen due to a defect in exopolygsechar
biosynthesis. However, to separate biofilm formation from pathogenicity factoes, ot
determinants of biofilm formation are needed. We further hypothesize#.taatylovora
encodes for surface structures that are necessary for the ficstl atiép of biofilm formation,
attachment.E. amylovoras known to produce peritrichous flagella and a type 1l secretion
apparatus (13, 27); however, the role of these and other surface appendages inrdtiactomne

known.

73



In this study, we utilized a bioinformatics approach and the recently sequencadege
of E. amylovorg32, 33) to identify genes encoding putative cell surface attachmentistsic
Individual genes and gene clusters were deleted, and we used a combinatioref in vit
attachment assays and plant virulence assays to demonstrate that nitdtpl@ent structures
are present ikc. amylovoraand play a role in biofilm formation, which is critical to pathogenesis
and systemic movement in the host.

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions.The bacterial strains, plasmids, and
oligonucleotide primers used in this study are listed in Table 3-1. All str&@resgrown in

Luria Broth (LB) medium at 28°C. For biofilm formation assays, strains werengin 0.5 x

LB. Growth media were supplemented with the antibiotics ampicillin (Amp) (Eﬁ)lhlg
chloramphenicol (Cm) (20 pg f%); gentamicin (Gm) (15 pg rhlb; and tetracycline (Tc) (12 pg

-1 e : .
ml 7) as necessary. For PCR amplification, Invitrogen reagents, protocol, angssettre used

(Invitrogen Corp.; Carlsbad CA), unless otherwise noted.

Deletion mutagenesis and complementationDeletion mutants within individual genes or of
gene clusters were generated usingithbbage recombinase as previously described (41). Gene
names, putative function, annotated gene ID numbers, and mdpsaimylovoragenes and

gene clusters mutated in this study are listed in Table 3-2 and shown in Figh&-following
deletions were constructefflhCD, AfliADST, AEAM_2544,AflgABCDEFGHIJKLMN to

generate the mutant designatdtty 3; AfliEFGHIJKLMNOPQ to generate the mutant
designated\flg 4; AhoBCppdD to generate the designated mutanof, AhofC;

AfimAD clpEHimACfaeH| to generate the mutant designatdimn; AfimD; Acrl; andAeae The
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deletionmutantsAhof, AhofC, Afim, AfimD, Acrl, andAeaewere complemented with plasmid
clones containing the corresponding gene amplified fommylovoraEal189 along with its
native promoter, digested at restriction sites Kpnl and Sacl, then ligabetthé cloning vector
pBBR1MCS-3 (Table 3-1). For complementatiom@fn, gene products were amplified using
Roche Expand Long Range, dNTPack, according to the manufacturer’s recaatiorend
(Roche Diagnostics GmbH; Mannheim Germany). Mutafits 3 (deletion of 18 kb) andflg 4
(deletion of 10 kb) were not complemented due to the larger size of the deletions.
Pathogenicity assays Strains were assayed for virulence using an immature pear fruitaassay

apple shoot assay as previously described (18, 40). For immature pear fysit wssased a

cell dose of ~1 x 1AOCFU/mI and measured the surface area of lesion size on fruit at 0, 2, 4, 6,

and 8 days post inoculation. Bacterial populations within immature pear fruit werdigdatt
0, 1, 2, and 3 days post inoculation. Apple shoots were inoculated by cutting the youngest leaves

using scissors dipped in a suspensiok.admylovoraand tissue was bagged overnight to

maintain high humidity conditions. For shoot assays we used a cell dose of QERU,(DnI

and measured symptom progression at 3, 7, and 14 days post inoculation. Trees were anaintaine
in growth chambers at 25°C and a light duration of 16 h. All assays were repeaigdatdyi

with at least four independent representatives in each experiment.

In vitro crystal violet assays for biofilm formation We used am vitro biofilm formation

assay that was modified from an established crystal violet staining @23asq previously

described (18). For brightfield imaging, cellular aggregation on glassstipgevas observed

after 48 h growth in static culture following staining with 10% crystal viee examination

using an OlympusIX71 inverted microscope (Olympus America Inc.; New York).
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Quantification measured absorbance valugg@~of resolubilized crystal violet stain after 48 h,

as previously described (18).
In vitro attachment time course assayWe modified a standaiid vitro biofilm assay (22) to

develop an attachment assay to measure the timing of attachment of beelisria glass

. . L .8
coverslips. Strains were each grown overnight in LB broth to a concentration ofc2u/ifl.

Twenty microliters of this overnight culture was then added to 2 ml of sterilmeddum in
individual wells of a 24-well culture plate (Corning; New York), and glass sbger(Thermo
Fisher Scientific; Waltham MA) were angled within the wells. The e were removed
following incubation of 2, 4, 6, 8, 16, and 24 h, stained with 10% crystal violet for one hour,
rinsed, and air dried. Bacterial cells attached to coverslips within the oope$ield of view
were enumerated. Ten random field-of-view images of each sample frommeagiotnt were
taken at 100X using an OlympusIX71 inverted microscope (Olympus America Ine.Y bi&).
Each experiment was repeated at least four times.

Confocal laser-scanning microscopy visualization d&. amylovora biofilms. Three-
dimensional aspects of biofilm formation were examined using a flow-celiatppdStovall

Life Sciences; Greensboro NC) as described previously (18). Strains weéed hatik green
fluorescent proteingfp) through introduction of the plasmid pMP2444 via electroporation. Flow
cell chambers were examined using the Zeiss 510 Meta ConfoCor3 LSM corgecaldanning
microscope (CLSM; Carl Zeiss Microimaging; GmbH) and images waptued at 10x using
LSM image browsing software (Carl Zeiss Microimaging; GmbH3tatks were compiled and
a three-dimensional image that measured intensity was produced by using then&hSiains”

with the LSM browser.
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Visualization of E. amylovora and deletion mutants in shoot tissue using scanning electron
microscopy. The two youngest leaves of three independent apple shoots (cv. Gala) were

inoculated with bacterial strains by cutting leaves perpendicular tur v&in with scissors

dipped in arkE. amylovorasuspension (1 x f8CFU/mI). Leaves were collected at 3, 7, and 14

days post inoculation, sectioned into 1-cm sections, and fixed in
paraformaldehyde/glutaraldehyde (2.5% of each compound in 0.1 M sodium cacody&de buf
(Electron Microscopy Sciences; Hatfield, PA). The tissue was dehgidsateessively, and then
critical point dried using a critical point drier (Balzers CPD; Lichtein3. Dried petiole tissue
was sectioned from slices after critical point drying to reduce potemtitcts from the fixation
process, mounted on aluminum mounting stubs (Electron Microscopy Sciences), addvithate
gold using a gold sputter coater (EMSCOPE SC500 Sputter Coater; AshfordGikest

Britain). Images were captured on the scanning electron microscopg (EHEN 6400V (Japan
Electron Optics Laboratories; Tokyo Japan) with a LaB6 emitterafiNBDS, Thermo Fisher;
Waltham MA) using analySIS software (Soft Imaging System; GmbH).

Visualization of E. amylovorain vitro and in planta using transmission electron microscopy.

Forin vitro examination of Ea1189, cells were grown in LB overnight, and diluted to ~i x 10

CFU/ml in sterile water. The cell suspension was negatively stained &#oQranyl acetate,
and a 21l sample was placed on a transmission electron microscope (TEM) grid. Sarepges
examined on the JEOL100 CXII microscope (Japan Electron Optics Labonatéiaes planta
samples, the two youngest leaves of three independent apple shoots (cv. Gala) wiattednoc

with Ea1189 by cutting leaves perpendicular to the major vein with scissors dippedl in a ce

suspension (1 x f8CFU/mI). Samples were fixed overnight in
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paraformaldehyde/glutaraldehyde. Petiole tissue was embedded in 2% athemoshin
sectioned with a razor blade and stored in 0.1 M sodium cacodylate buffer (Electroaddixy
Sciences). Post-fix occurred in 2% osmium tetroxide in 0.1 M cacodylate bufigpleSavere
dehydrated successively in graded acetone series, then infiltrated ardtlechimePoly/Bed 812
(Polysciences; Warrington, PA). Sections were obtained with an ultratomte, PowerTome
XL (Boeckeler Instruments; Tucsan, AZ). Thin sections were placed on TESard samples
were examined on the JEOL100 CXIl microscope (Japan Electron Optics Lales)ator
RESULTS
Visualization of attachment structures ofE. amylovora. TEM images of individual bacterial
cells grown in broth culture, after negative staining, revealed the presencerafiyers flagella
but no other obvious surface appendages (Fig. 3-2A). TEM images of xylem tubesctaBssss
from petioles of leaves inoculated with wild tyleeamylovoraEal189 revealed additional
appendages anchoring bacterial cells to the host cell wall (Fig. 3-2B). S&dvhorevealed
apparently similar structures of Ea1189 that appeared to attach cells tetioe oftxylem
tubes of Gala apple tissue (Fig. 3-2C), apparently anchoring cells to the yterarwall. SEM
images also revealed cellular aggregation, a process that is also frgsmediated by surface
attachment structures in initiating biofilms that stretched into the antspiace of a xylem vessel
(Fig. 3-2C).
Biofilm formation in vitro visualization and quantification. Using a previously published,
modifiedin vitro crystal violet staining method (18), we determined that, in general, mutants
with deletions of cell surface attachment structures exhibited signtifieductions in biofilm
formation. Absorbance values of resolubilized stain indicated a significhrdti@n in biofilm

formation on glass coverslips after 48 mimof, AhofC, Afim, Acrl, Aeae andAflg 4 (Fig. 3-
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3A). In only a few cases, biofilm formation by the mutants was not significaftirent than
that of Ea1189 (Fig. 3-3A). Brightfield images of bacterial cells on glagsrslips, stained with
crystal violet, captured at 48 h, demonstrated a lack of large aggregatesivaditatlack of
biofilm formation in almost all mutants (Fig. 3-3B). Complementation of deletigamis
restored biofilm formation to wild type levels (data not shown).

Examination of biofilm formation after 48 h within a flow cell system yidldenilar
results, withAhof, AhofC, Afim, Acrl, Aeae andAflg 4 all showing little to no aggregation
within the chamber, compared to large aggregates formed by the wild type Eal1894(ig
B, and data not shown). AlthougfimD formed large aggregates on glass coverslips under
static conditions, we observed smaller aggregates within the flow celbenanat did not
transition to a mature biofilm (Fig. 3-4C).

In vitro biofilm attachment time course assay.The attachment of wild type Ea1189 and
mutant bacterial cells to glass coverslips under static conditions at tinte pb2, 4, 6, 8, 16
and 24 h, was assessed. All attachment mutants examined show significeerckSe
compared to the wild type Eal1189 throughout the experiment (Table 3-3). At 2 Afiamly
exhibited any significant reduction in attachment compared to Ea1189. Howevér, alt
exceptAfim were significantly reduced in attachment. Attachment at 6 h was sigitljica
reduced in all mutants exceptimD andAcrl. Only Ahof andAflg 3 had significant reductions
at 8 h. At 16 h, all excepiflg 3, Acrl, andAeaeexhibited significant decreases, and finally at
24 h,Afim, Aflg 4, Acrl, andAeaeall were significantly reduced in attachment, wiafenD
exhibited a significant increase in attachment compared to Eal1189 (Table 3-3)

Virulence assays in immature pear fruit and apple shoots tissue aft@moculation with E.

amylovora and deletion mutants. All mutants exhibited reductions in lesion size at day 4 and
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day 6 post inoculation in immature pear fruit (Table 3-4). However, by 8 days post fimogula
only theAhof, AhofC, AfimD, andAcrl were significantly reduced in lesion size compared to
Eal189. Theé\amsmutatnt was non-pathogenic in immature pear fruit as previously noted (3;
39)

Significant differences in bacterial population size in immature peamiare observed
over the time course of three days following inoculation, including shifts in the twhing
population growth, as well as decreases in population size (Fig. 3-5). Sigriliecaeases in
population compared to the wild type at day 3 were observetfifor Aflg 3, andAflg 4.

Mutants in the type IV pilug\hof andAhofCboth have a significant increase in population size
compared to the wild type at day 2 post inoculation, however populations at day 3 werre simila
to that of the wild type, suggesting a shift in population growth.

Virulence ofE. amylovoran apple shoots is evaluated by measuring the length of wilt
symptoms as disease progresses into shoot tissue. We observed a sigadficdiatr in disease
progression in shoots inoculated with tkteofC, AfimD, Afim, andAflg 4 mutants compared to
Eal189, while the length of wilt symptoms in shoots inoculated Aitif andAflg 3 were not
significantly different than the wild type (Fig. 3-6). In all virulence gssaomplementation
restored virulence to wild type levels (data not shown).

Visualization of E. amylovora and deletion mutants in shoot tissue using SEMEa1189 cells
initially attach to the internal surfaces of the host xylem cell wall andupeodiofilms that
extend into the vessel (Fig. 3-1). Longitudinal sections of shoots inoculated with Ea1189
enabled us to visualize biofilms progressing within xylem tissue (Fig. 3dnAgddition, we
discovered discontinuous aggregates, suggesting that dispersal and initiation of ies bias

occurring as a mechanism of systemic movement within individual xyleseige
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In all mutant strains excepfflg 3, bacteria were found in high concentration in the
mesophyll tissue (Fig. 3-7D). Infrequently, mutants were found inside vasiesla,
specifically the young helical xylem, in smaller populations and witk tittno aggregates (Fig.
3-7C), compared to the wild type which is found more frequently and at higher populations of
aggregates in both helical and developed xylem tissue (Fig. 3AMA).3 is phenotypically
similar to that of the wild type. Overall, the attachment mutants tended to lile tméocalize
or develop large populations within the vascular system.

DISCUSSION

We used a bioinformatics approach to identify multiple gen&s afylovoraencoding
putative surface appendages, and we demonstrated their role in attachmemt faiofation,
and pathogenesis. These are the first reported results to indicate thdinypee, flagella,
type IV pili, and curli ofE. amylovoracontribute to biofilm formation in static and flowing
environments, and that defects in any of these appendages result in decressekvi planta
Our previous results demonstrated tGaamylovoraforms a biofilmin vitro andin planta
Pathogenesis and biofilm formation appear to be linked, but without identifying gec@sing
traits independent of EPS production, the mechanistic role of biofilm format®raimylovora
could not be studied. Interestingly, mutants with reduced biofilm formatiotyeadplpear
unable to successfully establish large populations in apple xylem. Colonizatioerofisyl
critical to the systemic movement of the pathogen through plants (5); thus hileficrent
mutants remain localized within an inoculated leaf and are strongly impaitiee€iii ability to

invade the rest of the plant.

This study of multiple attachment structures shows both the importance and the vast

complexity of the attachment phase in biofilm establishment. This was evidentexamining
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the role of type IV pili using a cluster of genes identified in this stydgf, including the genes
ppdD, hofBandhofC. These genes are known to encode functional type IV gfli aeruginosa
(31). Type IV pili have been shown to meditate the transition from reversibleversible
attachment iP. aeruginosaand contribute to the virulence of another vascular invading plant
pathogenR. solanacearun(il4, 34). Though timing on the transition between reversible and
irreversible attachment has not been determined, it can be assumed ttaaisibiert would
occur after reversible attachment (the first few hours of contact toaceyrand before or at the
beginning of the expansion of the microcolony in the biofilm, or the initial growtsepbithe
bacteria. Under ideal situations,Bnamylovorahis would occur between 3 and 5 h, at the end
of the lag time and beginning of the growth phase (19). During the time courseNEsayas
able to initiate attachment, however, during 4-6 h the mutant was significaitiged in
attachment to the surface compared to wild type. This implies that a deletiortypah¥ pili
alters irreversible attachmentin amylovora The disruption of irreversible attachment seems
to stop any further significant attachment or expansion into micro- and macresoloni

The role of flagella in the attachment process was also examined. Ikisyaxen that
flagellar-driven motility allows several bacterial species, incigdi. coliandShewanella
oneidensiMR-1, to escape unfavorable environments and swim towards more favorable ones
(23, 36). Flagella have also been shown to play significant roles in biofilm formateweral
pathogens (7, 11, 15, 25, 38). For examplesoliflagella exhibit multiple functions in biofilm
formation including: motility to a surface, mediating surface contact, and egparighe
biofilm (36). In this study, we deleted two of the four gene clusters encodingtthecpon and
regulation of flagella ife. amylovora(32) and demonstrated varying effects on biofilm

formation and virulence. One cluster, flagella gene cluster three, appe#tsn irreversible
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attachment, but does not have a direct role in biofilm formation or virulence of the pathoge
Similarly, the second gene cluster does not seem to have a specific role ibleoers
irreversible attachment, but contribute to biofilm formation and virulenceseTi@sults indicate
that flagella production appears to be controlled by multiple gene cltis¢rsay function
independently. As a result, the flagellaEbfamylovoraseem to have multifaceted functions in

the biofilm formation process.

Additional putative attachment structures were identified through our bioinfieemat
approach, including a regulator of curli geras, and an invasin islanéae Curli, or amyloid
fibers, ofE. coliare known to mediate in the attachment of flagella and fimbriae to surfaces,
ultimately aiding in biofilm formation and virulence (2, 26, 29). Curli-like functiemsuding a
role in pellicle formation, have been associated with the type Il secrestanspfDickeya
dadantii an enteric plant pathogen (39). Invasin¥ efsiniaspp. or intimins oE. coliare outer
membrane proteins known to mediate the attachment of bacteria cells to theiogakersts,
but have no known function in biofilm formation (20). Our deletionglirandeaein E.
amylovorademonstrate that curli and invasins function in biofilm formation althowgspecific
function during attachment was found. This implies that curli and invasins eitharthel i
attachment of other structures, or their role in biofilm formation does not occur theing
attachment phase. The curlief coli have been shown to function in cell-to-cell contact (26).
Similarly curli of E. amylovoracould function in the building of mature biofilms. Reductions in
virulence due to deletion of the curli regulator indicate not only functional attachipugiatiso
mature biofilm formation is needed for full virulence in the host. SEM imagingeaihutants in
the xylem tissue demonstrated that cells were not able to develop a matume witsfin the

xylem, supporting this hypothesis.
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The final putative surface structures identified were Type | fimbridesd& were of
interest because these rod-shaped surface organelles, found in most eetéphact been
well studied for their role in biofilm formation (36). E coli, type | fimbriae play a critical role
in initial cell-to-surface contact, and are important to adhesion and biofilmtiormia both
static and flowing systems (4, 25). To determine if these structures prayaa sole inE.
amylovora, a time course assay of bacterial attachment was conductedus seudies have
indicated that initial attachment Bf amylovorashould occur within 2h of exposure to a surface,
after which initial growth begins to occur (19). Our results showed that mutdhta deletion
in type | fimbriae exhibited significant reductions of attachment afteeXlbsure, indicating
that there is a defect in the initial attachment essential for biofilm&ton.

In addition to a role in attachment, type | fimbriae are also important vieifectors in
several enteric pathogens (6, 35). Even in cases where type | fimbriae anginally present
in E. coli; the introduction of fimbriae genes increases the severity of virulenbe phthogen
(6). Similarly, inE. amylovoratype | fimbriae deficiencies lead to an overall reduction in
virulence. Significant reductions in lesion size in immature pear fruit, theisve reduction of
disease progression within shoot tissue further indicates that iniiehatent during biofilm
formation contributes to virulence.

SEM imaging revealed that all mutant strainEo&mylovorawith the exception ohflg
3) grow to large population size in the mesophyll. Thus, a fully functional biofilis miateseem
to be required for survival and growthplanta However, we also found that these mutants are
unable to enter the vascular tissue like the wild type strain, indicatingitidm formation
plays a role in the entry &. amylovoranto the vascular tissue. This was consistent with a

previous study where we found thatlasomutant, deficient in biofilm formation, also remained
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confined to the mesophyll (18). These findings were somewhat surprising, iretbapected a
functional biofilm would be necessary to attain large populationisigkanta,and that large
populations were needed to initiate entry into the xylem. Instead, it appedmtihais play a
crucial role in the actual entry into the vascular tissue. Further studibgiag conducted to
determine how the biofilm aids in xylem colonization. In addition, we previously found tha
Aamsmutants are incapable of growthplanta This seems to indicate that amylovoran,
independent of a fully functional biofilm, is needed to proEea@mylovoragrom antimicrobial
responses from the plant as suggested by others (3). The ability to uncouple biofétmoform
from EPS biosynthesis, will now allow us to conduct future studies to examine the role of

amylovoran and other extracellular polysaccharides.

In conclusion, we used a genetic approach to identify multiple structuresydiect
indirectly involved in the attachment phase of biofilm formation and in virulenge of
amylovora Structures that appear to play a direct role in the attachmEntaifylovora
function in the virulence of the pathogen; structures that have indirect roleacimna¢int do not
always impact virulence. Ultimately these results demonstratenfifatance of biofilm
formation in the virulence and xylem entryfamylovora Functional characterization of
additional genes involved in attachment, as well as other steps in biofilm fornrmasigmprovide

additional insight into the role of biofilm formation ih amylovorgpathogenesis.
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Table 3-1.Deletion mutants constructed in chapter 3, sequence ID of the respective genes, a
putative structure targeted for deletion.

Strains Relevant characteristics Source or reference
Eall89 Wild type 6
Eall8%ams Deletion mutant of amylovoran operon 41
Eal18AhofC Deletion of EAM_0729; putative type This study

IV pilus structure

Deletion of EAM_0729-0731; genes

Eall8ahof ppdD, hofB, hofC of a putative type IV This study
pilus structure
Eall8AfimD Deletion of EAM_0230; putative type This study
| fimbriae structure
Ea1189fim Deletion of EAM_0230-0237; genes This study

fimAD, clpEF, fimAC, faeHI of a
putative type | fimbriae structure

Deletion of EAM_2541-2562; genes
Eall8aflg 3 flnCD, fliIADST, This study
flJABCDEFGHIJKLMN of a putative
flagellum structure

Deletion of EAM_2569-2581; genes

Eall8flg 4 fli EFGHIJKLMNOPQ of a putative This study
flagellum structure
Eall8Acrl Deletion of EAM_0898; putative This study
curlin regulator
Eall8%eae Deletion of EAM_3759; putative This study

invasin structure
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Table 3-2. Plasmids and oligonucleotide primers used in mutagenesis and complementation.

Plasmids and Source
i or
Primers
reference
Plasmids: 41
Plasmid utilized irk phage recombinase mutagenesis method;
pKD3 R 41
Cm
Expresses recombinases rgd,, and exo for the construction
pKD46 . R
of deletion mutants; Amp
BBR1MCS-5 backbonefp expressed frorac promoter; i
oMP2444 p gip Rp Y This
Gm study
pBBR1MCS-3 backbondiofC gene inserted as Kpn I-Sac I;  This
pJMK2 R
Tc study
pBBR1MCS-3 backbondiof gene cluster inserted as Kpn I-  This
pJMK3 R
Sac I; Tc study
pBBR1MCS-3 backbondimD gene inserted as Kpn I-Sac |; This
pJMK4 R
Tc study
pBBR1MCS-3 backbondim gene cluster inserted as Kpn I-  This
pJMK5 R
Sacl; Tc study
pBBR1MCS-3 backbonerl gene inserted as Kpn I-Sac I;  This
pJMKG6 R
Tc study
pBBR1MCS-3 backbonesaegene inserted as Kpn I-Sac |;
pJMK7 R
Tc
Primers:

F: 5- ATGGGTGAACGCTTACTTTTCCG
CTGGCAGGCTATTGACGATAGTGG
GCAGTGTAGGCTGGAGCTGCTTC-3

This
Eall8AhofC R: 5- TTACCCAAGCGCATCTCCCA study
GCCTGAATACGGGCAAATACATG
GCCACCACATATGAATATCCTCCTTA-3

F: 5-ATGGGTGAACGCTTACTTTTCCG
CTGGCAGGCTATTGACGATAGTGG
GCAGTGTAGGCTGGAGCTGCTTC-3 This

Eall8Ahof
study

R: 5-TCATGGCAACTGCTCCTCATCA
AAACGGAACATATCCAGGCAAG
CGTCCTCATATGAATATCCTCCTTA-3’
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Table 3-2
(cont’d)

Eal18AfimD

Eal18Afim

Eall18@flg 4

Eal18%crl

Eall8%eae

AhofCcomp

F: 5-ATGACGCCTAAGGTGAAGAGGTAT
GTGCTATTTGACGAAGCTTTCTGC
CGGTGTAGGCTGGAGCTGCTTC-3'

R: 5’-AATAAGTGTGCAARAGAGGACA
TTGAAAAGACAGAGAACGTCGAA
GCGACCATATGAATATCCTCCTTA-3’

F: 5-ATGAAAAAAGTAATCAACTTTAT
TTTCCTGCTGCTGGCAGGTGCGGG
TGAGTGTAGGCTGGAGCTGCTTC-3’

R: 5’-GATGACTATGAGTTATGACTGGC
CGTCACTGTGCACGGTCGCGGCC
CCTTCATATGAATATCCTCCTTA-3

F: 5-GGCAGCGGGGTGAAGTGATACA
ACAGATCGGCTTAGAATCAGGCTTT
ACGGTGTAGGCTGGAGCTGCTTC-3

R: 5-TTACGAATTGAGACTAAACAGT
GACAGCTTCGACATCTGCTGGAAT
ACGGCATATGAATATCCTCCTTA-3

F: 5-ATGACGTTACCGAGTGGACATC
CTAAGAGTCGAATAATTAAGCGCT
TTCAGTGTAGGCTGGAGCTGCTTC-3’

R: 5- TCAGGCGGTCAGCTTCACCGGC
TGGTCAGCGAAATCCGTTGCCGGT
ATCACATATGAATATCCTCCTTA-3

F: 5-ATGCAGGGGGGTAAAGCGGCTC
CTCCTGCAATAATCTGGGACAAAG
ATGAGTGTAGGCTGGAGCTGCTTC-3'

R:5- TTATTTTATAATATCAACATAAG
GCTTGTTTATTGCGCTGCCGCTGC
CAACATATGAATATCCTCCTTA-3’

F: 5-GGTACCATGGGTG
AACGCTTACTTTTCC-3'

This
study

This
study

This
study

This
study

This

study

This
study
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Table 3-2

(cont’d)
R: 5-GAGCTCITACCC This
AhofCcomp AAGCGCATCTCC-3 study
F: 5-GGTACCATGGGTGA
ACGCTTACTTTTCC-3
Ahofcomp This
R: 5-GAGCTCICATGGC study
AACTGCTCCTCAT-3
F: 5-GGTACCATGACGCCT
AAGGTGAAGAGG-3'
AfimD comp This
R: 5-GAGCTCITATTCACAC study
GTTATCTCCTGTAACTT-3
F: 5-GGTACCIGAAATTA
TTAACGAATGCCTGC-3'
Afim comp This
R: 5-GAGCTCATGATAAAAC study
TTGCGGATAAATATCG-3
F: 5-GGTACCATGACGTT
ACCGAGTGGACAT-3
Acrl comp This
R: 5-GAGCTCICAGGC study
GGTCAGCTTCAC-3
F: 5-GGTACGGGTAAAG
CGGCTCCTCCT-3 .
This
Aeaecomp study

R: 5-GAGCTCAATATCAAC
ATAAGGCTTGTTTATTGC-3'

%estriction sites Kpn | (GGTACC) and Sac | (GAGC'[@)jerIinedbAbbreviations: Amp,
ampicillin; Cm, chloramphenicol; Gm, gentamicin; Tc, tetracycline;
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Table 3-3. Time course assay measuring attachment of cells at 2, 4, 6, 8, 16, 24 h to glass
coverslips. Each value represents the average number of cells attached el of view at
100x. Means within a column followed by the same letter are not significanyediff
according to Fisher’s Protected LSD (P85).

2h 4 h 6 h 8 h 16 h 24 h
Eal1189 30.6 abc 1176 a 123.0 a 2520 a 210.8 a 281.4 bc
AhofC 21.1 bcd 722 b 289 d 179.2 abc 746 d 163.5 cd
Ahof 33.3 ab 40.3 cd 400 d 100.7 c 86.5 cd 142.7 cd
AfimD 18.9 cd 65.6 bc 924 abc 206.7 ab 78.2 d 4519 a
Afim 15.1 d 101.0 a 63.1 bcd 271.3 a 80.7 cd 1324 d

Aflg 3 42,7 a 376 d 51.2 cd 128.3 bc 177.7 ab 365.6 ab
Aflg 4 429 a 43.2 cd 52.8 cd 2165 ab 120.6 bcd 1165 d
Acrl 259 bed 259 d 100.2 ab 225.1 al67.6 abc 98.1 d

Aeae 29.0 bc 215 d 62.1 bcd 217.7 ab 145.7 abcd 86,5 d
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Table 3-4. Percent lesion size on immature pear fruit inoculated BvigtomylovoraEal189 or
various attachment mutants at 4, 6 and 8 days post inoculation. Significant diffenclesemi
size compared to the wild type were noted on day 8 post inoculation and are indicated with
asterisks (studentest; P<0.05).

Day 4 Day 6 Day 8
Eall89 8 51 87
Aams 0 0 0*
AhofC 6 46 7
Ahof 4 29 72*
AfimD 3 18 S7*
Afim 4 41 84
Aflg 3 1 25 93
Aflg 4 2 23 85
Acrl 1 21 76*
Aeae 2 19 80
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Figure 3-1 Gene maps of genes deleted in this chapter. Genes are identifed based oty simila
to known attachment structures in other bacterial species. Thegesecodes for invasin
structures. The gene clustefencodes for type IV pili. Type | fimbriae require fira gene
cluster. Two of the four gene clusters encoding for genes necessaag#diafl biosythesis and

function areflg 3 andflg 4.

eas ppdC hofB  hofC
) O
eae
hof
4086 bp 3033 bp
fimA  fimD clpE clpFfimAC faeH fael crl
fim crl
7089 bp 402 bp
fliD fliT figM flgB flgD flgG flnD

fliS flgN flgA flgC flgE flgF  flgH flgl flgJ flgK  flgL 254¢ fliA fInC

fig 3
fiQ  fio fiiM 18125 bp
fie fiN il fik fid fil fiH fic fiF  fiE
flg4
10339 bp
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Figure 3-2.Images of putative attachment structure&.oAmylovoraA) Transmission electron
microscope imaging of a planktoric amylovoracell grown in broth culture and negatively
stained. Peritrichous flagella are indicated by arrows. B) Transmissictnogl microscope
image ofE. amylovora in planta Putative attachment structures connect bacterial cells to host
cells C) Scanning electron imagefamylovorecells attached to vascular tissue within ‘Gala’
apple tree. Imagel. amylovoracells were found within a biofilm, with multiple appendages
that protrude from the bacterial cell and attach to the host surface, as indictdtedabrows.
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Figure 3-2(cont’d)
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Figure 3-3.Biofilm formation ofE. amylovora A) Quantification of biofilm formation on glass
coverslips of deletion mutants Bf amylovora All mutants excepafimD andAflg 3
demonstrated significant deficiencies in biofilm formation compared to Eal18§,stadent-
test withP <0.05. B) Brightfield imaging of biofilm formation on glass coverslips. Aletieh
mutants exhibit significant visual reduction in attachment to the glass saftac 48 h except
that of AfimD.
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Figure 3-4.Flow cell imaging after 48 h growth measuring aggregates as bréghitne
fluorescence, where higher intensity (as indicated by more colos)ag@uals larger aggregates.
A) Eal189, exhibiting typical biofilm consisting of aggregateaf)), a representative of

biofilm negative behavior, including very little to no aggregates, but growth of zaeeen,

and C)AfimD few aggregates are seen throughout, but not at levels that are as great las the wi
type.
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Figure 3-5. Measurement of necrosis progression in Gala apple tissue at 3 and 7 days post
inoculation. Common scissor cut perpendicular to mid-vein of leaf used for inoculation
demonstrates that the mutantsofC, AfimD, Afim, andAflg 4 show significant difference in
virulence using-test atP <0.05 at 7 days post inoculation.

100 -
90 -

80 - %
70 - * .
60 - *
50 -
40 -
30 -
20 -
10 - *
0 - L

Eal189 AamsAhofC Ahof Afim Afim Aflg 3Aflg4 Acrl Aeae
D

m 3 day
* 07 day

97



Figure 3-6.Bacterial populations in immature pear fruit over 3 days. A shift in population
growth, or greater population size during earlier time points, is sedmiC andAhof, and
reductions in population size are seenfim, Aflg 3 andAflg 4. Significant changes in
population indicated by asterisks, measuring significant difference usishgnst-test with
P<0.05.
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Figure 3-7.SEM images of A) Ea1189 within xylem tissue and B) mesophyll tissue. Notice
distinct rings of biofilm formation within the vascular tissue, indicated by digeegates filling
the vascular space and a smaller population within the mesophyll tissueofi@®) Birmation
deficient mutanifim within vascular tissue and D) within mesophyll tissue, both typical of all
deletion mutants, has larger population within mesophyll tissue, however fewecatilarto get
into xylem tissue, and unable to form a biofilm once in.
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Chapter 4: Deletion ofErwinia amylovora flagellar motor protein genes alters biofilm

formation and virulence in apple

ABSTRACT

Biofilm formation plays a significant role in the pathogenicityeofvinia amylovoraon
apple. Previous research has identified important factors involved in multiple efabe
biofilm formation process, including attachment and maturation. Flagellandneélity,
which functions as a virulence factor, often contributes to biofilm formation ny mpathogenic
bacteria. We identified the flagellar motor stator& ohAmylovoraand generated deletion
mutants. Interestinglyg. amylovoracontains two sets of functional flagellar stators. However,
deletion of single stator sets deletions did not completely eliminatedandResults presented
here indicate that functional flagella and flagellar driven motilieyiavolved in biofilm
formation. Using an attachment timing assay, a lack of attachment in fsaggdibar motor
stator mutants indicates that stators might assist in mediating coittaet surface. Reduction
in virulence within both immature pear fruit and apple tree shoots demonstratestihit is

necessary for the movement of the pathogen to the vascular tissue.

105



INTRODUCTION

Flagellar driven motility allows several bacterial species, inolyBischerichia coland
Shewanella oneidensMR-1, to escape unfavorable environments and swim towards more
favorable ones (22, 32). In addition, many pathogenic bacteria need motilityl fardignce.
For example, deletion of flagella PFseudomonas aerugingsan opportunistic pathogen,
reduces surface infections, in turn reducing mortality (9). Flagebdlityalso has been shown
to play significant roles in biofilm formation in pathogens sucEragnia carotovorasubsp.
carotovorg E. coli, P. aeruginosaandYersinia enterocoliticg6, 12, 13, 23, 35). Flagella have
also been implicated as sensors that measure the wetness or viscosity ofoamemei(34).

Not only are these structures multifunctional, but bacterial flagellalsarcome in a variety of
conformations based on species: some cells have a single polar flagellum, someltipies
polar flagella, and others have peritrichous lateral flagella distributeldmaly around the
surface of a cell (16). In addition, a limited number of species with dual systenexpress

both polar and lateral flagella (17).

Bacterial flagella are long, thin filaments. Locomotion is driven by a mbtbedase,
both in clockwise and counter-clockwise fashion (2). These filamentous struetgua®e a
large number of genes for assembly and function; over 50 genes encode fdxyaaseim
function inE. coli (27). Genes encoding for the filament structtigg {Ih, andfli) the motor
(mot), and directional locomotiortkig (7). The rotation of enteric bacterial flagella is driven by
a gradient of protons across the membrane (27). This gradient is transiatexergy by the
flagellar motor components for physical flagella rotation (29). The fiagetitor is composed
of two main structures: the rotor and the stator. The rotor consists of sevezaltioat act as

a switch, determining the rotation direction of the flagellum (29). The statgpically
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comprised of the integral membrane proteins MotA and MotB (28). MotA is suggesteghto fo
the channel that conducts the hydrogen ions across the cytoplasmic membrane and MotB is
suggested to function as the anchor of MotA, attaching it to the peptidoglycan ldyer of
cytoplasmic membrane (10). Additionally, MotB acts as a plug that reguta flow of protons
through the membrane channel (11). To stabilize the stator and have proper fumetwatdin
products need to form into protein complexes at a ratio of 4:2 (10, 14, 27). Protein complexes
surround the rotor and are thought to generate the force for flagellum movémerdeletions

in motAandmotBgenes generate bacteria with paralyzed flagella (13, 22, 29).

Early studies examining the motor stator&ircoliandSalmonella enteriserovar
Typhimurium demonstrated a single motor system was necessary for fundhenflafyellum
(18). However, recent studies wkh aeruginosaS. oneidensjsandBdellovibrio bacteriovorus
have identified multiple flagellar stator sets (18, 22, 28). Few species thanconitiple
flagellar stators use them to power both lateral and polar flagella (17)yéqwsany with
multiple flagellar stators use them to power a single polar flagellum (B® suggested that
multiple stators may not be functionally redundant; rather it is an energigeffivay to allow
for flagellar driven motility in different environments (28). For exam@legneidensiMR-1
motility primarily depends on a functional PomAB system, but under low-sodium aorgjithe

MotAB system is functional (22).

The arrestment of motility has been often associated with reduction in biofiimation.
The ability to form biofilms, or an aggregated network, allows single-celledhisrga to act in a
multi-cellular fashion which confers protection from a harsh environment, aitithfaautrient
acquisition, and is a common trait of many pathogenic bacteria (24, 26). The proce$itof bi

formation has distinct phases including attachment, microcolony, macrocahahgxpansion
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phases (31). A number of bacterial virulence factors, such as exopolysaccharides, quor
sensing, and adhesion to a surface, have been shown to play significant roles tfareng di
stages of biofilm development (See chapters 2, 3). Flagellar driveityrfatictions in the
transition of planktonic to attached stage in biofilm formation, as well as expanskargah

(23). Additionally inE. coli, deletions in the motor stators alter biofilm formation: a deletion in
themotAgene drastically reduces mature biofilm formation, causing flat aralmégaetith few
aggregates (35). Those results indicate thit icoli there is a strong relationship between

motility, biofilm formation, and biofilm formation architecture.

Erwinia amylovoraa vascular phytopathogen, is the causal agent of fire blight on
rosaceous species, particularly apples and pears. This diseaseu#t tlifimanage due to the
emergence of antibiotic resistance and popularity of highly susceptiidées19). The
pathogen is capable of rapid systemic movement within and among plants when conditions are
favorable. Key pathogenicity factors including the production of the effector dspE, t
formation of the type three secretion system and its cognate genes, as thielbroduction of
the exopolysaccharide amylovoran have been extensively studied (1, 21). YReeeaglshown
thatE. amylovoraorms a biofilm during infection and that amylovoran is involved in this

process, implicating biofilm formation in pathogenicity (15).

E. amylovorgorocesses peritrichous flagella (25). At least two of the four gene clusters
involved in flagellum biosynthesis have been shown to have different roles in biofilrationm
(See chapter 3). However the role of flagellum driven motility in biofilrmétion has yet to be
determined. Because motility has been shown in multiple instances torplayirathe
virulence ofE. amylovora(3, 5, 25), we hypothesize that motility contributes to biofilm

formation, which ultimately aids in the systemic movement of the pathogeim ajiple. Work
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presented here identifies two sets of genes encoding for flagellar nattosistotA 1 and

moB1, andmotA, andmoB,. Mutations in these genes alter motility, biofilm formation and
ultimately the virulence dt. amylovora Additionally, changes in the ratio of motor stators alter
the systemic movement of the pathogen.

MATERIAL AND METHODS

Bacterial strains, plasmids, and growth conditions.The bacterial strains used in this study are
listed in Table 4-1. The plasmids, and oligonucleotide primers used in this stuidyeare
Table 4-2. All strains were grown in Luria Broth (LB) medium at 28°C, unless noted. For

biofilm formation assays, including flow cell assays, strains were gro@bLB medium.

Growth media were supplemented with the antibiotics ampicillin (Amp)t(ﬁml_]),
chloramphenicol (Cm) (2Qg mI_]), gentamicin (Gm) (1hg mI_]), kanamycin (Km) (3(wg

mI_J), spectinomycin (Spc) (100 mI_]) and tetracycline (Tc) (12g ml_]) as necessary.

Deletion mutagenesis and complementationWe generated single gene deletion mutants in the
flagellar motor stator gen@sotA; andmotB1, double gene deletion mutants in gemesA 1B1

andmoB1motBo, and quadruple gene deletion mutantnotA 1B1motA-B- of E. amylovoraby

using the\ phage recombinases as previously described (38). Single gene deletions and

AmotA1B1 were generated using a pKD3 backbone. To generate mutants in multiple genes,

AmoBmoB, andA motA1B1motAo,B, pKD4 was used as well. Gene names, putative

function, and annotated gene ID numbersHoamylovoragenes and gene clusters mutated in
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this study are listed in Table 4-1. DeletiontantsAmotA1, AmoB1 andAmotA 1Bjwere

complemented with plasmids pJMK8, pJMK9, and pJMK10 clones containing the corresponding

gene from Eal189 along with its native promoter ligated into pPBBR1MCS-3. @efatitant

moB1moBowas complemented with plasmids pJMK8 and pJMK11, containing geoiBs
andmoBjyrespectively. Deletion mutanmotA 1BymotA,Bo> was complemented with plasmids

pJMK10 and pJMK12 containing the gemastA 1B, andmotA,B,. Deletion mutants and

complements were confirmed using PCR.

Motility assays: Swarming media was prepared as follows: 10 g tryptone, 5 g NaCl, and 3 g
agar for 1 liter. For salt additive media, 10 g NaCl was added instead of 5g. Esesucr

additive media, 20 g sucrose was added to the base. Overnight cultures were adgusted t

density of ~2 x 1%CFU/mI. Five microliters of culture was drop plated on swarming media 20

minutes after media in plate set. Motility was evaluated after 48 h.

Pathogenicity assaysStrains were assayed for virulence using a standard immature pear fruit
assay and apple shoot assay as previously described (21, 37). Briefly, for inpeatureit
assays, bacterial suspensions of strains were grown overnight in LB broth,ddhbsest

centrifugation, and resuspended in 0.5x sterile phosphate-buffered saline (FB&iwi
adjusted to ~1 x 1403FU/mI. Immature pear fruiPyrus communik. cv. Bartlett) were surface

sterilized with 10% bleach, dried in a laminar flow hood, and wounded with a sterile needle.
Wounded pear fruit were inoculated witlu2of cell suspension and incubated in a humidified
chamber at 28°C. Symptoms were recorded at 2, 4, 6, 7, and 8 days post inoculation. For

bacterial population studies, the pear tissue surrounding the inoculation site isad agg a
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no. 4 cork borer and homogenized in 0.5 ml of 0.5x PBS. Bacterial growth within the pear tissue
was monitored at 0, 1, 2, and 3 days post inoculation by dilution plating of the ground material

on LB medium. Fruit were assayed in triplicate, and each experiment waterkfigee times.

For shoot assays, overnight cultures were washed and resuspended in 0.5x PBS at a

density of ~2 x 1%CFU/mI. We used 2-year-old potted apple trees (cv. Gala on M9 rootstock)

obtained from Hilltop Nursery (Hartford, MI) in all experiments. The two yoshigaves of the
central shoot were cut perpendicularly to midvein ~2.5 cm from the tip of the legfagsssors
dipped in the bacterial suspension. Inoculated shoots were bagged overnight to maintain humid

conditions. Progression of disease symptoms was recorded at 3 and 7 days posbmoculat

In vitro crystal violet assays for biofilm formation. We used aim vitro biofilm formation
assay that was modified from an established crystal violet staining @83asq previously

described (15). Biofilm formation was quantified following development on glagsslips.

Overnight cultures were adjusted to a density of ~28><CIFEU/mI and 25l of the culture was

added to 2 ml of 0.5% LB in individual wells of a 24-well plate (Corning). A glasssigvevas
placed at a ~30° angle in each well to maximize surface exposure towiagyculture. The

plates were incubated overnight at 28°C. After 48 h, the suspension was removed and a 10%
crystal violet solution was added for 1 h, after which the glass coverslip wag timse times

with sterile water. The glass coverslips were air dried for 1 h; themqyl20@10% methanol,

10% glacial acetic acid was added to wells to resolubilize the crystal stalet The

solubilized crystal violet was quantified through spectrophotometry at an absdi&a) nm
using a Safire microplate reader (Tecan, Research Triangle ParkBd€h).experiment

included 24 replicates and experiments were repeated three times.

111



Brightfield microscopy was also used to visualize biofilm formation and ggtegation
on the glass coverslips. Coverslips were processed as described abqtehexagystal violet
stain was not resolubilized following the sterile-water rinses. Coversépsthen examined
using a brightfield microscopy OlympusIX71 inverted microscope (Olympusrigainc., New

York) and images of cellular aggregation and biofilm formation were captured.

Confocal laser-scanning microscopy visualization d&. amylovora biofilms. Biofilm

formation was further examined using a flow-cell apparatus (StovalSdiences, Greensboro
NC). Strains were labeled with green fluorescent protg) by introduction of the plasmid
pMP2444 via electroporation. Cell suspensions were established in 0.5xLB medium amended
with gentamicin, in the flow cell and fresh medium was passed through the flashaeiber for

48 h at 28°C using a configuration detailed in the manufacturer’s instructions (&tfeval
Sciences). Chambers were examined using the Zeiss 510 Meta ConfoCor3 LSMIdasére
scanning microscope (CLSM; Carl Zeiss Microimaging, GmbH) and images captured at

x2.5, x10, and x20 using the LSM image browsing software (Carl Zeiss Micliogn&mbH).
Z-stacks were compiled and a three-dimensional image that measured im@ssioduced by

using the “2.5 dimensions” with the LSM browser.

In vitro ficoll attachment time course assayWe modified a standaitd vitro biofilm assay
(20) to develop an attachment assay to measure the timing of attachment ddllsdteto
glass coverslips. Half strength LB, 0.5xLB supplemented with 3% or 30% ficelliged in

analysis; ficoll is a neutral highly branched polysaccharide used to nBakete viscous.

Strains were each grown overnight in LB broth to a concentration of(3 Zrd/nl. Twenty

microliters of this overnight culture was then added to 2 ml of either sterde®.9.5x LB
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plus 3% ficoll, or 0.5% LB plus 30% ficoll medium in individual wells of a 24-well cultuagepl
(Corning; New York), with glass coverslips (Thermo Fisher ScientifidtiWden MA) angled

within wells. Glass coverslips were removed following incubation of 4, 6 and 24 h. Sliges we
stained with 10% crystal violet for one hour, rinsed and air dried. Bacteriahttaltbed to
coverslips within the microscope field of view were enumerated. Ten randorasrofigach
sample from each time point were taken at 100X using an OlympusIX71 invertedaojsros
(Olympus America Inc.; New York). Each experiment was repeatedstftair times under

each condition for each strain.

Visualization of E. amylovora in shoot tissue using scanning electron microscopyl-he two

youngest leaves of three independent apple shoots (cv. Gala) were inoculated with Ea1189,

deletion mutants or sterile 0.5x PBS buffer using the scissor-cut method aHCXFlﬂmI, as

previously described (21). Tissue was collected at 3, 7, and 14 days postinoculatiomedecti

into 1-cm sections, and fixed in paraformaldehyde/ glutaraldehyde (2.5%hoé@apound in

0.1 M sodium cacodylate buffer) (Electron Microscopy Sciences, Hatfialdpwernight. The

tissue was dehydrated successively in 25, 50, 75, and 90% ethanol for 30 min each and in 100%
ethanol three times for 15 min. Samples were then critical point dried usitigal point drier

(Balzers CPD, Lichtenstein). Dried petiole tissue was sectioned mio 1atitudinal slices after
critical point drying to reduce potential artifacts from the fixation prqeassinted on aluminum
mounting stubs (Electron Microscopy Sciences), and then coated with gold usidgsawter

coater (EMSCOPE SC500 Sputter Coater, Ashford, Kent, Great Britain). dma&ge captured

on the scanning electron microscope (SEM) JEOL 6400V (Japan Electron Opicatbaes)

with a LaB6 emitter (Noran EDS) using analySIS software (Saglnmg System, GmbH).
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RESULTS

Identification of flagellar stators and confirmation through motility assay. Bioinformatics
identified two sets of flagellum stators (Fig 4.1). In similar pathosystehstion of flagellar

stators produces flagella, however, cells are paralyzed. Transmissibomrimicroscopy

(TEM) confirms cells still produce flagella. However, flagella of sirggae deletions imotA 1

andmotB; were entangled in the EPS (data not shown). To examine the role of the stators in

flagellar motility, single gene and multiple gene deletion mutaaid 1, moB1, motA1B1,

motB1Bo, andmotA1B1A2B> were assayed on a minimal agar as previously described (38). A

deletion mutant in the flagellar regulatrC was used as a nonmotile control, as previously

determined (38). Single deletions in the geme#\1, andmoB1, as well as the deletion in both

copies of motBmotB1B», all resulted in an arrest in motility (Table 4-3). DeletionsotA1B1

andmotA 1B1A 5B resulted in significant reductions from the wild type, as well as each other.

Strains were also assayed on media that was supplemented with either Blabse to

if determine motility defects were due to environmental conditions. As expectedyaase in

salt concentration decreased motility of the wild type, but interestinglyantsmiotA1B1 and

motA 1B1A2B> exhibited greater decreases in motility. In contrast, the addition of sucrose
increased motility in strains that exhibited motility under normal conditiongetibDes in

motA 1B1 andmotA 1B1A B> still caused significant reductions in motility, however, the deletion
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of both stator copies yielded motility that is not significantly differemtnfthe nonmotile

mutants.
Biofilm formation in vitro visualization and quantification. Using a previously published,

modifiedin vitro crystal violet staining method (15), we examined biofilm formation in motor

stator deletion mutants. DeletionswmotA 1, moB1, andmotA 1B significantly reduced biofilm

formation compared to Eal1189 (Fig. 4-2). Deletion®@#A 1B, andmotA1B1A»B> resulted in

biofilm formation statistically similar to that of Ea1189. Complementeth | restores biofilm

formation to wild type levels (Fig. 4-3). ComplementatiomafiB1 does not completely restore

the phenotype of biofilm formation to that of wild type levels, but using Studengs t-te

guantification values are not statistically different (Fig. 4-3). Taiddcbe due to plasmid copy

number altering natural protein ratios. Complement mutants®#f1B1 also exhibits slight

reduced biofilm formation compared to the wild type, but again the differencessatistically
relevant (Fig. 4-3). Visualization of attachment to coverslips after 48 h expeasraso

examined (Fig. 4-4). The results are in agreement with quantificatiorsanaly

In vitro biofilm formation was further analyzed usingiarvitro flow cell and confocal
laser scanning microscopy. Unlike the quantification method, which depends dmattato
vertical glass surface, the chamber measures overall aggregationthétlithamber. Results for

this assay (Fig. 4-5) were similar to the imaging and quantificatioysads@s. 4-2/4). Deletion

in motA 1 produced zero to few aggregates but the culture did exhibit overall growth within the

chamber after 48 h. SimilarlgmotB, produced very few aggregates. MutAniotA1B1
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produced the fewest aggregates within the flow cell chamkaiotA 1B1A2B2 exhibited an

aggregate phenotype similar to that of the wild type.

Ficoll time course and attachment assayA time course assay over 4, 6 and 24 h measured
attachment of cells to coverslips (Table 4-3). The medium was also supplénveéhtd and

30% Ficoll to increase the viscosity and slow down flagellum driven mot@@y. (At 4 h, under

normal conditions, onlynotA, was statistically reduced in attachment compared to Ea1189,

whereasnotA 1B1A->B> was statistically increased compared to Ea1189 and other mutants.

Interestingly, the biofilm negative control containing a deletion in the operaalienc
amylovoran biosynthesia@mg still attached to the coverslips at the early time point, slightly
greater but not significantly, from the wild type Eal1189. The addition of 3% Ficblétgrowth

media caused a decrease in attachment of all mutants (except saantgpto the coverslips,

with Ea1189motA 1, andmotA 1B1AoBoall exhibiting similar decreases. With the addition of

30% Ficoll only the attachment ahmsandmotA 1B1exhibited an increase in attachment.

After 6 h incubationAamsandAmotA1B1A 2B had significantly higher attachment that

Eal189, whereasmotA, andAmotB, were significantly reduced. Addition of 3% Ficoll

increased attachment of Ea1189, andnlo¢d 1, andmoBmutants. Addition of 30% Ficoll

drastically increased Eal1188ptA 1, moB1, andmotA 1B, attachment.

By 24 h, attachment of themscontrol was dramatically reduced. Attachment of

deletions irmotA1 andmoB1 significantly increased; however, mutants were still significantly
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reduced from wild type AmotA 1B1A2B> still exhibited a marked increase in attachment.

Similar to the 6 h time point, the addition of Ficoll considerably increased attatbiradl

strains, excepnotA1B1. Attachment patterns was similar with the addition of 30%, except

motB1 andmotA1B4 exhibited slight decreases in attachment.

Virulence assays in immature pear fruit and tree shoot tissueAt 4 days post inoculation

(dpi), in immature pear fruit, the stator mutants all demonstrated chandesease phenotypes

(Fig. 4-6). Similar to the contrdlams AmotB1B», andAmotA 1B1A2B> were nonpathogenic.

MutantsmotA 1, moB1, andmotA 1B all had no necrosis visible on fruit surface but ooze

exudated from fruit. By 8 dpi, bothoB1B»>, andmotA1B1A2B> are nonpathogenic. Similar to

4 dpi,motA 1exhibited a significant decrease in necrosis, but ooze and water soaking wer

evident. Visible symptoms were presenitioB1, andmotA1B1, however, they were decreased
from Eal1189.
Virulence ofE. amylovoran apple shoots was evaluated by measuring the length of wilt

symptoms as disease progresses into shoot tissue. At 3 dpi, in shoot assaysskoot tis

inoculated with deletion mutants exhibited very little to no disease psigne@-ig. 4-7). By 7

dpi, in shoots inoculated withmotA 1B, virulence was restored. Disease progression in all

other motor stator mutants at 7 dpi exhibited little to no disease.
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DISCUSSION

In this study, we identified two sets of genes encoding for flagellar matorst
generated deletion mutants, and evaluated those mutants for their biofilmidarozgtabilities,
as well as ability to cause disease. Our results indicate that staarseded in mediating cell
contact with surfaces, an early stage of the biofilm formation proeegansion of the biofilm,
and as well as the virulenceBf amylovora Deletions that altered the ratio of stator proteins
seemed to have more significant reductions in biofilm formation and virulencéhnaeletion

of a complete set of stators.

Previous studies have demonstrated that deletion of the genes encoding for tlae flagel
stators results in paralysis of the cell; however, bacterial cellmsiihtain the flagellar body
(7). This paralysis is a result of an inability to maintain a 4:2 ratio of theidual Mot proteins
(11). Deletions that maintain the natural ratio of motor stators are stilembBbr examplep.
aeruginosaencodes two sets of motor stators, and only deletions of both significantly reduce
motility to levels of the nonmotile control (30). Similarf,oneidensisviR-1, containing dual
stator systems, uses both systems for motility; deletion of one set ofggaés does not
completely eliminate motility (22). Bioinformatic analysis reeedihate. amylovoraencodes
for two sets of flagellar stators. Single gene deletions abolish masliéxpected. Deletion of
one or both stator sets did not abolish motility, deletion of a single set redudéy bhoabout

half, and deletion of both sets reduces maotility close to that of the nonmotile control.

In the case 06. oneidensiMR-1, it has been suggested that expression of multiple
flagellar stators is influenced by environmental conditions; the pathofmmid in both fresh

and salt water (22). Environmental factors, including temperature and pH, e&a sigwificant
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effect on the motility oE. amylovora25). Supplementing swarming media with salt reduces
the motility of any strain that exhibits motility. Stator deletionantg have a larger percentage
decrease, indicating environment may play a role in the necessity for msiléifle systems.
Also, addition of sucrose increases motility of all motile strains, but deletionstor stators are
still significantly different from the wild type, with the deletion in both@ts statistically

similar to the nonmotile strains.

Bacterial motility has been implicated in biofilm formation as a switcim fagplanktonic
lifestyle to a cell attached to a surface; however, it has been sedjgjest the flagella function
in overcoming forces associated with the surface, rather than act as aneaftitegtachment
(8). This would allow for attachment of other structures known to be involved in attaic{zae
chapter 3) regardless of changes in fluid velocity, in temperature, or nutrient caticer(B).
For exampleE. coli exhibits no difference in biofilm formation between paralyzed and
nonflagellated bacteria, but the flagella still aids in the initial cefasercontact and as well as
in biofilm expansion (23). In a microarray, Wood (35) found that early steps of biofilm
formation require the synthesis of different bacterial appendages includiefidlthat allow for
reversible attachment and cell motility. For irreversible attaetinilagella synthesis is
repressed and adhesive organelles are important. This microarray dagagbests that flagella
may function in attachment of bacterial cells or involvement during reveegialehment is to

mediate the cell-surface contact. Using an attachment timiag,ad<2 h the reduction of
attachment oE. amylovoramotA 1 andmotB4 could indicate that the stators are unable to attach;
however after the addition of ficoll, shown to slow motility in other species (28i)asi

reductions between the mutants and the wild type are seen, indicating thatitisecstnld not

be reaching the glass surface to attach. Attachment of flagellar istatants at later stages in
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the time course assay similarly suggest that stators are neededtraigstto surface, not in
attachment of cells. Significantly decreased aggregation after 48)bsta an inability to
expand biofilms, as suggested by Pratt and Kolter (23) when examining functiatocs SiE.

coli.

Interestingly, deletion of both motor stator sets significantly reducedityndiowever,
general biofilm formation and attachment over time were significantheased irk.
amylovora. Similarly, Toutain and others (30) found that deleting either stator alonescaus
more of a reduction in biofilm formation than deleting both sets. It is possible thatstrains
with both sets of stators deleted, cells undergo the biofilm formation procegs, extenot
released from the biofilm at the expansion stage. A limited number of very taygates

suggest a defect in the expansion stage of biofilm formation.

Changes in pathogen virulence indicate that motility is necessary foredgeasession,
not just on blossoms (25) but within the plant as well. Deletion of single stator geises c
significant reductions in virulence in shoots. Similar results were seerahyg @hd others (33)
when examining motility of natural variantsBf amylovora Our results also indicate tHat
amylovoramay not need flagellar driven motility to cause disease in immaturerpgaomly
slight reductions in virulence are exhibited on pear. It is probable thatthednof inoculation
located the pathogen directly to the site of disease with no need for assistarechate surface
contact. Interestingly, deletion of both stator sets has increased biofiildegs; however,
mutants are nonpathogenic in immature pear fruit and shoot tissue. It is pthegiblecause
these mutants are unable to stop biofilm formation, not able to transition back tonktterpta

stage, they are unable to cause disease.
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In conclusion, research presented here identified two sets of flagattzsgtresent and
functional inE. amylovora Flagellar driven motility is needed for biofilm formation,
specifically surface-mediated contact and expansion of biofilms, as wetbsesnce of the fire
blight pathogen. The correlation between biofilm formation and virulence, sjadlgiin shoot

tissue, suggests that motility may assist in the systemic movement oftibgerat
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Table 4-1.Bacterial strains used in this chapter.

Strains Relevant Characteristics Reference
Strains
Eall89 Wild typderwinia amylovora 4
Eal18Aams Deletion mutant of thams 38
operon
Deletion mutant EAM_2032;
Eal18AmotAq mutation of putative flagellar This study
motility protein
Deletion mutant EAM_2031,
Eal18amoB4 mutation of putative flagellar This study
motility protein
Deletion mutant EAM_2031-
Eal18AmotA1Bq 2032; mutation of putative This study
flagellar motility proteins
Deletion mutant EAM_;
Eal18AmotA1B1A-Bo mutation of putative flagellar This study
motility proteins
Eal18fInC Deletion mutant EAM_2030; This study, 38

mutation of flagellar regulator
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Table 4-2. Plasmids and primers used in this chapter.

Plasmids
and Relevant Characteristics Reference

Primers

Plasmids

pKD3 Plasmid utilized i phage recombinase mutagenesis method? Cm 38

pKD4 Plasmid utilized i phage recombinase mutagenesis method;RKan 38
Expresses recombinases rgdi, and exo for the construction of

pKD46 . R 38
deletion mutants; Amp

pMP2444 pBBR1MCS-5 backbonegfp expressed frorfac promoter; Gm 15

0IMKS pBFI?RlMCS-3 backbonemotA 1gene inserted from Kpn | to Sac |; This study
Tc

DIMK9 pBRI;%RlMCS-3 backbonemoB, gene inserted from Kpn | to Sac |; This study
Tc

0IMK10 pBBRlMCSF-QB backbonemotA1B1 gene cluster inserted from Kpn This study
lto Sac |; Tc
pGB2 backbonemotB gene clustemserted from Hind 11l to Bam .

pJMK11 R This study
HI; Spc

DIMK12 pGB2 backag)nemmAsz gene clustemserted from Hind Il to This study
Bam HI; Spc

Primers
F: 5-TCATGCGTCCTGTTCCGATGTCTGTTGTGGCGATTT
CGCATTGCGTACATGTGTAGGCTGGAGCTGCTTC-3’

motA; R:5-CAGTAGCGGCAGTGACTTCAACGTTGCTTTAATGG This study
CTTTGCCGTTATTACCATATGAATATCCTCCTTA-3’
F: 5-TTACCTCGGCTGTGAGTCGCGCTCGGTCTGGGCTGA
CGGAGCCGTTGCAGGTGTAGGCTGGAGCTGCTTC-3'

motB; R: 5-CCACATCACCAAAAAAAAGGCCATCATTGCCGTCAT This study
AAAGTCGGCGTAGGCATATGAATATCCTCCTTA-3
F: 5-TCATGCGTCCTGTTCCGATGTCTGTTGTGGCGATTTC
GCATTGCGTACATGTGTAGGCTGGAGCTGCTTC-3

motA1B; R:5-CCACATCACCAAAAAAAAGGCCATCATTGCCGTCA This study

TAAAGTCGGCGTAGGCATATGAATATCCTCCTTA-3
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Table 4-2 Table 4-2

(cont’d) (cont’d)
CotAg, R5-ATGAAAGCAACCACTCCCATTATCAGGCAGCGCA

1Pl AGCGCAAGCATAAAAACATATGAATATCCTCCTTA-3’ This study
motAzB»>
motA;  F: 5-GGTACCTCATGCGTCCTGTTCCGAT-3' This stud
comp R:5-GAGCTOGTAATAACGGCAAAGCCATTAAAG-3’ y
mot8;  F: 5-GGTACCTTACCTCGGCTGTGAGTCG-3' This stud
comp R:5-GAGCTOCCTACGCCGACTTTATGACG-3' y
motA;B; F: 5-GGTACCTCATGCGTCCTGTTCCGAT-3' This stud
comp R: 5-GAGCTOCCTACGCCGACTTTATGACG-3' y
MOR1BL ¢ 5 GGTACCTCATTCAGCAGCATCCCC-3 .

=2 ey This study

motA2B2  R: 5-GAGCTCTTTTTATGCTTGCGCTTGC-3'
comp

® Abbreviations: Amp, ampicillin; Cm, chloramphenicol; Gm, gentamicin; Kan, kanamicijn;

tetracycline, Spc, spectinomycin
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Table 4-3.Swarming motility ofErwinia amylovoraon 0.3% minimal agar medium, 0.3%
minimal agar medium plus NaCl, and 0.3% minimal agar medium plus sucrose, as thbgsure
distance travelled (in mm). Means within a column followed by the same letteot.

significantly different according to Fisher’s Protected LSD (P<0.05).

Distance travelled Distance travelled Distance travelled
(mm) (mm) (mm)
Strain (or mutant)
0.3% minimal agar  0.3% minimal agar 0.3% minimal agar

medium medium plus NaCl medium plus sucrose

Eal189 115 A 9.0 A 254 A

flnC 0 D 0O D 0 C

mMotA 4 0O D 0 D 0 C
moB1 0O D 0O D 0 C
motA1B1 50 B 1.7 B 184 B
motB1B> 0O D 0O D 0 C
motA1B1 motAoB)o 09 C 01 C 6.1 C
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Table 4-4.Attachment of cells to glass coverslips in the presence of Ficoll to lintgranotility. Ficoll was added to the media at
3 or 30%. Each value represents the average number of cells attached within a feddaifMOx. Percentage values measure the
change in attachment of cells of the same time point with the addition of ffedhs within a row followed by the same letter are not

significantly different according to Fisher’s Protected LSDQ(P5).

Eal189 Aams AMoiA AmOB;  AmotB,  ORB1
motAoBo
LB 47.2 BC 60.1 B 18.8 D 34.3 CD 58.6 B 984 A
4h 3% Ficoll -58% +6% -58% -37% -15% -51%
30% Ficoll -52% +11% -58% -4% +52% -75%
LB 45.7 BC 1258 A 12.8 D 242 D 58.0 B 140.9 AC
6 h 3% Ficoll +11% -76% +10% +150% -9% -10%
30% Ficoll +150% +31% +73% +91% +143% -59%
LB 1690.2 B 191.8 DE 813.5 CD 860.8 C 142.1 E 5310.0 A
24 h 3% Ficoll +228% +392% +27% +109% +182% +2%
30% Ficoll +171% +318% +76% -1% +388% +9%




Figure 4-1. Sequence alignments of &) amylovora motAgenes withe. coli, Y. pestis, P. syringa&d B)motBgenes oE.
amylovorawith E. coli, Y. pestis, P. syringagequence identity betwe&n amylovoranotAare noted, as well as thatrabtB
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Figure 4-1(cont’d)
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Figure 4-2.Biofilm quantification of flagellar stator mutants. Single gene angusar stator set
deletions result in significantly reduced biofilm formation. Valuesesgmt mean of three
replicates, 24 sample replicates from one representative experimeryle $a@ans were
compared by an analysis of variance and separated using the Studentititessgnificant
differences represented by asterisks.
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Figure 4-3.Biofilm quantification of complemented flagellar stator mutants. Aflileix biofilm

formation phenotype statistically similar to Ea1189. Using Student’s, tHestlifference seen

in complementednotB; is not of significant relevance.
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Figure 4-4.Brightfield imaging of biofilm formation of flagellar motor stator mutaotsglass
coverslips. Aggregation on class is indicative of biofilm formation. Représenitaages of 3

independent trials of 40 images each.
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Figure 4-5. Three-dimensional view of flow-cell contents through intensity mapping after 48 h
of growth.A) Erwinia amylovoraEal189B) Eal18AmotA; C) Eal18AmoB4; D)
Eall18AmotA1motB1 andE) Eall8AmotA1motB1 Eal18AmotA,motB,. Note: intensity

mapping has set max value at 250 and maps are developed with five layers. Moiadaaes

greater intensity of signal and three-dimensional growth of the biofilm.
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Figure 4-5(cont'd)
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Figure 4-6. Immature pear fruit assay examining virulence of flagellar mottyratautants at 4
days post inoculation (top row) and 8 days post inoculation (bottom row). Single gene and
single stator set deletions result in reduced virulence compared to Eal18%nBéheboth

stator sets result in phenotype similar to the nonpathogenic caxdarn§ Representative pears

shown from three individual experiments, five pears per trial, inoculated Withe:oI’tl]Jxlcs3

cfu/ml.
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Figure 4-7.Disease progression of Ea1189 and flagellar stator mutants in apple, 3 and 7 dpi.
Progression, measured in mm, was the length of visible necrosis in vascukar Destructive

sampling allowed for variance between 3 and 7 dpi.
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CONCLUDING REMARKS AND FUTURE DIRECTIONS:

Summary of work

The fire blight pathogeB&rwinia amylovorais capable of rapid systemic movement in
host tissue. However, the mechanism behind this movement is poorly understood. Previous
research indicated thBt amylovoramutants deficient in the EPS amylovoran are unable to
move past the site of inoculation (3). Additionally, the movement of several mutanéezidele
virulence factors, such as the production of the EPS levan, is delayed (3). In othervascul
pathogens, biofilm formation correlates with the movement of the pathogen. Fglexam
stewartii strains that are deficient in biofilm formation are significantly reducecdovement
from the site of inoculation in susceptible sweet corn (8). A mutation in an adikesprdiein
in X. oryzaecaused reduction in biofilm formation, and reduced in movement to or growth

within xylem vessels (4).

The work presented here demonstratesEhaimylovoras capable of biofilm formation
(chapter 2). Using deletion mutants in the EPSs amylovoran and levan,blevés a
demonstrate a correlation between virulence and biofilm production. Mutartiguleiin either
EPS exhibited significant reductionsimvitro biofilm formation. Initial experiments from
chapter 2 indicated that amylovoran deficient mutants are unable to undergo biahiatdor
Results from the time course assay in chapter 4, which examined biofilm dieras more
frequent time points, indicated that amylovoran deficient cells are stilt@bktach to surfaces
but never able to develop into mature biofilms. Together, these results sugpesbibfdm
formation, amylovoran functions in the development of micro-and macrocolonies oncesurfa

The functional characterization of amylovoran in pathogenicity is more complisxwell
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known amylovoran mutants do not move past the site of inoculation. However, it is difficult t
determine if systemic movement is arrested by a lack of biofilm favmat if amylovoran-

deficient cells are more susceptible to host defenses.

Bacterial cells deficient in levan production produced significantly reducdithis
compared to the wild type. Closer examinations of the levan mutants showed beclenials
were unable to establish large aggregates. The role in virulence for levarilysundsfined. It
has been suggested that levan provides additional protection from host defenses (73, which i
also the primary suspected function of amylovoran. Interestingly, those mutants, tkniosv
delayed in virulence, were found growing primarily in the intercellular sphapple leaves
using SEM imaging; few cells could be found in the xylem and never in characteioiim
formation fashion. This implies that levan may function in the development of robmrss,

which ultimately may be needed for the entry of the pathogen into xydsoeti

To further demonstrate the importance of biofilm formation in the systemic neowerh
the pathogen, | needed to separate the formation of biofilms from EPS production. To do this, |
used a genetic approach to identify additional bacterial factors known to cantakaiofilm
formation. Chapter 3 addressed the role of bacterial surface structuledinmeype | fimbriae,
flagella, type IV pili, and curli, which have been demonstrated to function in thenbiofil
formation of other pathogens suchXadastidiosa6) andD. dadantii(12). Other than
peritrichous flagella, no other surface attachment structures have betifedén E.
amylovora Deletions in genes encoding for such structures demonstrated that bactéat
structures are important in biofilm formation. Additionally, the time courseyaseparated the
function of the structures into reversible and irreversible attachment. i&&d@em to be

necessary for reversible attachment. Type IV pili are needed feensible attachment. Under
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both situations attachment is necessary for mature biofilm formation. Mirikssays in
immature pear fruit indicate that the type IV pili, or irreversiblacitinent are needed to
establish full virulence. However, in shoot tissue, fimbriae or reversibhatent is important
as well. Immature pear fruit and shoot tissue are very different tigse® tlt is possible that
the different stages of biofilm formation contribute differently to the spoéddsease in the
various tissue types. Alternatively, additional bacterial factors thatilocot& to biofilm
formation suggest redundant functionality. Interestingly, in shoots inoculatedtwicture
deficient mutants which display reduced virulence, bacterial cells westtymot found within
the xylem tissue. These results further implicate the importance ofibfofimation in the

movement of the pathogen to the xylem.

Flagella have been suggested to function in mediating contact with swafattse
expansion of biofilms (9). In chapter 3, | generated deletion mutants in two of thgefoaur
clusters encoding for flagellar production and function. Deletion of one of them dertexhstra
no significant change in biofilm formation, nor any change in virulence. Tk&aebf a
different cluster produced cells that were reduced in biofilm formationemhuated in their
capability to cause disease in shoots. A time course attachment assay couladtifyptide
specific function in reversible or irreversible attachment, indicating hledfuinction of the
flagella may be as previously speculated: mediating surface contact andierpaA lack of
clarity in function, or even a role in biofilm formation for the other gene algsidd be

attributed to redundancy of function among the clusters.

In P. aeruginosat has been demonstrated that functional flagellar stators are necessary
for bacterial motility and biofilm formation (11). EB. amylovoral identified two sets of
flagellar motor stators necessary for flagellar driven motilitgerierated deletion mutants in
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single genes, and in one and both sets of motor stators. Not unexpectedly, mutatieseda
the ratio of stator protein production eliminated motility of the pathogen. Howaeletion of a
single set of stators only reduced motility. A correlation between maiidyvirulence in
shoots can be made: cells that are nonmotile are nonpathogenic in shoot tissue drad cells t
retain partial motility are reduced in virulence at early time poimtseahr tissue, similar
correlations can be seen, except only the deletion mutant in both sets of statopsaihogenic.
Additionally, when deleted in single genes or in one stator set, mutaneslaced in biofilm
formation. In a time course attachment assay, with the addition of ficoll tonstaity of the
wild type, it appears that motility is needed for initial biofilm formatidins possible this is
because cells altered in motility are not able to mediate contact withrthees Interestingly,
mutants deleted in both stator sets exhibit increased biofilm formation, evely dgineaipoints.
However, based on similar results s€eraeruginosahese results are to be expected (11).
Additional results from later time points indicate that motility may beleedor the release of

cells to form new biofilms.

The goal of research presented here was to examine the role of biofilm éorimatie
systemic movement d&. amylovora | identified several factors involved in the formation of
biofilms. Ultimately, these results indicate that biofilm formation ipontant in systemic
movement, but some stages are more dispensable than others. For instanceaichimaéat is
needed by the pathogen for entry into the vascular tissue. Additionally theitoroiat
macrocolonies, with the help of levan, is also needed for the pathogen to localize terine xyl
Overall, my results suggest that biofilm formation is needed for rapigmsigstnovement of the

pathogen.
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Future directions

Biofilm formation contributes to the systemic movemenEoémylovoran apple. Work
presented here identified a number of factors involved in the biofilm formation proces
However, even with the deletion of these factors, biofilm formation was neviealgnti
eliminated. Moreover, only in the case of amylovoran is disease abolishedsuggests that
factors that contribute to biofilm formation may function in a redundant or addishefa
Alternatively, regulatory triggers that mediate the transition betvwesfilm formation stages
could be critical. In addition, work presented here only examined biofilm fornaftien
amylovorain a susceptible cultivar of apple. It is probable that there is variation among
cultivars, specifically more resistant varieties, that inhibits pathogdinioiformation, either

chemically or anatomically.

Biofilm formation has been shown to be an integral process for many pathogenic
bacteria. Identifying additional factors that contribute to biofilm foramatas well as generating
mutants that are deleted in multiple factors could completely abolish biofilnafiomand
disease. In chapter 4, | identified two sets of flagellar stators. Howevas,unable to
determine if the stators have redundant functionality. Making deletions in thesetlus
individual stators, and cross-complementing the stators could determinetéttire function
redundantly. Additionally, a search of the sequence dttl@nylovoragenome revealed
several genes that have the potential to act in a redundant fashion with attathuotmes
presented in chapter 3. Additional mutational studies examining single amplengydine
deletions encoding for homologous genes could resolve if bacterial surfeore facch as type |

fimbriae have multiple gene clusters that encode for redundant function. Howdnedi|rif
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formation factors act in an additive fashion, a slightly different approach ttional studies is

needed. Deletion mutants in differing biofilm factors will need to be gedeaattevaluated.

Alternatively, it may not be the stages of biofilm formation that are intégra
pathogenicity, but the transition between each stage. Though those factors areifdageivn,
it is speculated that environmental signals, including pH, temperature and mgsipulation
density, or mineral and nutrient availability could act as switches. s$titaygky, iron acts as a
critical signal to trigger macrocolony formationfn aeruginosg?2). In that study, deletion of
siderophores, known for sequestering iron, significantly altered biofilmafitom E. amylovora
produces a siderophore known to be involved in virulence (5). It is possible that thisdatdor ¢
assist in regulation of biofilm formation. By eliminating transition algnthere is the potential

to halt the systemic movement of the pathogen.

A number of groups have identified host defense responses that have the poteritial to ha
disease. However, all have identified host defenses that are overcome by therpaibespite
this, the existence of more resistant cultivars suggests that someesarfetpple can defend
against the fire blight pathogen. Bf amylovorauses biofilm formation in systemic movement,
it is possible that resistant hosts prevent the establishment of biofilm fonmEtierestingly,
the blocking of iron availability using lactoferrin, which is produced by the human innate
immune system to chelates iron, restricts biofilm formatio® bgeruginosg10). The
production of lactoferrin suggests that host innate immune systems may dlasadsome level
of protection against biofilm formation. Perhaps resistant fire blight hosts apetential to

produce secretions that could inhibit biofilm formation.
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Alternatively, more resistant trees could simply be anatomicallgréifit enough to
prevent the progression of disease. Host resistarXefastidiosacan be attributed to
differences in size of the pitted vessels within the xylem tissue (1)pple,&he application of
Apogee®, a shoot growth regulator, thickens xylem cell walls of the susceptilgtesa
(appendix). Results from this study suggest that this can inhibit the pathogen frangente
vascular tissue. It is possible that more resistant trees have sligtertiéfe in host anatomy

that prevents the invasion of the pathogen.

Ultimately, disruption oE. amylovorabiofilm formation has the potential to provide a
novel method of control, whether it is through disruption of various stages of biofilm fonmat

or fine tuning host defenses to prevent biofilm formation.
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Appendix 1: Investigating mechanisms of fire blight control by prohexadionealcium.

This appendix was published as follows: McGrath, M.J, Koczan, J.M., Kennelly, M.M., and
Sundin, G.W. 2009. Investigating mechanisms of fire blight control by prohexaditmgat.

Phytopathology 99: 591-596.

ABSTRACT

Mechanisms of fire blight control by the shoot-growth regulator prohexadiociettal
(ProCa) were investigated by comparing disease development in Pratea-{petted apple trees
(cv. Gala) to paclobutrazol (another shoot-growth regulator)-treated and meshtreas and in
ProCa-treated cv. Mcintosh trees in the field. Twenty-eight days aftenlation withErwinia
amylovoraEallo, disease incidence on ProCa and paclobutrazol-treated shoots was slgnificant
reduced compared with that on nontreated shoots. Disease severity (percemngjioot |
infected) was also significantly lower on both ProCa- and paclobutraz@drslavots than on
nontreated shoots. However, bacterial populations within inoculated shoots were high and
bacterial growth occurred in all treatments. In addition, the mean celwddh of the cortical
parenchyma midvein tissue of the first and second youngest unfolded leavesafRdoC
paclobutrazol-treated shoots was significantly wider both 0.5 and 2 cm fromfthipdea
compared with the cell walls of the nontreated tissue. Taken together, thdse seggest that
reduction of fire blight symptoms by ProCa and paclobutrazol is not the result ofdeduce
populations oE. amylovoran shoots. Moreover, because paclobutrazol also reduced disease
severity and incidence, changes in flavonoid metabolism induced by ProCa but not padbbutraz
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does not appear to be responsible for disease control as suggested in recent |keraliyre
although this study did not directly link disease control to the observed cell wadjed)dahe
possibility that an increase in cell wall width impedes the spre&d aylovorashould be

investigated in more depth.
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INTRODUCTION

Fire blight, caused by the bacterilgnwinia amylovorais a destructive and
economically important disease of apple and pear. There are several distiest phthe
disease, including blossom blight, shoot blight, and rootstock blight (21). The diversity of
susceptible host tissues, combined with the limited number of management toakslavalil
control the disease, has made it difficult to stop or slow the progress oidhedpidemics.
Streptomycin has been the primary material for the effective contrabsédnin blight but
resistance to streptomycin occurs widely in the western United States ahel/blgped in some
regions of Michigan (2, 14, 16, 18). The blossom blight phase of fire blight is initiated in the
spring following the epiphytic colonization of blossom stigmas (10, 32). Suafsmriated
populations oE. amylovoraon blossoms remain the only effective target for control attempts
utilizing bactericides (25). Alternative blossom blight control materiatt s1s the antibiotic
oxytetracycline or biological control agents, including Serenade MAX, Bleyht8506, and
Bloomtime E325, are typically less effective than streptomycin (18, 31).

After bloom, blossom blight infections and active limb cankers provide the inoculum for
shoot blight infections, which are most severe on actively growing shoots. Sucaiegtowth
is vulnerable to damage during storms, especially those with wind driven rain (17). Woisnding
an important predisposition factor for fire blight infection (1, 4), and trauma eseecitsas wind
or hail storms not only wound trees but also introdticamylovorecells to internal tissues.
These internalized populations are not affected by streptomycin unless apmicae made
optimally within 4 to 6 h of the trauma event (22, 33). Antibiotics are not recommernded fo

shoot blight control due to antibiotic resistance concerns (11). Thus, the lack of tolalslavai
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for shoot blight management is a critical limiting factor in overall fire blilghhagement, and
alternate tools for shoot blight management would be beneficial for growers.

A number of chemicals have been developed to regulate growth in apple (24), including
prohexadione-calcium (ProCa) (6). ProCa is a plant growth regulator that actrastural
mimic of 2-oxoglutaric acid and inhibits late steps of gibberellin biosynthesidtirg in
reduced shoot growth (6, 26). In addition to growth control, ProCa has been observed to reduce
the incidence of shoot blight in apple (19-21, 34) and pear (3). ProCa reduced both disease
incidence and severity on inoculated shoots and secondary spread from the inoculatéd shoots
noninoculated shoots (7).

The mechanism by which ProCa reduces fire blight infection is unknown, although there
is a correlation between disease control and growth control (21). However, redircfions
blight have been observed without any concomitant reduction in shoot growth (7). There are
many potential mechanisms of control; however, one possible mechanism that haspesedpr
is that ProCa induces resistance in the host by triggering alternatatbetgy pathways leading
to the production of flavonoid antimicrobial compounds such as luteoflavin and luteoforol (8, 9,
29). Luteoforol is a transiently occurring flavonoid that is not normally produced icemss
species but is apparently produced in apple treated with ProCa (8, 27, 29). This compound has
been shown to inhibE. amylovoran vitro (29). Another growth regulator, paclobutrazol,
blocks earlier steps (compared with ProCa) in the gibberellins biosynth#sigagaand is not
known to induce the production of luteoflavin or luteoforol (8). As a result, if the antimatrobi
activity of luteoforol is responsible for the control of shoot blight, reductions iagksacidence

and severity would not be expected with the application of paclobutrazol.
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Other possible mechanisms for ProCa-mediated fire blight control centeeots eff
related to reductions in tree vigor. For example, the sorbitol content of younglyagtoxing
apple tissue is significantly reduced compared with nongrowing tissue (13pvegrdsorbitol
content in shoots is associated with increased fire blight susceptibilityA{3&her possibility is
through the occurrence of anatomical changes in plant tissue assocthtestiwced growth.
Young, expanding shoot tissue is characterized by the formation of protoxylessuas t
expansion stops, protoxylem is converted to metaxylem elements which contaimlynifor
thickened cell walls that are more lignified (5). Paclobutrazol has been shoaustostructural
changes in the leaf tissue of rape (36), maize (28), and Chinese potato (12). Ghtmges i
cellular anatomy of apple shoot tissue could potentially impede the moventerdraf/lovora
through shoot tissue.

Our overall goal in this study was to investigate the potential mechanism of sgbot bl
control by ProCa. Our first objective was to compare symptom developmeht and/lovora
population growth in ProCa-, paclobutrazol-, and nontreated trees. Our second objextive wa
use scanning electron microscopy to compare the width of cell walls fromimambréical tissue
from ProCa-, paclobutrazol-, and nontreated leaves.

MATERIALS AND METHODS

Bacterial strain and growth conditions. The virulent, rifampicin-resistant straih amylovora
Ea 110 (15) was used for all experiments. The bacterium was cultured on Luaa-Bgetr
medium amended with rifampicin at 100 g/ml (LB+rif) af@8 For inoculations and bacterial

enumeration, cells were diluted in 0.5X phosphate buffered saline (PBS).

Plant material. Experiments with potted apple trees were conducted using 2-year-old apple cv.
Gala on M-9 rootstock (Hilltop Fruit Trees, Hartford, MI). These trees weredowttl1.3- liter
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pots in a 3:1 mixture of Bacto Hi-porosity soil mix (Michigan Peat Companygla $oil. Trees
were placed in a Michigan State University (East Lansing, MI) greenhadsgaered and

pruned (experiments conducted ~6 weeks after pruning, on actively growing tssoegessary
until experiments were conducted. Trees selected to study disease deméhpreearandomized
and placed outside the greenhouse. Trees used for microscopy studies were plgoagtim a
chamber (12 h of light and 12 h of dark conditions maintained at 25°C). Field experiments wer
conducted using 26-year-old apple cv. Mcintosh trees located in a Michigan Gitzesitly

orchard.

Application of shoot-growth regulators.ProCa (formulated as Apogee, 27.5% a.i.
prohexadione calcium, BASF) and paclobutrazol (Cambistat Rainbow Treecamé&fe
Advancements, 22.3% a.i. paclobutrazol) were applied to eight potted apple trees on 7 July 2006.
The ProCa treatment was applied at 0.9 g of Apogee with 1.2 ml of Regulaid (Kalanch€)9
g of ammonium sulfate per 946.1 ml of water (0.26 mg a.i/ml). Leaves and shoots \ages spr
to run-off with this mixture. The paclobutrazol treatment was applied to the s@cbfpotted
tree (basal drench) at 12.5 ml of Cambistat with 0.18 ml of Regulaid and 0.14 g ohamm
sulfate per 137.5 ml of water (21.7 mg a.i./ml). Eight additional trees were ledatedr This
was repeated on both 7 July and 7 September 2007 with ProCa and paclobutrazol applied to 10
and 8 trees/treatment, respectively. On 6 November 2007, ProCa and paclobutraapipliede
to four potted apple trees each, with three trees left untreated. These teeeaseadeto generate
tissue for microscopy.

ProCa treatments for field experiments were assigned in a completely raedatesign,
and ProCa was applied to trees to run-off using a handgun sprayer. The high-atinoentr

ProCa treatment was applied to six trees with Apogee at 250 mg/liter on 2300y The low-
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concentration treatment was applied to six trees as a split application,poigfedat 125

mg/liter applied on 23 May and a second application on 2 June 2005. Regulaid (1.25 ml/liter)
and ammonium sulfate (0.9 g/liter) were mixed with Apogee prior to applicationmeBxwere

left untreated.

Bacterial inoculation. Potted apple tree shoots were inoculated #witamylovoraEall0 or

0.5x PBS (control) by cutting 1 cm from the tips of the two newest unfolded leaveshon eac

shoot using a scissors dipped in the bacterial suspensio@ELO'mI) before each cut (scissor-

cut inoculation method). Shoots were inoculated on 17 July 2006, 23 July 2007, and 21
September 2007. Following inoculation, plastic bags were placed over shoots and removed the
following day.

On 17 June 2005, six randomly selected shoots from each field tree were inoculated with

Eall0 (3 x 16CFU/mI) and six additional shoots/tree were inoculated with a higher

concentration of Ea110 (3 x E_10:FU/mI). All shoots were inoculated by the scissor-cut

inoculation method.
Disease evaluation and recovery of bacteria from sampled leav&hoot length, disease
incidence (presence or absence of a shoot lesion), severity (lengtiofce@sent season’s
growth x 100), and conditional severity (assessed by determining sevetisgased shoots
only) were assessed over the course of each potted tree experiment.

CFU were determined by destructively sampling 5 randomly chosen shoatséneat
the first potted tree experiment, 10 shoots/treatment in the final pottecperaments, and 2
shoots/treatment in the field tree experiments. For each shoot, the inoculatiesl petiole, and

2 cm of shoot basal to the petiole were homogenized with a Polytron PT 10-35 blender
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(Brinkmann Instruments, Inc.) in 10 ml of chilled 0.5% PBS, and 10-fold serial dilutiores we
plated on LB+rif+cycloheximide. After 72 h, bacterial populations in inoculated sthveoés
determined using dilution plating.

Determination of cell wall widths in midvein cortical tissue.On 13, 19, and 27 November
2007, five shoots per treatment were randomly selected and the first, second, and seventh
youngest unfolded leaves of each shoot were removed. Leaf sections (1 by ctadly the
midvein) 0.5 and 2 cm from each leaf tip were removed and fixed in
paraformaldehyde/glutaraldehyde, 2.5% each in 0.1 M sodium cacodylate(Bigfgron
Microscopy Sciences, Hatfield, PA) overnight. Tissue was then dehydratsbsively in 25,
50, 75, and 90% ethanol for 30 min each, and 100% ethanol three times for 15 min. Samples
were subsequently dried with a critical point drier (Balzers CPD, Lnskgé). One 0.5-mm
cross-section of the midvein was removed from the center of each block of idsueanted
on aluminum mounting stubs (Electron Microscopy Sciences, Hatfield, PA), whiehcaated
with gold using a gold sputter coater (EMSCOPE SC500 Sputter coater, Ashford, keatt, G
Britain). Images were captured using a scanning electron micros&pe @#00V; Japan
Electron Optics Laboratories) with a LaB6 emitter (Noran EDS) uanadySI|S software (Soft
Imaging System, GmbH). Fifty random cell-wall measurements peoseaxtthe cortical
parenchyma were made using analySIS software.

Statistical analysis.In order to conduct statistical analyses, all data sets were assessed for
normality and equality of variancE. amylovorgpopulation data were log (x + 1) transformed
prior to analysis. Differences among treatments in populations (CFU/ shootfiétdm
experiments were assessed using a one-way analysis of variance (ANgllo\ed by Tukey’s

multiple comparison test (with < 0.05). In the potted tree experiments, differences among
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treatments in CFU/shoot, severity, and conditional severity were assestwsel Kraskal-Wallis
(nonparametric) ANOVA test followed by the post-hoc Tukey’s multiple conpatesst.
Disease incidence was compared among treatments using Fisherweskdaifferences in cell
wall width among treatments were assessed via the Kruskal-Wallis/ANEst followed by the
post-hoc Games-Howell multiple comparison test. The Mann-Whitney rank stiva® used to
compare shoot length at the beginning and conclusion of all trials for each tregkihe
statistical analyses were conducted with SYSTAT (v.12.02.00; SYSTAT SoftmareSan
Jose, CA).

RESULTS

Effect of ProCa on disease development and bacterial populations in pottegple trees.
Potted apple trees were used to compare the effects of the two shoot-growtionegula
disease development. The size of these trees allowed for full coverage af Whah was
applied by spray to trees, and for even application of paclobutrazol, which wasl ajplasal
drench to pots containing each tree. In addition, the size of these trees allowed ®tasheot
inoculated uniformly and for accurate assessment of incidence and sevariiynevdResults
from the three potted tree trials were consistent; therefore, only thesresai the final trial are
presented. Mean shoot length increased significantly only in nontreated shoot®.@chtat 0
days postinoculation to 10.4 + 2.4 cm at 28 days postinoculation). Mean shoot lengths at 28 days
postinoculation in ProCatreated (3.7 £ 1.1 to 5.1 £ 1.4 cm) and paclobutrazol-tread€8.treie
1.4 to 7.3 £ 1.9 cm) were not significantly differeRt<{ 0.05) from 0 days postinoculation.
Disease incidence at 28 days postinoculation was significantly reduced on bagh ProC
and paclobutrazol-treated shoots compared with nontreated shoots (Fig. A-1A\wWé&here

significant differences in disease incidence between the paclobutreaigetiishoots and the
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ProCa-treated shoots. Disease severity at 14, 21, and 28 days postinoculation was loveer on bot
ProCa- and paclobutrazol- treated shoots compared with nontreated shoots (Fig\WéB)
conditional severity was assessed, there were no significant diffe@noeg treatments at 7,
21, and 28 days postinoculation (Fig. A-1C). M&mmylovorgoopulations increased after
inoculation in shoots of all treatments (Fig. A-2) with no significant diffees at O or 28 days
postinoculationE. amylovorecells were distributed throughout ProCa-, paclobutrazol-, and
nontreated shoots as detected by sampling and plating excised tissue (data mpt show
Effect of ProCa on bacterial populations in apple shoots in the field&Shoot-growth regulators
are commonly applied to mature trees; therefore, bacterial populationals@eessessed on
field trees to determine whether results were comparable with potted a&gsleSimilar results
were obtained when the mature trees treated once with Apogee at 250 mylliterca with

Apogee at 125 mg/liter were compared with nontreated trees inoculatelfl. \aitiylovoraat 3 x

105 CFU/ml or 3 x 15 CFU/ml (Fig. A-3A and B) in that, by the third day after inoculation,

growth ofE. amylovoravas observed in all treatments and, by the conclusion of the experiment,

populations oE. amylovoravere extremely high in all treatments. In shoots inoculated with 3 x
107 CFU/ml, there were significant differences in subsequent population sizerodby 7 (Fig.
A-3A). On day 7, the nontreated control shoots had significantly higher populations than shoot
treated with high doses of ProCa (Fig. A-3A). In shoots inoculated with §€<:F.EOImI, the

shoots treated with Apogee at 250 mg/liter supported slightly lower populations than the
untreated shoots (Fig. A-3B), and nontreated control shoots had significantly pogléations

than shoots treated with Apogee at 250 mg/liter at two sampling dates.

160



Determination of cell wall width in midvein cortical tissue.Microscopy was used to assess
whether anatomical changes occurred after the application of shoot-geguthtors. At 7, 13,
and 21 days after treatment, the mean midvein cell wall width (cortical pgreadissue) of the
first and second unfolded leaves of ProCa- and paclobutrazol-treated shoots \iaarsigni
wider both 0.5 and 2 cm from the leaf tips compared with the cell walls of the nontresiied t
(Fig. A-4 A to C; Table A-1). However, the thickened walls were not uniform sithestissue
viewed. The cell wall widths of the seventh leaf at 7 days after applicati@negsignificantly
different among treatments. At 13 days after treatment, the cell walsr{th unfolded leaves)
of the ProCa- and paclobutrazol-treated shoots were significantly thicke®Boand 2 cm from
the leaf tips. At 21 days after treatment, there were no differences areatmgdnts 0.5 cm from
the leaf tip but, at 2 cm, the cells walls of the ProCa- and paclobutrazotittisatee were
thicker than the nontreated cell walls. Finally, the cell walls of the seveatbd were compared
with the first and second unfolded leaves of the nontreated tissue over time. Wedlsedf the
seventh leaf were significantly thicker than the first and second leblethe0.5 and 2 cm from
the leaf tip at each sampling date, with the exception of the first leaf ayd 3adter treatment),

2 cm of the leaf tip, where the cell walls did not significantly differ fromstaeenth leaf.

DISCUSSION
Recent studies have suggested that ProCa triggers the production of flavanoids, not
normally found in rosaceous species, that provide antimicrobial activity agaiastylovora
and that it is this activity that is the primary mechanism of fire blight abbyr ProCa (8, 29).
Since luteoforol can be neither measured nor extracted from apple tissue duegio reactivity

(8), the results of this study provide strong support against this hypothesis. Althsegbedi
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incidence and severity were lowest in the ProCa-treated shoots comparedcleitiupazol-
and nontreated shoots, significant reductions in incidence and severity weat$ovith the
paclobutrazol treatment. It is highly unlikely that these reductions are duteddorol, because
the paclobutrazol treatment is not known to trigger luteoforol production in apple shoots. It is
possible that the ProCa treatment induces luteoforol production and the paclobutaamartre
induces other novel flavanoids that result in disease control. However, this seemyg unlike
becausd. amylovorgoopulations were similarly high in ProCa-, paclobutrazol-, and nontreated
tissue. Thus, even though luteoforol cannot be directly measured and we did not attempt to
compare flavanoid content of ProCatreated apple shoots, our results suggesGadtdatment
of apple shoots does not induce the production of chemicals with significant antimicrobial
activity agains&. amylovora

Although studies detailing reductions in disease incidence and severnitg@iteation
with ProCa (7, 19, 20, 21, 34) are numerous, these studies did not earmmglovora
population size following inoculation. Moreover, studies examining the phytoalexin-like
properties of luteoforol (8, 29) did not assess effects on population size in plantandicars
of populations oE. amylovorgpathogenicity mutants in immature pear assays have shown that
the mutant strains do not grow following inoculation (35). However, assessménts of
amylovorapathogenicity or virulence mutants following inoculations into apple shoots have
typically focused on the percentage of blighted shoot, similar to our data pdeiselRtgure A-
1B, instead of on reduced population size in shoots. We have determined that populations of an
amylovoran-deficient pathogenicity mutanttfamylovoraare rapidly reduced over 106-fold
compared with a wild-type strain following apple shoot inoculation (J. M. KoazduGaW.

Sundin,unpublished information Thus, the observation of extensive growth following
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inoculation and the finding of similar large populationEofimylovoran symptomless shoots
treated with growth regulators and symptomatic nontreated tissue wasisgrpr

These findings led us to investigate the alternate possibility that Pregiaent would
induce anatomical changes in apple tissue that affected fire blight controlu@nebserved
change was the thickening of the cell walls of the midvein in the treatad t§she youngest
unfolded leaves compared with nontreated tissue. It is possible that these thuénalls of
the parenchyma serve as a physical barriefBhamylovoramust breach in order to enter the
xylem from interveinal tissue. The systemic migratioeoamylovoran plants is dependent in
part upon a functional type Il secretion system (23), and we hypothesize tpathibgen is
incapable of successful interaction with host cells that have thickenedatisll w

Interestingly, it was also found that the mature seventh unfolded leaves of tleatezhtr
tissue tended to have thicker cell walls than the first and second leaves. Offeninbest
leaves are more susceptible to fire blight infection (4, 30). In our prelimihaties,
inoculations of the sixth leaf and beyond did not lead to shoot infections in mature appls.tree c
Fuji and Gala (data not shown). Suleman and Steiner (30) found that sorbitol concentrations
increased and solute potentials decreased with apple leaf age. They spduatdbes! helps
maintain the turgidity of the host cells because the solute potenEalmfylovoran the
intercellular spaces needs to be more negative than the surrounding cellsaxsit thoe
plasmolysis to occur.
The reduced susceptibility of older leaves may be due to increased céhivkaless, increased
solute potential, or other physiological changes as the leaf matures ahdlshgation ceases.
The inhibition of gibberellin biosynthesis and shoot elongation by ProCa and paclobutagzol m

trigger analogous physiological changes leading to similar reductionscepsibdity.
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It is evident that migration d&. amylovorahrough leaf tissue, into the leaf midvein, and
from leaves into stem tissue needs to be studied in more depth to determine whetladlr ce
changes impede movement. Our results demonstrated thaBwhatylovoravas (presumably)
introduced directly into the xylem by the scissor-cut method, disease incidasceduced in
ProCa-treated compared with nontreated tissue. However, if lesions deveh@ysthritinued to
expand along the shoot regardless of treatment with ProCa or paclobutrazol. This could be
explained if ProCa or paclobutrazol treatment did not lead to a uniform thickening whisl!
in all cases, which would allow sporadic pathogenesis and further casts doubt on tile possi
induction of antimicrobial substances by ProCa. In order to determine the mecbaodmirol,

a comprehensive study to determine the role that migration (both to the xylehrarghtthe

xylem) plays in fire blight disease development is required. In summaryesutshave led us

to hypothesize that ProCa treatment leads to a decrease in apple shoot injeetiamplovora
through an alteration in tree physiology resulting in thickened cell walls icottieal

parenchyma, creating a physical barrier capable of stopping infectionstechgyspread

of the pathogen. ProCa has become an important tool for fire blight control, egdeciafiple
growers dealing witlie. amylovorastrains that are resistant to streptomycin and in regions where
trauma conditions are prevalent. If we are able to understand the mechanisnnabfogoRtoCa,

it could aid in the development of additional materials for fire blight control.
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Table A-1. Effect of prohexadione-calcium and paclobutrazol on the width of cell walls widthe afid-vein cortical parenchyma
tissue of apple cv ‘Gala’.

Mid-vein cell wall widths (um) with standard error

Location of veinal section from leaf tip

0.5cm 2cm

Sampling date (days after treatr%ent)

Leaf  Treatment 7d 13 d 21 d 7d 13 d 21 d
si d
1 Non-trt 090+0.10a 1.17+0.11a 1.29+0.12 a 1.64+0.11a 2.04+0.16a 1.65+0.09 a
ProCa 1.67 +0.07b 2.36 £0.07 Db 1.81+0.11b 2.26+0.30Db 297 +0.18Db 2.35+0.09b
Paclobutrazol 1.18 +0.10c 1.90+0.18 c 1.70+0.19b 257+0.17c 245 +0.15c 2.19+0.18c
nad
2 Non-trt 0.97+0.02 a 1.82+0.12 a 1.35+0.19 a 1.65+0.13 a 1.92+0.03a 1.75+0.13 a
ProCa 1.85+0.05b 256+0.08b 222+0.25Db 1.91+0.06 b 290+0.06 b 3.13+0.13 b
Paclobutrazol 1.53+0.13 ¢ 2.75+0.19c 254 +0.13c 2.07+0.15¢c 2.68+0.06C 2.79+0.20c
th
7 Non-trt 1.89+0.03 a 204 +0.01a 2.32+0.04 a 251+0.05a 2.22+0.02 a 246 +0.05a
ProCa 1.92 +0.08 a 249+0.19Db 2.37+£0.20 a 259+ 0.06 a 2.82+0.05Db 294 +0.06b
Paclobutrazol 1.94 +0.11 a 2.34+0.17c 2.44 +0.09 a 252 +0.04 a 2.86+0.11b 293+0.14 Db

165



Table A-1 (cont’d)
%rrees were treated on 6 NovemBen?7.
bThe 1st, 2nd, and 7th newest unfolded leaves were sampled from shoots.

“ProCa was applied at 0.9 g Apogee® with 1.2 ml Regulaid® and 0.9 g ammonium sulfate/946 4rmPaelbbutrazol was
applied

(basal drench) at 86.0 ml Cambistat® with 1.2 ml Regulaid® and 1.0 g ammoniuny8d@dten!| water.

dMeans among treatments/leaf/sampling date/location from leaf tipsepegated using the Kruskal-Wallis test followed by the

post-hoc Games-Howell multiple comparision test WRAen0.05. Different letters indicate significant differend@s<(0.05).

166



Figure A-1. Disease incidence on non-treated apple skots , and shoots treated with
prohexadione-CB |, or paclobutraCbl . Incidence was determined by the preseesaof a |
on individual shoots. Different letters indicate statistical differenees.05). All shoots were
inoculated the virulent straiarwinia amylovoraga 110 using the scissor dip method.
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Figure A-2. Disease severity (with S.E.) on non-treated apple stots , and shoots treated with
prohexadione-CB |, or paclobutraCbl . Severity was determined by taking the length of
lesion/current season’s growth x 100. Different letters indicate statidifferencesk < 0.05).

All shoots were inoculated the virulent str&rwinia amylovoraEa 110 using the scissor dip
method.
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Figure A-3. Conditional severity (with S.E.) on non-treated apple sh&ots , and shoots treated
with prohexadione-CHl , or paclobutra_bl . Conditional severity was determined by taking
the length of lesion/current season’s growth x 100 on diseased shoots only. Diffiteesit |

indicate statistical differenceP € 0.05). All shoots were inoculated the virulent stiaiwinia
amylovoraEa 110 using the scissor dip method.
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Figure A-4. Mean log (x+1) CFU/shoot (with S.E.) on non-treated apple shoots, and shoots
treated with prohexadione-Ca or paclobutrazol at O d (initial inocul#on) ,anlJ28d  after
inoculation with the virulent straiBrwinia amylovoraga 110 using the scissor dip method. No
significant differencesR < 0.05) among treatments at O or 28 d were found.
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Figure A-5. Mean log CFU/g in shoots of cv. ‘McIntosh’ treated with high doses of ProCa (250
mg/l Apogee®), low doses of ProCa (125 mg/l Apogee® applied twice), or shoots letitadtr
after inoculation with the virulent stralfrwinia amylovoraEa 110. Shoots were inoculated

with either 3x16 CFU/mI (low Ea) or 3x10CFU/mI (high Ea) using the scissor dip method.
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Figure A-6. Apple mid-vein tissue 2 cm from the leaf tip of tﬁ‘g Bewest unfolded leaves, 13

d after treatment with ProCa (A), paclobutrazol (B), or trees left untr€@)edScale bars (in
red) are 100 um in length.
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Figure A-6 (cont'd)
A) :
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